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Editorial on the Research Topic

Synaptic Assembly and Neural Circuit Development

Neurons transfer and process neural information via specialized junctional structures called
synapses. All synapses in the brain operate by identical molecular and cellular principles, but
they differ in their specific properties, depending on brain regions and types of neurons to which
synapses are connected. Neural circuits are defined as collections of various types of synapses
that form networks to perform specific functions. These circuits receive inputs and yield outputs
through the operation of various synapse properties. Despite the attention paid to synapses and
neural circuits in neuroscience over the past century, less is understood about synaptic assembly
and neural circuit development at the molecular level. Recent increases in understanding are due,
at least in part, to significant progress in the functional investigation of trans-synaptic adhesion
molecules. Synaptic adhesion molecules are regarded as playing fundamental and universal roles
in the initiation, assembly, refinement, and elimination of synapses and neural circuits. These
molecules are thought to mediate physical and chemical recognition by and among neural cells,
and to orchestrate various signaling pathways by interacting with other synaptic proteins. Fowler
et al. [SynCAMs], Tan et al. [GPI-anchored IGSFs], Terauchi et al. [FGF22], and Lie et al.
[SALMs] discussed their recent progress on the designated vertebrate synaptic adhesion molecules,
particularly focusing on their functions in promoting synapse formation. Meanwhile, two papers
from Victor Cilleros’ group (Tomàs et al.) revealed that presynaptic muscarinic acetylcholine
autoreceptors, adenosine autoreceptors, and trophic factor receptors have combined actions
with intracellular protein kinases during the neuromuscular junction development and synapse
elimination.

Won et al. proposed an intriguing competitive mechanism between protein ligands and heparan
sulfates, the latter of which critically mediate synaptic specificity, as extensively discussed by
Condomitti and de Wit. Um highlighted the putative roles of these synapse organizers in various
glial cell types (astrocytes, microglia, and oligodendrocytes) in the context of shaping GABAergic
inhibitory synapses and related neural circuits. Encouragingly, their roles have been recently tested
in the context of various neural circuits using transgenic animals, suggesting a bridge between
molecular and system neurosciences.

In addition to the synaptic cell-adhesion molecules that function at cellular membranes, various
intracellular signaling proteins, scaffolds, and cytoskeletal proteins are critical for synapse assembly
and neural circuit architecture. In particular, transcription factors have recently emerged as critical
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players. Gong et al. showed that the transcription factor,
Insm1a, contributes to governing motor neuron development.
Meanwhile, Oswald et al. employed various functional
approaches to reveal that a network driven by the transcription
repressor, FOXP2, is involved in brain disorders, and Tian et
al. characterized the role of the FMRP1 protein in long-term
synaptic plasticity and spatial learning in rats.

The advances in a variety of neuroscience fields, particularly
systems and computational neuroscience, have transformed
neuroscience, leading to innovative new insights into our
understanding on synaptic assembly and neural circuit
development. However, our molecular understanding is
still incomplete, and more detailed and sophisticated molecular
and cellular approaches should be rigorously applied in the
coming years.
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Synaptic adhesion-like molecules (SALMs) are a family of cell adhesion molecules
involved in regulating neuronal and synapse development that have also been implicated
in diverse brain dysfunctions, including autism spectrum disorders (ASDs). SALMs,
also known as leucine-rich repeat (LRR) and fibronectin III domain-containing (LRFN)
proteins, were originally identified as a group of novel adhesion-like molecules that
contain LRRs in the extracellular region as well as a PDZ domain-binding tail that couples
to PSD-95, an abundant excitatory postsynaptic scaffolding protein. While studies over
the last decade have steadily explored the basic properties and synaptic and neuronal
functions of SALMs, a number of recent studies have provided novel insights into
molecular, structural, functional and clinical aspects of SALMs. Here we summarize
these findings and discuss how SALMs act in concert with other synaptic proteins to
regulate synapse development and function.

Keywords: adhesion molecules, synaptic, SALM, Lrfn, PSD-95

INTRODUCTION

Synaptic adhesion molecules play important roles in the regulation of various processes involved
in synapse development and function, including early axo-dendritic contacts, maturation of early
synapses, synaptic transmission and plasticity, and synapse maintenance and elimination (Dalva
et al., 2007; Biederer and Stagi, 2008; Han and Kim, 2008; Sanes and Yamagata, 2009; Woo et al.,
2009b; Shen and Scheiffele, 2010; Siddiqui and Craig, 2011; Krueger et al., 2012; Missler et al., 2012;
Valnegri et al., 2012; Takahashi and Craig, 2013; Um and Ko, 2013, 2017; Bemben et al., 2015;
Ko J. et al., 2015; de Wit and Ghosh, 2016; Cao and Tabuchi, 2017; Jang et al., 2017; Krueger-Burg
et al., 2017; Sudhof, 2017; Yuzaki, 2018). Prototypical examples of such molecules are neuroligins
and neurexins (Sudhof, 2017). Subsequent studies have identified a large number of other synaptic
molecules, suggesting that diverse synaptic adhesion molecules may act in concert to regulate
synapse specificity, maturation and plasticity.

Synaptic adhesion-like molecules (SALMs), also known as leucine-rich repeat (LRR) and
fibronectin III domain-containing (LRFN) proteins, are a family of synaptic adhesion molecules
originally identified independently by three groups as novel cell adhesion-like molecules that bind
through their C-terminal tails to the PDZ domains of PSD-95 (Ko et al., 2006;Morimura et al., 2006;
Wang et al., 2006; Nam et al., 2011), an abundant excitatory postsynaptic scaffolding protein (Sheng
and Kim, 2011). A total of five members of the SALM family have been identified: SALM1/Lrfn2,
SALM2/Lrfn1, SALM3/Lrfn4, SALM4/Lrfn3 and SALM5/Lrfn5 (Ko et al., 2006; Morimura et al.,
2006; Wang et al., 2006; Nam et al., 2011).
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These molecules share a similar domain structure, containing
six LRRs, an immunoglobulin (Ig) domain, and a fibronectin
type III (FNIII) domain in the extracellular side, followed by
a transmembrane domain and a cytoplasmic region that ends
with PDZ domain-binding motif (Figure 1A). The PDZ domain-
binding motif is present in SALMs 1–3, but not SALM4 or
SALM5. In contrast to the extracellular domains of SALMs,
which share high amino acid sequence identities, especially in
adhesion domains, the cytoplasmic regions lack shared domains
and substantially differ in length as well as amino acid sequence,
suggesting that they may have distinct functions.

Our previous review of SALMs summarized basic and
functional characteristics of SALMs, including chromosomal
locations of the corresponding genes and exon-intron structures,
mRNA and protein expression patterns, protein–protein
interactions, and involvement in regulating neuronal and
synapse development (Nam et al., 2011). One prominent
function of SALMs is to regulate neurite outgrowth and
branching through mechanisms including lipid raft-associated
flotillin proteins (Wang et al., 2006, 2008; Swanwick et al.,
2009, 2010; Seabold et al., 2012). SALMs also regulate synapse
development and function through mechanisms involving
interactions with PSD-95 and glutamate receptors (Ko et al.,
2006; Wang et al., 2006; Mah et al., 2010).

Notably, these functional features of SALMs have been
identified mainly through in vitro studies. Recently, however,
additional studies on SALMs using in vivo approaches, such
as genetic mouse models, have provided intriguing insights
into the physiological functions of SALMs (Li et al., 2015; Lie
et al., 2016; Morimura et al., 2017). In addition, SALM3 and
SALM5, which unlike other SALMs possess synaptogenic
activities (Mah et al., 2010), have been found to interact trans-
synaptically with presynaptic LAR family receptor tyrosine
phosphatases (LAR-RPTPs; Li et al., 2015; Choi et al., 2016),
a group of adhesion molecules with cytoplasmic phosphatase
activity that are critically involved in various aspects of neuro-
and synapse development across many species (Johnson and
Van Vactor, 2003; Takahashi and Craig, 2013; Um and
Ko, 2013; Figure 1B). Moreover, two independent X-ray
crystallography studies have determined the stoichiometry
and molecular details of the interaction of SALM5 with
LAR-RPTPs (Goto-Ito et al., 2018; Lin et al., 2018). Lastly,
recent clinical studies have additionally identified associations of
SALMs with diverse neurodevelopmental disorders (Nho et al.,
2015; Rautiainen et al., 2016; Thevenon et al., 2016; Farwell
Hagman et al., 2017; Morimura et al., 2017; Bereczki et al.,
2018). This review article will summarize these new findings
and discuss how SALMs regulate synapse development and
function.

SYNAPTIC LOCALIZATION OF SALMs

As implied by the name ‘‘synaptic adhesion-like molecule’’,
it was initially unclear whether SALMs are indeed localized
at neuronal synapses and regulate synapse development and
function through cis/trans-synaptic adhesion. The first, albeit
indirect, evidence came from the fact that some SALMs

directly interact with well-known excitatory synaptic proteins,
such as PSD-95, N-methyl-D-aspartate receptors (NMDARs),
and α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
receptors (AMPARs; Ko et al., 2006; Morimura et al., 2006;
Wang et al., 2006). Functionally, SALM2, artificially clustered on
neuronal dendrites by antibody-coated beads, was shown to be
able to recruit PSD-95 and NMDARs/AMPARs (Ko et al., 2006).
In addition, SALM3 and SALM5 expressed in heterologous cells
was shown to induce presynaptic differentiation in contacting
axons of cocultured neurons in mixed culture assays (Mah et al.,
2010), in which synaptogenic activity is tested by coculturing
neurons with heterologous cells exogenously expressing synaptic
adhesion molecules (Scheiffele et al., 2000; Biederer and
Scheiffele, 2007).

More direct evidence for synaptic localization of SALMs
has come from electron microscopy, immunocytochemistry,
biochemical and proteomic analyses. One early study using
immunocytochemistry detected endogenous SALM2 signals
at excitatory, but not inhibitory, synapses in cultured rat
hippocampal neurons (Ko et al., 2006). A subsequent electron
microscopy study detected endogenous SALM4 signals
at various subcellular locations in rat brain hippocampal
neurons, including synaptic and extra-synaptic sites, pre- and
postsynaptic sites, and dendrites and axons (Seabold et al., 2008).
Biochemical experiments further demonstrated that SALMs
are enriched in the postsynaptic density (PSD)—electron-dense
multiprotein complexes at excitatory postsynaptic sites that
contain neurotransmitter receptors, adaptor/scaffolding proteins
and signaling molecules (Sheng and Sala, 2001; Sheng and
Hoogenraad, 2007); SALM1 (Wang et al., 2006), SALM2 (Ko
et al., 2006), SALM3 (Mah et al., 2010), SALM4 (Lie et al., 2016)
and SALM5 (Mah et al., 2010).

More recently, an elegant study using proximity biotinylation,
a method combining an engineered enzyme and proteomic
mapping of biotinylated proteins within 10–50 nm of a particular
bait protein in a subcellular environment (Han et al., 2017),
identified SALMs among a large number of synaptic cleft
proteins (Loh et al., 2016). Specifically, SALM1/Lrfn2 and
SALM3/Lrfn4 were found to be present in the vicinity of
LRRTM2 and LRRTM3, the reference excitatory synaptic
adhesion molecules used in this study. Another study also
using proximity biotinylation detected SALM1/Lrfn2 in close
proximity to PSD-95 (Uezu et al., 2016). However, SALMs were
not found to be close neighbors of the inhibitory adhesion
molecules, neuroligin-2 and Slitrk3, or gephyrin (Loh et al., 2016;
Uezu et al., 2016), a major inhibitory synaptic scaffolding protein
(Tyagarajan and Fritschy, 2014; Choii and Ko, 2015; Krueger-
Burg et al., 2017). These results suggest that some SALMs are
important components of excitatory synapses; however, they
do not preclude their possible presence at inhibitory synapses,
since the biotinylation approach used is likely biased toward
identification of more abundant proteins.

Collectively, these previous observations suggest that SALMs
are present or enriched at synaptic sites, but also highlight
important details that still remain to be determined, including
excitatory vs. inhibitory synaptic localization of SALMs, pre- vs.
postsynaptic localization, and changes in synaptic localization
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FIGURE 1 | Domain structure of Synaptic adhesion-like molecules (SALMs) and LAR-RPTPs. (A) Domain structure of SALMs 1–5. Note that the PDZ domain-binding
motif (PDZ-BD) is present in SALMs 1–3 but not in SALM4 or SALM5. FNIII, fibronectin III domain; Ig, immunoglobulin domain; LRR, leucine-rich repeats; NT and CT,
N-terminal and C-terminal LRR. Note that the number of LRRs in this diagram is seven, although it was suggested to be six in early studies based on amino acid
sequence analyses (Ko et al., 2006; Morimura et al., 2006; Wang et al., 2006; Nam et al., 2011). Recent X-ray crystallographic studies have identified seven LRRs in
SALM5 (Lin et al., 2018) and eight LRRs in SALM2 and SALM5 (Goto-Ito et al., 2018), which may reflect different ways of defining LRRs. (B) Domain structure of
LAR-RPTPs (LAR, PTPσ and PTPδ). D1 and D2, membrane-proximal and -distal tyrosine phosphatase domains of LAR-RPTPs; meA/B/C; mini-exon A/B/C.

during development and activity. Addressing these additional
questions could be aided by knockout (KO) animals combined
with high-quality antibodies, as well as advanced methodologies,
such as proximity biotinylation and endogenous protein tagging
using CRISPR/Cas9-mediated homology-independent targeted
integration (Suzuki et al., 2016).

TRANS-SYNAPTIC ADHESIONS OF SALMs

An early study reported that SALM3 and SALM5, but not
other SALMs, expressed in heterologous cells induce presynaptic
differentiation in contacting axons of cocultured neurons

(Mah et al., 2010). However, it has remained unclear which
presynaptic adhesion molecules mediate SALM3/5-dependent
presynaptic differentiation.

A recent study found that SALM3 interacts with presynaptic
LAR-RPTPs to promote presynaptic differentiation (Li et al.,
2015; Figure 2). This conclusion is supported by several lines
of evidence, including protein binding, cell aggregation, and
coculture assays. All three known member of the LAR-RPTP
family (LAR, PTPσ and PTPδ) can interact with SALM3.
Importantly, these interactions are regulated by alternative
splicing of LAR-RPTPs. Specifically, the splice B insert (termed
mini-exon B or meB), but not the splice A insert (meA), both of
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FIGURE 2 | Trans-synaptic, cis-, and cytoplasmic interactions of SALMs. SALMs interact trans-synaptically with presynaptic LAR-RPTPs (LAR, PTPσ and PTPδ), in
cis with AMPA/NMDA receptors and other SALM proteins, and cytoplasmically with the postsynaptic scaffolding protein PSD-95 (in the case of SALMs 1–3 but not
SALM4 or SALM5). Protein interactions are indicated by the close proximity of the indicated proteins/domains or by dotted lines. Whether SALMs directly interact
with NMDA/AMPA receptors remains to be determined. The trans-synaptic interactions between postsynaptic SALM3/5 and presynaptic LAR-RPTPs are known to
promote presynaptic differentiation, although the function of the newly identified SALM2–LAR-RPTP (PTPδ) interaction is unclear. SALM4 interacts in cis with
SALM3 to suppress the binding of SALM3 to presynaptic LAR-RPTPs and SALM3-dependent presynaptic differentiation. Postsynaptic SALM5 can also interacts
with presynaptic SALM5 in a homophilic manner, which may interfere with the trans-synaptic interaction between presynaptic LAR-RPTPs and postsynaptic SALM5.
The cis-interactions between different postsynaptic SALMs are based on both in vitro and in vivo results, and may be mediated by the SALM–SALM dimerization
revealed by X-ray crystallographic studies. Although not shown here, some LAR-RPTPs are thought to be present and function at postsynaptic sites, in addition to
presynaptic sites.

TABLE 1 | Influences of meA/B splice inserts in LAR-RPTPs on the interaction between LAR-RPTPs and SALMs.

Mini-exon Interaction and change Method Reference

MeA SALM3-LAR/PTPδ/PTPσ– Purified protein binding to cells Li et al. (2015)
SALM5-LAR –SALM5-PTPδ/PTPσ ↓ Cell aggregation Choi et al. (2016)
SALM5-PTPδ – Surface plasmon resonance Lin et al. (2018)
SALM5-PTPδ – Surface plasmon resonance Goto-Ito et al. (2018)

MeB SALM3-LAR/PTPδ/PTPσ ↑ Protein-binding assay Li et al. (2015)
SALM5-LAR/PTPδ/PTPσ ↓ Cell aggregation Choi et al. (2016)
SALM5-PTPδ ↑ Surface plasmon resonance Lin et al. (2018)
SALM5-PTPδ ↑ Surface plasmon resonance Goto-Ito et al. (2018)

No changes, increases and decreases are indicated as horizontal bars, up arrows and down arrows, respectively.

which are located in the N-terminal three Ig domains of LAR-
RPTPs, is required for the interaction with SALM3 (Table 1).

Like SALM3, SALM5 also interacts with LAR-RPTPs (Choi
et al., 2016; Figure 2). In this case, the meB splice insert
in LAR-RPTPs suppresses SALM5–LAR-RPTP interactions, an
effect opposite that of meB on SALM3–LAR-RPTP interactions.
Therefore, both SALM3 and SALM5 interact with LAR-RPTPs
in a splicing-dependent manner, although the polarity of the
modulatory effect of the insert appears to differ (but see below for
conflicting results and related structural and biochemical data).

Presynaptic LAR-RPTPs are known to interact with several
other postsynaptic adhesion molecules in addition to SALM3/5,
including NGL-3, Slitrks, TrkC, IL1RAPL1 and IL-1RAcP (Woo
et al., 2009a,b; Kwon et al., 2010; Takahashi et al., 2011,
2012; Valnegri et al., 2011; Yoshida et al., 2011, 2012; Yim
et al., 2013; Li et al., 2015); also see reviews by Craig, Ko
and colleagues (Takahashi and Craig, 2013; Um and Ko, 2013)
for further details. These results give rise to a number of

obvious questions: Why are there multiple LAR-RPTP-binding
postsynaptic adhesion molecules? Does a single synapse contain
all, or amajority, of the postsynaptic LAR-RPTP ligands? If so, do
they compete with each other for mutually exclusive LAR-RPTP
binding, or do they act in concert to fine-tune synapse regulation?
These questions can also be applied to the three presynaptic LAR-
RPTPs, LAR, PTPσ and PTPδ.

First, it seems unlikely that all three LAR-RPTPs are present
in the same synapses, in part because LAR, PTPσ and PTPδ

are differentially expressed in distinct brain regions (Kwon
et al., 2010). In addition, evidence suggests that LAR, PTPσ

and PTPδ differentially localize to and regulate excitatory
and inhibitory synapses, with PTPσ and PTPδ being more
important at excitatory and inhibitory synapses, respectively
(Takahashi et al., 2011, 2012; Takahashi and Craig, 2013;
Um and Ko, 2013); however, additional details remain to
be determined. Splice variants of LAR-RPTPs are tightly
regulated in a spatiotemporal manner (O’Grady et al., 1994;
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Pulido et al., 1995a,b; Zhang and Longo, 1995). In particular,
each LAR-RPTP protein’s mini-exon profile, which strongly
influences interactions with their postsynaptic partners
(Takahashi and Craig, 2013; Um and Ko, 2013), appears to
be distinct in specific brain regions. For instance, the meB splice
insert in the rat hippocampus is almost always present in PTPδ,
but is rarely found in LAR and is only present in about half of
PTPσ molecules (Li et al., 2015), suggesting that hippocampal
SALM3 is likely to interact with LAR-RPTPs in the rank order,
PTPδ > PTPσ � LAR (Li et al., 2015). Similarly, the majority
of PTPδ splice variants in the mouse hippocampus contain the
meB splice insert (Yoshida et al., 2011). Therefore, LAR-RPTPs
are likely to interact with their postsynaptic partners in a
spatiotemporally and molecularly regulated manner.

It can also be expected that postsynaptic LAR-RPTP ligands
would be differentially expressed in specific brain regions and
cell types. In addition, each postsynaptic LAR-RPTP ligand
apparently has a unique preference for particular splice variants
of LAR-RPTPs. For instance, meB is required for (or positively
regulates) LAR-RPTP binding to SALM3, Slitrks, IL1RAPL1 and
IL-1RAcP (Yoshida et al., 2011, 2012; Takahashi et al., 2012;
Yim et al., 2013; Li et al., 2015), but inhibits LAR-RPTP binding
to TrkC (Takahashi et al., 2011). Notably, NGL-3 differs from
other postsynaptic LAR-RPTP-binding proteins in that it binds
to the first two FNIII domains of LAR-RPTPs (Woo et al.,
2009a), whereas all other such proteins bind to the N-terminal
Ig domains of LAR-RPTPs (Takahashi et al., 2011, 2012; Yoshida
et al., 2011, 2012; Yim et al., 2013; Li et al., 2015; Choi et al., 2016).
This suggests the intriguing possibility that LAR-RPTPs form
ternary protein complexes with NGL-3 and other postsynaptic
LAR-RPTP binders, and hints at the potential interplay among
these complex components. Therefore, interactions of trans-
synaptic LAR-RPTPs with their postsynaptic partners likely
occur in a precisely regulated manner.

It is thought that LAR-RPTPs are present mainly
at presynaptic sites, because LAR proteins expressed in
heterologous cells do not induce presynaptic protein clustering
at contacting axons of cocultured neurons, but do induce
postsynaptic protein clustering in contacting dendrites (Woo
et al., 2009a). However, although some light microscopy-
level immunostaining has been performed (Takahashi et al.,
2011; Farhy-Tselnicker et al., 2017), clear pre- vs. postsynaptic
localization of endogenous LAR-RPTPs has not been determined
at the electron microscopy level. In addition, postsynaptic
LAR-RPTPs have been shown to regulate dendritic spines
and AMPAR-mediated synaptic transmission (Dunah et al.,
2005). More recently, PTPδ coexpressed with IL1RAPL1 in
cultured hippocampal neurons was found to inhibit IL1RAPL1-
dependent suppression of dendritic branching, suggesting that
postsynaptic PTPδ interacts in cis with, and inhibits, IL1RAP1
(Montani et al., 2017). Therefore, it is possible that SALM3/5-
LAR-RPTP interactions also occur at postsynaptic sites in a cis
manner.

Experiments using heterologous cells and cultured neurons
have shown that SALM5 can engage in both transcellular and
homophilic adhesions (Seabold et al., 2008). This suggests that
presynaptic SALM5 may compete with presynaptic LAR-RPTPs

for binding to postsynaptic SALM5. Alternatively, these two
interactions may occur in a spatiotemporally distinct manner.

Lastly, heparan sulfate proteoglycans interact with
LAR-RPTPs in the presynaptic membrane to regulate their
interactions and functions (Aricescu et al., 2002; Johnson
et al., 2006; Song and Kim, 2013; Coles et al., 2014; Ko
J. S. et al., 2015; Farhy-Tselnicker et al., 2017; Won et al., 2017),
and thus may regulate SALM–LAR-RPTP interactions and
functions. In addition, LAR proteins associate with netrin-G1,
a glycosylphosphatidylinositol-anchored presynaptic adhesion
molecule (Nakashiba et al., 2000), at the presynaptic side when
netrin-G1 is coupled with its cognate postsynaptic ligand NGL-1
(Song et al., 2013), suggesting the possibility that trans-synaptic
SALM3/5–LAR-RPTP interactions is regulated by a neighboring
trans-synaptic netrin-G1-NGL-1 interaction.

STRUCTURES OF SALMs IN COMPLEX
WITH LAR-RPTPs

Although previous studies have identified interactions between
SALM3/5 and LAR-RPTPs, the molecular stoichiometry and
mechanistic details of these interactions have remained unclear.
Two recent X-ray crystallography studies have been instrumental
in resolving many of these uncertainties.

The first revealed that SALM5 can form a dimeric structure,
in which dimerization is mediated mainly by the N-terminal
LRR domain, and that this dimer forms a complex with two
PTPδ monomers (Lin et al., 2018; Figures 3A,B). In this
2:2 stoichiometry, a SALM5 dimer bridges two PTPδ monomers,
which are positioned at opposite sides of the SALM5 dimer.
The overall shape of the complex has two components: a central
platform-like structure formed by two antiparallel LRR domains
of SALM5 with a concave core in its center, and four leg-like
structures formed by two Ig domains of SALM5 and two
Ig3 domains of PTPδ.

It was found that the specific molecular interfaces that
mediate the SALM5–PTPδ interaction are the LRR domain
of SALM5, which interacts with the second Ig domain of
PTPδ, and the Ig domain of SALM5, which interacts with
both the second and third Ig domains of PTPδ. Importantly,
mutations in the LRR domain of SALM5 that disrupt
dimerization were shown to abolish SALM5–LAR-RPTPs
interactions and SALM5-dependent presynaptic differentiation.
Therefore, SALM5 dimerization is critical for both the trans-
synaptic adhesion and synaptogenic activity of SALM5.

These conclusions are further confirmed by a second study,
which reported a SALM5 dimer in complex with two PTPδ

monomers (Goto-Ito et al., 2018). This study identified eight
LRRs whereas the other study identified seven LRRs; notably,
both values differ from the number predicted in previous studies
(six) based on amino acid sequence analyses (Ko et al., 2006;
Morimura et al., 2006; Wang et al., 2006; Nam et al., 2011). These
differences appear to reflect the specific criteria authors used to
define LRRs in the different studies.

Intriguingly, this second study also solved the 2:2 structure
of PTPδ in complex with SALM2 (Goto-Ito et al., 2018), a
member of the SALM family that, unlike SALM3 and SALM5,
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FIGURE 3 | X-ray crystal structure of SALM5 in complex with PTPδ in a 2:2 heterotetrameric format. (A) Side view of the structure (surface representation).
(B) Top-down view of the structure (ribbon diagram). These images were borrowed without modification from Figures 1B,C of a recent report on the crystal structure
of SALM5 in complex with PTPδ (Lin et al., 2018), which are under a Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).

has little or no synaptogenic activity (Mah et al., 2010). It is
possible that SALM2 actually has synaptogenic activity that has
gone unidentified in previous studies employing coculture assays
and neuronal overexpression (Ko et al., 2006). Alternatively,
SALM2 may interact with PTPδ to regulate other aspects of
neuronal synapses. For instance, SALM2 is capable of associating
with PSD-95 and NMDA/AMPARs (Ko et al., 2006). Therefore,
the PTPδ–SALM2 interaction may promote postsynaptic protein
clustering rather than presynaptic differentiation.

These two studies have also provided significant molecular
insights into how alternative splicing regulates SALM-LAR-
RPTP interactions. Specifically, they show that the meB, but not
meA, splice insert is located in the junctional region between
Ig2 and Ig3 domains of PTPδ, both of which are engaged in
SALM5 interactions. The meB splice insert, although not directly
interacting with SALM5, appears to function as a flexible linker
that optimizes the position of the PTPδ-Ig3 domain for its
high-affinity interaction with the SALM5-Ig domain (Goto-Ito
et al., 2018; Lin et al., 2018). This conclusion is further supported
by surface plasmon resonance assays that used purified PTPδ

proteins, with or without meB, and demonstrated that the
presence of meB increases the affinities between SALM5 and
PTPδ by ∼7–30 fold (Goto-Ito et al., 2018; Lin et al., 2018;
Table 1).

Overall, these results are in apparent contrast with an
earlier report that meB suppresses the interaction between
LAR-RPTPs and SALM5 (Choi et al., 2016). A possible reason
for this discrepancy is differences in the method used to assess
binding—cell aggregation assays in this earlier report (Choi
et al., 2016) and binding assays using purified proteins in the
more recent studies (Goto-Ito et al., 2018; Lin et al., 2018).
Indeed, the effects of meB on SALM3–LAR-RPTP interactions
were substantially weakened in cell aggregation assays relative to
protein binding assays (Li et al., 2015).

The findings of these two X-ray crystallography studies
are largely similar to those investigating other LAR-RPTP
interactions, which showed that meB is required for (or
promotes) interactions between Slitrk1 and PTPσ (Um
et al., 2014), Sltrk2 and PTPδ (Yamagata et al., 2015a), and
IL1RAPL1/IL-1RAcP and PTPδ (Yamagata et al., 2015b).
Therefore, these interactions, if present in the same synapse
together with the SALM4–LAR-RPTP complex, are likely to be
simultaneously regulated by meB.

The 2:2 stoichiometry of SALM5–LAR-RPTP interactions
that involves an antiparallel LRR dimerization, something
that is not observed in other LAR-RPTP-related crystal
structures (Coles et al., 2014; Um et al., 2014; Yamagata
et al., 2015a,b; Won et al., 2017), carries multiple potential
functional implications. One possibility is that this stoichiometry
could increase the affinity of the trans-synaptic SALM5–LAR-
RPTP interaction. Indeed, the Kd values for the SALM5–PTPδ

interaction determined in two independent studies ranged
from 0.07 µM to 14.4 µM, indicating weaker interactions
than those for LAR-RPTPs with Slitrk1, Slitrk2, IL1RAPL1,
IL-1RAcP or TrkC, which are in the sub-micromolar range
(0.15–0.55 µM). However, it remains unclear whether the
SALM5–PTPδ interactions measured under the surface plasmon
resonance condition involves the 2:2 stoichiometry.

What advantages might accrue to SALMs because they
are able to achieve an appropriate trans-synaptic affinity
through dimerization—a property lacking in other LAR-RPTP
ligands? It is possible that a SALM5 dimer brings two
PTPδ molecules close to each other to more efficiently
promote presynaptic differentiation through liprin-α. Liprin-α
belongs to a family of LAR-RPTP-binding scaffolding/adaptor
proteins whose members are known to form homodimers
and bridge LAR-RPTPs with their phospho-tyrosine protein
substrates, such as β-catenin (Serra-Pagès et al., 1995, 1998;
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Dunah et al., 2005; Stryker and Johnson, 2007; de Curtis,
2011).

On the postsynaptic side, SALM2 dimers, which are clearly
revealed in crystal structures (Goto-Ito et al., 2018), may
efficiently interact with PSD-95 and PSD-95–associated proteins
known to form dimeric/multimeric structures, such as Shank
and Homer (Kim et al., 1996; Hsueh et al., 1997; Xiao et al.,
1998; Naisbitt et al., 1999; Hayashi et al., 2009). These multimeric
interactions may facilitate the formation of platform-like multi-
protein structures in the PSD.

CIS INTERACTIONS OF SALMs

Cis-interactions of diverse synaptic adhesion molecules have
received increasing attention because they often regulate trans-
synaptic interactions as well as receptor-mediated synaptic
transmission (Jang et al., 2017). For example, neuroligin-1
interacts in cis with the GluN1 subunit of NMDARs through
extracellular domains to increase the synaptic abundance of
NMDARs (Budreck et al., 2013). In addition, postsynaptic
neurexin-1β interacts in cis with neuroligin-1 to suppress the
trans-synaptic interaction of neuroligin-1 with presynaptic
neurexins (Taniguchi et al., 2007). More recently, MDGAs
(MAM domain-containing glycosylphosphatidylinositol
anchors) have been found to interact in cis with neuroligins to
modulate trans-synaptic neuroligin–neurexin interactions (Lee
et al., 2013; Pettem et al., 2013; Elegheert et al., 2017; Gangwar
et al., 2017; Kim et al., 2017; Thoumine and Marchot, 2017).

SALMs are involved in cis-interactions in addition to trans-
interactions. The first clue came from the original study
on SALMs, which reported that SALM1 associates with and
promotes surface expression and clustering of NMDARs (Wang
et al., 2006; Figure 2). This required the C-terminal tail of
SALM1, which interacts with PSD-95 and subsequently with
GluN2B subunits of NMDARs, suggesting that SALM1 indirectly
interacts with and clusters NMDARs through PSD-95. However,
SALM1 can also associate with GluN1, a subunit of NMDARs
that lacks the cytoplasmic region, suggesting that SALM1 can
directly interact with NMDARs. Additional clues for cis-
interactions of SALMs came from the finding that bead-mediated
direct clustering of SALM2 on the dendritic surface of cultured
neurons induces secondary clustering of PSD-95 as well as
AMPA/NMDARs (Ko et al., 2006), although whether this is
mediated by direct interactions remains unclear.

A careful examination of cis-interactions between different
SALM family members showed that all SALM members
coimmunoprecipitate with each other in both a homomeric
and heteromeric manner in heterologous cells (Seabold et al.,
2008; Figure 2). The extracellular domains of SALMs are
important for these cis-interactions, as evidenced by the fact that
a SALM1mutant lacking the entire cytoplasmic domain can form
homo- and heteromultimers. In the brain, however, heteromeric
SALM complexes are formed between SALMs 1–3, but not
SALM4 or SALM5. The ability of SALM4 and SALM5, but not
other SALMs, to mediate homophilic trans-synaptic adhesion
suggests that postsynaptic SALMs can be segregated into three
subgroups: (1) SALMs 1–3; (2) SALM4; and (3) SALM5.

However, a recent study has complicated this picture,
reporting that SALM4 can coimmunoprecipitate with SALM2 in
the mouse brain (Lie et al., 2016). This study further showed that
SALM4 can also form complexes with SALM3 and SALM5 in
heterologous cells. Additional domain-mapping experiments
revealed that the LRR domain of SALM4 is important for
its interactions with SALM2/5, whereas the transmembrane
domain is important for its interaction with SALM3. Thus,
cis-interactions between SALMs may be more complex than
previously thought.

What might be the molecular mechanisms underlying the
cis-interactions of SALMs? Perhaps, the aforementioned dimeric
nature of SALMs revealed by X-ray crystallography may explain
some of these interactions. The fact that the LRR domain
of SALM4 is important for its cis-complex formation with
SALM2/5 is consistent with the critical role of LRR domains
in SALM dimerization. However, the SALM4–SALM3 cis-
interaction, which requires the transmembrane domain, is
unlikely to involve LRR dimerization.

What could be the possible functions of cis-interactions in
SALMs? If heteromeric dimerization occurs, these interactions
may increase the diversity of the subunit composition of
SALM dimers. For instance, a SALM2–SALM5 dimer might
bring SALM5 into proximity with the SALM2–PSD-95 complex
and promote SALM5-dependent presynaptic differentiation at
excitatory synapses, thereby shifting the balance of excitatory
and inhibitory synapses towards excitation. In addition, these
interactions may increase the diversity of non-SALM proteins,
including trans-synaptic adhesion proteins, cis-neighboring
membrane proteins, and cytoplasmic adaptor/signaling proteins
around SALM complexes. This, in turn, could influence the
synaptic trafficking and synapse-modulatory actions of SALMs.

IN VIVO FUNCTIONS OF SALM1/Lrfn2

As noted above, SALM1 was previously shown to be involved
in surface expression and dendritic clustering of NMDARs
(Wang et al., 2006). More recently, immunogold electron
microscopy has revealed strong colocalization of SALM1 with
the GluN1 subunit of NMDARs (Thevenon et al., 2016). These
results suggest that SALM1 promotes synaptic clustering of
NMDARs, although in vivo support for these findings has been
lacking.

A recent study reported a mouse line that lacks exon 2 of
the Lrfn2 gene encoding SALM1 (Lrfn2–/– mice; Morimura
et al., 2017; Table 2). Contrary to the expectation that Lrfn2
KO would suppress synaptic NMDAR function, Lrfn2–/– mice
displayed normal NMDAR-mediated synaptic transmission in
the hippocampus. Instead, many SALM1-lacking synapses also
lacked AMPARs, as evidenced by the slightly reduced number of
dendritic spines, but markedly reduced frequency of miniature
excitatory postsynaptic currents (mEPSCs), as well as altered
failure rates with minimal stimulation of NMDA/AMPA-evoked
postsynaptic currents (EPSCs). This suggests that many Lrfn2–/–
excitatory synapses are silent synapses, an immature form of
excitatory synapse that harbors NMDARs, but not AMPARs
(Isaac et al., 1995; Liao et al., 1995). Therefore, Lrfn2 KO appears
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TABLE 2 | Main phenotypes of SALM/Lrfn-mutant mice.

Protein/gene Main synaptic phenotypes Main behavioral phenotypes Reference
name

SALM1/Lrfn2 Spine head size ↓

Spine length ↑

Silent synapse number ↑

LTP ↑

Social interaction ↓

Repetitive behavior ↑

Acoustic startle ↑

Prepulse inhibition ↓

Morimura et al. (2017)

SALM3/Lrfn4 Excitatory synapse number ↓

LTP and LTD –
Locomotor activity ↓ Li et al. (2015)

SALM4/Lrfn3 Excitatory and inhibitory synapse number ↑

Excitatory synapse number normalized
by SALM4/SALM3

Lie et al. (2016)

double KO

to suppress synaptic delivery of AMPARs to NMDAR-only
synapses during developmental synapse maturation, rather than
acting at the previous step to suppress synaptic levels of
NMDARs. In line with this change, Lrfn2 KO causes an
increase in NMDAR-dependent long-term potentiation (LTP),
likely because silent synapses have more room to accommodate
incoming AMPARs. In addition to these functional changes at
excitatory synapses, Lrfn2–/– mice show morphological changes,
including reduced spine head size and increased spine length
(Morimura et al., 2017), suggesting that Lrfn2 KO suppresses
normal development of dendritic spines. Collectively, these
findings suggest that Lrfn2 KO suppresses both morphological
and functional maturation of excitatory synapses.

Behaviorally, Lrfn2–/– mice display autistic-like behavioral
abnormalities, including suppressed social interaction and
enhanced repetitive behaviors. They also show enhanced
acoustic startle and suppressed prepulse inhibition, suggestive
of impaired sensory-motor gating. Furthermore, using targeted
gene sequencing, this study identified point mutations of the
LRFN2 gene in individuals with autism spectrum disorders
(ASDs), and demonstrated that a missense mutation inhibits the
association of SALM1 with PSD-95. Interestingly, Lrfn2–/– mice
show enhanced spatial learning and fear memory, consistent
with the enhanced LTP observed in these mice and a report
that some individuals with LRFN2 mutations show enhanced
memory together with delayed speech development (Thevenon
et al., 2016).

IN VIVO FUNCTIONS OF SALM3/Lrfn4

Mice carrying a null mutation of the Lrfn4 gene (Lrfn4–/–
mice) have been used to investigate in vivo functions of SALM3
(Li et al., 2015). These mice show reduced excitatory synapse
number, as supported by spontaneous excitatory synaptic
transmission and electron microscopic data, but their inhibitory
synapses are minimally affected. However, NMDAR-mediated
synaptic transmission and NMDAR-dependent synaptic
plasticity—both LTP and LTD (long-term depression)—were
unaffected in Lrfn4–/– mice.

The strong influence of Lrfn4 KO on excitatory synapse
development relative to synaptic function or plasticity is
in line with the role of SALM3 as a synapse organizer
that regulates presynaptic differentiation by interacting with

LAR-RPTPs. SALM3/Lrfn4 was found to associate with 14-3-
3 andNCK signaling adaptors to regulate actin-rich lamellipodial
structures in monocytes through mechanisms involving the
Rac1 small GTPase (Konakahara et al., 2011, 2012). Given that
dendritic spines are actin-rich structures (Cingolani and Goda,
2008), LAR-RPTP–induced SALM3 clustering at postsynaptic
sites might promote 14-3-3/NCK- and Rac1-dependent actin
polymerization to promote synapse development.

Behaviorally, Lrfn4–/– mice show reduced locomotor activity
in both novel and familiar environments, but exhibit normal
anxiety-like behaviors. These mice also perform normally in
learning and memory tests, including Morris water maze, novel
object recognition, contextual fear conditioning, and T-maze
spontaneous/reward alternations. The minimal effect of Lrfn4
KO on learning and memory behaviors is in keeping with the
largely normal LTP in these mice. However, it remains unclear
how Lrfn4 KO leads to behavioral hypoactivity.

SALM3 has recently been implicated in the regulation
of epilepsy (Li et al., 2017). This study showed that
SALM3/Lrfn4 expression is significantly increased in two distinct
animal models of epilepsy, and further found that suppression
of SALM3 expression by virus-mediated SALM3 knockdown
ameliorates seizure activity as well as neuronal hyperexcitability.
These results suggest that SALM3 promotes epileptogenesis and
that its suppression has therapeutic potential.

IN VIVO FUNCTIONS OF SALM4/Lrfn3

Whether SALM4 regulates synapse development or function
has remained unclear, partly because SALM4 does not have
synaptogenic activity (unlike SALM3 and SALM5) or a PSD-95-
binding C-terminal tail (unlike SALMs1–3). However, it should
be noted that SALM4 is immunodetected in neuronal synapses
in addition to dendrites and axons (Seabold et al., 2008). A recent
study using mice lacking SALM4 (Lrfn3–/– mice) demonstrated
that SALM4 has unexpected negative effects on the density of
excitatory and inhibitory synapses (Lie et al., 2016). Specifically,
Lrfn3–/– mice display increases in the number of excitatory and
inhibitory synapses in the hippocampus, as supported by the
density of PSDs and frequency of mE/IPSCs.

This study further addressed the mechanisms underlying
the SALM4-dependent negative regulation of synapse density,
reporting that postsynaptic SALM4 interacts in cis with SALM3,
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which possesses synaptogenic activity and exhibits a highly
overlapping distribution pattern in the brain (Mah et al.,
2010; Lie et al., 2016). This cis-interaction, in turn, inhibits
the trans-synaptic interaction of SALM3 with presynaptic
LAR-RPTPs and suppresses SALM3-dependent presynaptic
differentiation (Lie et al., 2016). In support of these conclusions,
coexpression of SALM4 with SALM3 in heterologous cells
blocks binding of purified soluble LAR to SALM3 and inhibits
SALM3-dependent presynaptic differentiation in contacting
axons of cocultured neurons. Given that the transmembrane
domain of SALM4 is required for cis-interactions with
and inhibition of SALM3, it is unlikely that LRR-mediated
SALM4–SALM3 heterodimerization, if it occurs, underlies the
cis-inhibition.

Importantly, genetic support for these conclusions is provided
by SALM3/SALM4 double-KO mice, in which the increased
excitatory synapse density observed in SALM4 single-KO mice
is normalized, as supported by both electron microscopy and
mEPSC recordings (Lie et al., 2016). In contrast, double
KO does not normalize the increased density of inhibitory
synapses, suggesting that SALM4 negatively regulates inhibitory
synapses through mechanisms independent of SALM3. Because
SALM4 can also interact in cis with SALM5, which possesses
synaptogenic activity (Mah et al., 2010), SALM5 might also play
a role in SALM4-dependent regulation of inhibitory synapses. In
support of this possibility, expression of SALM3 and SALM5 in
heterologous cells and cultured neurons induces both excitatory
and inhibitory presynaptic contacts, and SALM5 knockdown
in cultured neurons suppresses both excitatory and inhibitory
synapses (Mah et al., 2010). However, whereas SALM3,
artificially aggregated on dendritic surfaces of cultured neurons,
induces secondary clustering of PSD-95, aggregated SALM5 does
not induce gephyrin clustering (Mah et al., 2010).

SALMs IN NEURODEVELOPMENTAL
DISORDERS

SALMs have been implicated in diverse neurodevelopmental and
psychiatric disorders (Table 3). LRFN2, encoding SALM1,
has recently been implicated in learning disabilities, as

TABLE 3 | Associations of SALMs/LRFNs with neurodevelopmental and
psychiatric disorders.

Gene/protein Disorders Reference
name

LRFN2/SALM1 Learning disability Thevenon et al. (2016)
Antisocial personality disorder Rautiainen et al. (2016)
ASD Morimura et al. (2017)
Schizophrenia Morimura et al. (2017)

LRFN5/SALM5 ASD Wang et al. (2009)
ASD and intellectual disability de Bruijn et al. (2010)
ASD Connolly et al. (2013)
ASD De Rubeis et al. (2014)
ASD Farwell Hagman et al.

(2017)
Schizophrenia Xu et al. (2009)
Developmental delay and seizure Mikhail et al. (2011)
Depression Nho et al. (2015)

supported by impaired working memory and executive
function in three individuals in a family with a 6p21 autosomal
dominant microdeletion (∼870 kb) encompassing three
genes, including LRFN2 (Thevenon et al., 2016). Similarly,
levels of SALM1/LRFN2 proteins were found to be
substantially decreased in postmortem brains of patients with
neurodegenerative disorders associated with cognitive declines
such as Alzheimer’s disease and Parkinson’s disease with
dementia (Bereczki et al., 2018). In addition, single nucleotide
polymorphism (SNP) analyses have linked LRFN2 with the risk
of antisocial personality disorder (Rautiainen et al., 2016). More
recently, a targeted gene sequencing strategy identified missense
mutations of LRFN2 in individuals with ASD (Morimura et al.,
2017), as noted above.

LRFN5, encoding SALM5, has been frequently associated
with ASDs. SNP analyses have linked a chromosomal locus
on 14q21.1 between FBXO33 and LRFN5 to a risk for ASD
(Wang et al., 2009). A balanced de novo t(14;21)(q21.1;p11.2)
translocation that leads to a∼10-fold reduction in the expression
of LRFN5, located ∼2 Mb from the translocation breakpoint,
was identified in a 19-year-old girl with autism and intellectual
disability (de Bruijn et al., 2010). In addition, a genome-wide
association study showed that LRFN5 is associated with a risk for
ASDs (Connolly et al., 2013). Similar results were reported in a
whole-exome sequencing study, although the association score
was not high (De Rubeis et al., 2014). More recently, family-
based diagnostic exome sequencing identified a point mutation
(p.V572X) in LRFN5 in an individual with ASD (Farwell Hagman
et al., 2017).

LRFN5 has also been implicated in other neurodevelopmental
and psychiatric disorders. For example, an ∼890-kb deletion
encompassing LRFN5 exons was identified in a girl with
developmental delay, learning disability, seizures, microcephaly
and receding forehead by high-resolution array comparative
genomic hybridization (Mikhail et al., 2011). In addition,
a high-resolution linkage analysis identified LRFN5 among
schizophrenia-related copy number variations (Xu et al.,
2009). Lastly, a recent genome-wide gene- and pathway-
based analysis identified LRFN5 as one of four depression-
associated genes (Nho et al., 2015). It is unclear why LRFN5
is frequently associated with brain disorders. Although its
synaptogenic activity might be a contributor, the fact that
SALM3, another synaptogenic SALM, is not closely associated
with brain disorders suggests against this possibility. Studies
using transgenic mice lacking Lrfn5may provide insight into this
question.

PERSPECTIVES

Since the discovery of the SALM/Lrfn family about a decade ago,
a large number of studies have elucidated basic characteristics
and functional features of SALMs. Recent reports have shed
additional light on the properties and functions of SALMs,
identifying novel presynaptic ligands (LAR-RPTPs) of SALM3/5,
resolving the crystal structures of SALMs in complex with LAR-
RPTPs, elucidating the in vivo functions of SALMs, and revealing
clinical implications of SALMs, collectively helping to better

Frontiers in Molecular Neuroscience | www.frontiersin.org April 2018 | Volume 11 | Article 10515

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Lie et al. SALM/Lrfn Family Synaptic Adhesion Molecules

understand the functions of this protein family. However, our
understanding of SALMs remains at a relatively early stage,
leaving a number of questions to be explored.

For example, although SALMs can form heterodimers,
and SALM dimers can explain the reported heteromeric cis-
interactions between SALMs in the brain, it remains unclear
whether SALM family members other than SALM5 and
SALM2 form dimeric structures. It is also unclear whether
SALMs directly interact with NMDA/AMPARs and, if so,
whether these interactions regulate receptor functions or
synaptic adhesions in a reciprocal manner. Because SALM3 and
-5 are part of many LAR-RPTP–interacting postsynaptic
adhesion molecules, whether SALM3/5 has its own unique roles,
or redundant functions, remains to be determined.

In vivo functions of SALMs also require further exploration.
It will be interesting to determine whether SALMs have distinct
functions in different brain regions and cell types. Because
individual SALMs have largely unique cytoplasmic regions,
SALM-associated synaptic signaling pathways are likely to be

quite diverse. Circuit mechanisms underlying various behavioral
phenotypes of Salm-KO mice, in particular those associated with
SALM-related developmental and psychiatric disorders, also
need to be investigated. Given the rapid increase in information
on the biology and pathophysiology of SALMs, the next 10 years
are likely to witness a dramatic increase in our understanding of
this interesting family of synaptic adhesion molecules.
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Neural circuits consist of distinct neuronal cell types connected in specific patterns.
The specificity of these connections is achieved in a series of sequential developmental
steps that involve the targeting of neurites, the identification of synaptic partners, and
the formation of specific types of synapses. Cell-surface proteins play a critical role
in each of these steps. The heparan sulfate proteoglycan (HSPG) family of cell-surface
proteins is emerging as a key regulator of connectivity. HSPGs are expressed throughout
brain development and play important roles in axon guidance, synapse development
and synapse function. New insights indicate that neuronal cell types express unique
combinations of HSPGs and HS-modifying enzymes. Furthermore, HSPGs interact with
cell type-specific binding partners to mediate synapse development. This suggests that
cell type-specific repertoires of HSPGs and specific patterns of HS modifications on
the cell surface are required for the development of specific synaptic connections.
Genome-wide association studies have linked these proteins to neurodevelopmental
and neuropsychiatric diseases. Thus, HSPGs play an important role in the development
of specific synaptic connectivity patterns important for neural circuit function, and their
dysfunction may be involved in the development of brain disorders.

Keywords: heparan sulfate proteoglycans, synapse, circuit assembly, cell surface receptor, connectivity, synapse
development, wiring logic, receptor ligand interaction

INTRODUCTION

The brain harbors a large variety of neuronal cell types connected by specific patterns of
synaptic connectivity. Establishing precisely connected, functional neural circuits requires the
guidance of neuronal processes to target areas, the identification of postsynaptic target cells,
and the formation of specific types of synapses on defined subcellular compartments of those
cells (Sanes and Yamagata, 2009; Shen and Scheiffele, 2010; Williams et al., 2010; Yogev and
Shen, 2014). The molecular mechanisms orchestrating this extraordinary synaptic specificity
are now starting to be unraveled. Rapid advances in experimental methodologies, such as
cell-type specific transcriptome analysis, proteomics, interactome studies and genetics have
identified a key role for cell-surface proteins in synaptic specificity (Kolodkin and Tessier-
Lavigne, 2011; de Wit and Ghosh, 2016). In this review article, we focus on an ancient class
of cell-surface molecules that is emerging as a novel regulator of synaptic specificity: the
heparan sulfate proteoglycans (HSPGs). We will first discuss the role of these molecules in
different aspects of synapse formation and function, in invertebrate and vertebrate species.
We will then consider emerging evidence that supports a role for HSPGs as novel regulators
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of synaptic specificity in developing neural circuits. Finally, we
discuss the implications of perturbations in HSPG expression
and biology in neurodevelopmental disorders for the function of
neural circuits.

HSPG BIOLOGY

HSPGs are cell-surface and secreted proteins consisting of a core
domain to which long linear HS glycosaminoglycan chains are
covalently attached (Sarrazin et al., 2011). HSPGs function in
a wide range of cellular processes by direct interactions with
different binding partners. Most of these interactions occur
in an HS-dependent and specific manner, with interacting
proteins binding to defined structural motifs in the HS chains
(Xu and Esko, 2014). Based on their subcellular localization,
HSPGs can be grouped into three main subfamilies. The
first subfamily consists of the four syndecans (SDC1-4 in
vertebrates), which are localized at the cell surface via their
transmembrane domain. The second subfamily is represented
by the glypicans (GPC1-6 in vertebrates), which are localized
at the cell membrane via a glycosylphosphatidylinositol (GPI)
anchor (Figure 1A). In addition to syndecans and glypicans,
other membrane-associated HSPGs have been identified, such
as epican and betaglycan, which also localize to the cell
membrane through a transmembrane domain. The third
main HSPG subfamily is comprised of the secreted HSPGs
agrin, perlecan and collagen type XVIII (Figure 1B). Lastly,
a fourth subtype of HSPG has been described: serglycin,
which specifically localizes to the luminal side of intracellular
vesicles of mast cells and hematopoietic cells (Sarrazin et al.,
2011).

These HSPG subfamilies are conserved throughout evolution,
from the nematode Caenorhabditis elegans and the arthropod
Drosophila melanogaster to Homo sapiens. Vertebrates express
multiple members of each HSPG subfamily, whereas invertebrate
organisms express fewer members. For instance, the Drosophila
genome encodes only one copy of syndecan and two copies
of glypicans, Dally and Dally-like protein (Dlp; Selleck, 2001).
Phylogenetic analysis of HSPG sequences has shown that HSPGs
were already present five hundred million years ago in metazoan
organisms such as Cnidaria, indicating that HSPGs are ancient
molecules (Medeiros et al., 2000; Van Vactor et al., 2006).

Each type of HSPG contains a defined number of HS
chains linked to the core protein domain, with syndecans
carrying up to five HS chains, while glypicans and secreted
HSPGs comprise up to three HS chains. These polysaccharide
chains consist of repeated disaccharide units, glucuronic acid
and N-acetylglucosamine, which are synthesized in the Golgi
apparatus and polymerized onto the core protein through
a multistep process that requires the coordinate action of
different enzymes (Esko and Selleck, 2002). Following the
polymerization steps, the newly synthesized chains undergo a
sequential modification process catalyzed by various enzymes.
N-deacetylase/N-sulfotransferase (NDST); 2-O-, 3-O- and
6-O-Sulfotransferases (HS2ST1, HS3ST1 and HS6ST1); and
C5-Epimerase (GLCE) catalyze deacetylation, sulfation and

epimerization reactions, respectively, at the level of specific
disaccharide residues (Figure 1C). The combined action of these
enzymes differentially affects the composition and properties of
the HS chain. NDST activity causes the simultaneous formation
of highly sulfated and acetylated subdomains, which form
important components of ligand-binding motifs. In addition,
the 2-O-, 3-O- and 6-O-sulfotransferase enzymes mediate the
addition of sulfate groups only to specific glucosamine residues.
Furthermore, two endosulfatases, SULF1 and 2, localize to
the plasma membrane and selectively catalyze the removal
of 6-O sulfate groups from a subset of trisulfate disaccharide
residues in the HS chain (Ai et al., 2006). GLCE-mediated
epimerization regulates the conversion of glucuronic acid
to iduronic acid (IdoA). As IdoA residues are subsequently
sulfated by HS2ST, epimerization is necessary to instruct the
positioning of sulfation on the HS chains (Kreuger and Kjellén,
2012).

Importantly, these enzymatic modifications occur in clusters
along the HS chain, with short stretches of modified subregions
interspersed with long unmodified regions. This heterogeneity
of the HS chain is thought to provide specific binding regions
that allow the interaction of HS with different protein ligands
(Xu and Esko, 2014). HS chain composition is highly regulated,
as HS-modifying enzymes show tissue-specific, as well as cell
type-specific expression patterns. Furthermore, HS-modifying
enzyme expression patterns vary during development (Allen
and Rapraeger, 2003; Paul et al., 2017). Within a given
cell type, different types of HSPGs contain HS chains with
indistinguishable modification patterns and highly similar
structural properties (Kato et al., 1994; Tumova et al., 2000;
Zako et al., 2003). As the brain is a highly heterogeneous
tissue harboring many different cell types, there is an enormous
potential for HS diversity. This has led to the hypothesis of a
‘‘HS code’’, which poses that tissue- and cell type-specific HS
modifications control the interaction with particular binding
partners in a localized fashion to regulate wiring specificity
(Bülow and Hobert, 2004; Holt and Dickson, 2005; Bülow et al.,
2008).

REGULATION OF CELLULAR FUNCTION
BY HSPGs

HSPGs were initially described as a component of the
extracellular matrix (ECM). Perlecan, agrin and collagen XVIII
are indeed found in the extracellular environment of various
tissues, where they are important for providing mechanical
resistance and for allowing diffusion of molecules throughout
the ECM (Bishop et al., 2007). In addition to this structural
role, it has become clear that HSPGs are major, and multi-
faceted, regulators of developmental signaling, by binding
to and modulating the activity of key molecules, such as
fibroblast growth factor (FGF), WNT, transforming growth
factor (TGFβ) and hedgehog (Hh). One way by which
HSPGs regulate these signaling molecules, is by promoting
the formation and the maintenance of morphogen gradients.
Ablation of HSPGs or of HSPG-biosynthetic enzymes alters
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FIGURE 1 | Heparan sulfate proteoglycan (HSPG) protein family organization and HS biosynthesis. (A) Major HSPG protein families. Membrane-bound HSPGs can
be distinguished in glypicans and syndecans. Glypicans are characterized by a globular protein domain (gray) and a stalk-like domain that contains three attachment
sites for HS chains (blue). These molecules are attached to the external leaflet of the cell membrane through a glycosylphosphatidylinositol (GPI)-anchor (light blue).
The transmembrane syndecans are characterized by the presence of three HS chains at the N-terminal portion of the protein. The syndecan intracellular tail contains
two conserved regions: the C1 domain (dark gray) and C2 (light gray). (B) The major secreted HSPGs are Agrin and Perlecan. Agrin carries its HS chains in a central
domain and is characterized by the presence of several follistatin domains. Perlecan presents HS chains only at the N-terminal portion of the protein. Its core protein
organization is characterized by the presence of multiple conserved domains, such as the immunoglobulin domain. (C) The HS chain biosynthetic pathway: (I) HS
biosynthesis starts with the attachment of a tetrasaccharide linker to specific serine residues. (II) The EXT family of co-polymerases mediates the elongation of the HS
chain by adding disaccharide units composed of glucuronic acid (purple) and N-acetylglucosamine (ocher). (III) Subsequently, the enzyme NDST mediates the
simultaneous sulfation and de-acetylation of specific N-acetylglucosamine residues. (IV) The C5-epimerase induces the epimerization of glucuronic acid to iduronic
acid (IdoA). (V–VII) The subsequent action of the enzymes HS2ST, HS6ST and HS3ST mediates the attachment of sulfate groups to specific saccharide residues.
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the development of these morphogen patterns (Häcker et al.,
2005). In addition to this cellular function, HSPGs can
also directly act as signaling molecules. Some HSPGs can
be enzymatically cleaved and secreted in the extracellular
space, where they act as biological effectors. For example,
the transmembrane HSPGs SDC1 and SDC4 are cleaved by
different types of matrix metalloproteinases in response to
several stimuli (Fitzgerald et al., 2000; Park et al., 2000). The
released SDC1 ectodomain plays an important role during
inflammatory processes (Kainulainen et al., 1998; Li Q. et al.,
2002). During acute lung injury, released SDC1 interacts in an
HS-dependent manner with the chemokine Cxcl1. The shed
SDC1/Cxcl1 complex establishes a chemotactic gradient that
guides invading neutrophils to the inflammation site (Li Q. et al.,
2002). In addition to a role as signaling molecules, HSPGs
can also act in a cell-autonomous way, by functioning on
the cell surface as co-receptors for growth factors and their
receptors. This is exemplified by the role of HSPGs in the
interaction of the growth factor FGF with its receptor (FGFR).
HS chains mediate the high affinity binding between FGF and
FGFR, and control FGF-mediated signaling during Drosophila
development (Ornitz, 2000; Schlessinger et al., 2000; Yan and
Lin, 2007). In Drosophila tracheal morphogenesis, the HSPG
Dally-like specifically mediates the interaction between FGF
and its receptor Breathless (BTL), and is required to induce
a FGF-BTL-mediated signaling cascade (Yan and Lin, 2007).
Finally, HSPGs can recruit and cluster cell-surface molecules in
membrane domains and regulate their function by promoting
their secretion or endocytosis. SDC1 has been shown to
be internalized from the cell surface membrane through an
endocytic process that is clathrin- and caveolin-independent, but
requires actin microfilament polymerization and occurs at the
level of lipid rafts (Fuki et al., 2000; Zimmermann et al., 2005).
Internalization of SDC1 causes the uptake of the SDC1 binding
partners FGFR and β1-integrins, leading to an impairment in
cell spreading. SDC1 and its binding partners can be recycled
to the cell surface membrane through Arf6-positive vesicles,
which restores cell motility (Zimmermann et al., 2005). Thus,
endocytosis and recycling of SDC1 and its binding partners
regulates their cell surface availability important for normal cell
function.

The above examples illustrate the various ways by which
HSPGs regulate cellular processes, in an HS-dependent manner.
Enzymatic modifications of the HS chains generate HS-specific
bindingmotifs that are important for HSPG–protein interactions
and consequently for cellular processes. In cerebellar granule
cell precursors for example, the morphogen Sonic Hedgehog
(Shh) interacts in an HS-dependent manner with GPC5 to
promote precursor cell proliferation. This interaction specifically
requires 2-O sulfation modifications on IdoA residues of GPC5‘s
HS chains, which are then recognized and bound to the
Cardin-Weintraub structural motif of Shh. Downregulation of
GPC5 expression levels, or enzymatic removal of GPC5’s 2-O
sulfation patterns, severely affects Shh-mediated signaling (Witt
et al., 2013).

Lastly, in addition to HS-dependent binding to proteins,
which form the majority of HSPG interactions, direct binding

of signaling molecules to the HSPG protein core has also
been described, such as the interaction of the morphogen Hh
with the core domain of GPC3 (Capurro et al., 2008). The
GPC3-Hh complex is internalized in the cell and directed
for degradation in the lysosomal compartment, indicating that
GPC3 controls developmental signaling processes by acting as
a negative regulator of Hh-mediated signaling (Capurro et al.,
2008). Altogether, these examples demonstrate how HSPGs
represent a highly diverse and versatile protein family important
for regulating a broad range of cellular functions. In the next
sections, we will discuss how HSPGs play an important role
during brain development as regulators of the various steps
leading to synaptic specificity.

HSPGs AS REGULATORS OF AXON
GUIDANCE

HSPGs and HS-specific modifications play an important role
in the formation of neural connectivity. HSPGs are important
regulators of axon guidance, a first key step in the assembly
of specific synaptic connections. Here, we provide a brief
summary of the roles of HSPGs in this process, as the
cellular and molecular mechanisms by which HSPGs regulate
axon guidance and targeting have been extensively reviewed
elsewhere (Lee and Chien, 2004; de Wit and Verhaagen,
2007). Pioneering studies in cultured cockroach embryos and
in Xenopus laevis retinal ganglion cells (RGCs) demonstrated
that treatment with exogenous HS or enzymatic degradation of
HS chains impaired axonal growth and guidance (Wang and
Denburg, 1992; Walz et al., 1997). These initial observations
were subsequently confirmed in a mouse model in which
HS was removed through the conditional deletion of the
enzyme Exostosin 1 (EXT1), the key enzyme in HS chain
biosynthesis. Loss of EXT1 causes severe axon guidance
errors of the major commissural axon tracts (Inatani et al.,
2003), indicating that HSPGs are important regulators of
axon guidance. Subsequent studies demonstrated that HSPGs
control axon guidance through the binding and regulation of
different axon guidance cues. For example, HSPGs interact
with members of the Slit protein family and promote the
binding to their receptor Robo in order to induce Slit-mediated
repulsive function (Hu, 2001; Steigemann et al., 2004; Hussain
et al., 2006). Furthermore, HSPGs positively regulate the
attractive function of the transmembrane guidance molecule
Semaphorin 5 (Kantor et al., 2004). Finally, binding of the
membrane-anchored guidance molecule Ephrin A3 to HS chains
is required for mediating Ephrin A3-induced axon repulsion
(Irie et al., 2008). In addition to the general role for HS
chains in axon guidance, experimental evidence from different
model organisms has also shown the involvement of specific
HS enzymatic modifications in this process. Multiple studies
in which specific HS-modifying enzymes were deleted in a
cell type-specific manner, found different, yet specific axonal
targeting defects (Bülow and Hobert, 2004; Bülow et al., 2008;
Tillo et al., 2016). In C. elegans, ventral D-type motorneuron
axons initially grow and fasciculate along the right ventral
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cord, then cross the midline and on the contralateral side
project to the dorsal side of the animal. Bülow and Hobert
(2004) demonstrated that each of these steps is differentially
affected by the removal of the C. elegans homologs of 6-O
sulfotransferase (hst-6), 2-O sulfotransferase (hst-2) and the
C5-epimerase (hse-5). In particular loss of hse-5 and hst-2
severely impairs axonal fasciculation and dorsal projection
(Bülow and Hobert, 2004). However, the loss of hst-6 only
affects midline crossing, suggesting that the different steps
of D-type motorneuron axon growth require specific HS
modification patterns. Strikingly, when the same enzymes
were ablated in a distinct type of motorneurons, the DA
motorneurons that make similar axon guidance choices, no
major defects were observed (Bülow and Hobert, 2004),
indicating that cell-type specific HS modification patterns
control axon guidance. Altogether, these studies demonstrate
that HSPGs and cell type-specific HS chain modification
patterns are important regulators of axonal growth and
targeting.

HSPGs AS REGULATORS OF SYNAPSE
DEVELOPMENT

Studies in different model organisms, from C. elegans to mouse,
have demonstrated that different HSPGs and HS-modifying
enzymes regulate multiple aspects of synapse development. In
the following section, we highlight the roles of the HSPG protein
family in controlling general synapse formation, composition
and function, before turning to emerging evidence for a role of
HSPGs in synaptic specificity.

Modulating Localization of Synaptic
Signaling Molecules
Secreted synaptogenic molecules, such as WNT and FGFs,
are important regulators of synapse formation and maturation
(Siddiqui and Craig, 2011). These molecules can be released
from the pre-or postsynaptic compartment, or from neighboring
astrocytes, and promote synaptic differentiation through binding
to their receptors on the neuronal membrane. Recent studies
have started to shed light on the role of HSPGs in controlling
the synaptic localization of specific secreted synaptogenic
molecules. Terribly reduced optic lobe (trol), the Drosophila
ortholog of perlecan, is secreted by the postsynaptic muscle
cells and accumulates in the synaptic cleft (Kamimura et al.,
2013). Trol mutants show an overproduction of boutons,
as well as a reduction in the subsynaptic reticulum area
and in glutamate receptor content (Kamimura et al., 2013).
Presynaptic organization and composition were unaffected
however. The structural defects observed in trol mutants are
similar to the effects observed in Wg mutants, a Drosophila
homolog of WNT. Indeed, loss of trol causes a reduction
in the extracellular levels of Wg, and in particular in its
localization in proximity to the postsynaptic compartment.
This suggests that the secreted HSPG trol regulates the
distribution and localization of Wg at the fly neuromuscular
junction (NMJ), thus mediating structural and ultrastructural

maturation of the postsynaptic compartment (Kamimura
et al., 2013; Figure 2A). In vertebrates, postsynaptic SDC2
interacts with the secreted protein FGF22 in an HS-dependent
manner to present FGF22 to the presynaptic FGF receptor,
driving bidirectional synaptic maturation (Hu et al., 2016;
Figure 2B).

Organizing the Synaptic ECM
Synapses are enwrapped by a layer of ECM (Frischknecht
and Gundelfinger, 2012), which is important for shaping and
maintaining synaptic morphology and function. Important
components of the ECM are the secreted HSPGs collagen
type XVIII, perlecan and agrin (Barros et al., 2011). However,
whether and how these secreted molecules contribute to the
structural organization of the ECM and synapse development is
largely uncharacterized. Evidence for a role of secreted HSPGs
in controlling ECM organization and synapse development
comes from studies on the C. elegans NMJ. Mutant worms
for emb-9 and cle-1, the orthologs of collagen type IV and
XVIII, have ectopic presynaptic terminals, suggesting that
these two molecules are required to restrict the growth of
presynaptic boutons (Qin et al., 2014). The growth of ectopic
boutons upon loss of Emb-9 and Cle-1 is partially explained
by a fragmentation of the basal membrane surrounding the
presynaptic bouton, which may favor the formation of ectopic
presynaptic terminals (Qin et al., 2014). Interestingly, the ectopic
presynaptic terminal growth and ECM defects observed in emb-9
mutants are reverted by the simultaneous ablation of unc-52,
the C. elegans ortholog of Perlecan, indicating that secreted
perlecan promotes bouton growth (Qin et al., 2014). These
observations suggest that collagens and perlecan differentially
regulate synapse development, by acting either as synapse
growth-restricting or -promoting factors, respectively. Thus,
different secreted HSPGs act simultaneously to control ECM
organization and synapse growth. The molecular mechanisms
underlying this differential capacity are currently unknown,
but it has been previously demonstrated that secreted HSPGs
differently control the biomechanical properties of the ECM
during Drosophila development (Pastor-Pareja and Xu, 2011).
The accumulation of collagen type IV causes a more rigid
ECM, while perlecan antagonizes collagen IV’s effect, leading
to a more elastic extracellular environment (Pastor-Pareja
and Xu, 2011). Thus, it seems plausible that at the worm
NMJ, the loss of collagen type IV may create a more
elastic environment permissive for ectopic bouton growth. In
addition to changes in biomechanical properties however, the
different ECM composition might also affect the distribution
of secreted molecules that regulate synapse development.
Whether in addition to secreted HSPGs, other types of HSPGs
contribute to organizing the synaptic ECM, and whether
HS-specific modification patterns regulate this process is still
unknown.

HSPGs as Synaptic Organizing Molecules
Important regulators of synapse assembly and maturation
are the synaptic organizing proteins (Takahashi and Craig,
2013; Ko J. et al., 2015; Jang et al., 2017). These proteins
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FIGURE 2 | HSPGs as regulators of synapse development. (A) The secreted HSPG trol regulates Wg-mediated synaptic differentiation at the Drosophila
neuromuscular junction (NMJ). Trol is released in the synaptic cleft from the postsynaptic muscle cell. Here, trol binds and sequesters Wg to the surface of the
postsynaptic compartment, allowing the interaction with its postsynaptic receptor Dfz2 and the induction of postsynaptic structural and functional maturation. At the
same time, Wg also acts presynaptically in a trol-independent manner to instruct presynaptic maturation. (B) During vertebrate synapse development, postsynaptic
SDC2 binds FGF22 in an HS-dependent manner and facilitates its presentation to the presynaptic receptor FGFR. This interaction promotes presynaptic
differentiation. (C) HSPGs act as synaptic organizers. During Drosophila NMJ development, postsynaptic Sdc promotes presynaptic growth through binding to the
presynaptic RPTP dLAR. Subsequently, Dlp, which has a higher affinity for dLAR, competes with Sdc-dLAR binding to inhibit presynaptic growth and promote active
zone stabilization. (D) GPC4 acts as a presynaptic binding partner for the postsynaptic adhesion protein LRRTM4. GPC4-LRRTM4 interaction occurs in an
HS-dependent manner and forms a trans-synaptic complex that regulates the development of excitatory synapses. This complex requires RPTPσ, which acts as a
presynaptic GPC4 cis-receptor to mediate presynaptic development and function. (E) During early postnatal mouse visual system development, astrocytes release
GPC4. GPC4 binds presynaptic RPTPδ, most probably in an HS-dependent manner, and instructs presynaptic release of NP1, which clusters AMPARs and
promotes the formation of active synapses. Abbreviations: SV, synaptic vesicles; SDC2, syndecan 2; Dlp, Dally-like protein; NP1, neuronal pentraxin 1; GPC4,
glypican 4.
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localize to the pre- and postsynaptic membrane, or are secreted
in the synaptic cleft, and induce the differentiation of the
pre-and postsynaptic element by recruiting components of
the synaptic machinery. Synaptic organizing proteins include
neurexins (Graf et al., 2004), neuroligins (Scheiffele et al.,
2000), leucine-rich repeat transmembrane neuronal proteins
(LRRTMs; de Wit et al., 2009; Ko et al., 2009; Linhoff et al.,
2009), FGFs (Fox et al., 2007; Terauchi et al., 2010) and
thrombospondins (Christopherson et al., 2005; Eroglu et al.,
2009). Many additional synaptic organizing proteins have been
identified (Siddiqui and Craig, 2011; Um and Ko, 2013; Ko
J. et al., 2015; Jang et al., 2017). The first neural synaptic
organizer identified was the secreted HSPG agrin (Godfrey
et al., 1984; Gautam et al., 1996; Glass et al., 1996). Agrin is
secreted by the presynaptic compartment of motorneurons and
localizes to the synaptic cleft, where it instructs NMJ postsynaptic
differentiation. Loss of agrin causes a reduction in acetylcholine
receptor content, a decrease in postsynaptic membrane size
and fragmentation of the basal lamina of the synaptic cleft
(Gautam et al., 1996). Agrin-mediated postsynaptic organization
occurs through the ability of agrin to bind, cluster and activate
the postsynaptic tyrosine kinase receptor MuSK (Glass et al.,
1996).

More recently, syndecans and glypicans have been identified
as synaptic organizers. At the Drosophila NMJ, Sdc is
expressed by muscle cells and postsynaptically localized, while
Dally-like (Dlp) localizes to the perisynaptic space. Both
HSPGs regulate different aspects of NMJ synapse formation
and function (Johnson et al., 2006; Nguyen et al., 2016). Sdc
promotes presynaptic bouton growth, whereas Dlp restricts
presynaptic active zone morphogenesis (Johnson et al., 2006).
The differential regulation of synaptic architecture by Sdc
and Dlp is reflected at the functional level, with loss of
Dlp, but not of Sdc, causing an increase in neurotransmitter
release (Johnson et al., 2006). Remarkably, Sdc and Dlp
interact with the same presynaptic receptor, the protein tyrosine
phosphatase receptor (RPTP) Dlar. Sdc and Dlp bind Dlar
at overlapping sites and in an HS-dependent manner. Dlp
has a greater affinity for Dlar and effectively competes with
Sdc for Dlar binding (Johnson et al., 2006; Figure 2C).
Furthermore, Dlp inhibits Dlar signaling, but how Dlar can
discriminate between the two HSPGs to instruct differential
effects on presynaptic bouton morphology and function remains
unclear.

Although these experiments at the fly NMJ indicate that
Sdc and Dlp mainly act presynaptically, the cellular source
of Dlp is not entirely clear. Experiments in vertebrates
have shown that neuron-, as well as glial-derived glypicans
play an important role in synapse development. Two
independent studies identified HSPGs, and in particular
glypican 4 (GPC4), as presynaptic binding partners for
the postsynaptic adhesion protein LRRTM4 (de Wit et al.,
2013; Siddiqui et al., 2013). GPC4 binds LRRTM4 via its
HS sugar chains to form a trans-synaptic complex that
organizes excitatory synapse development through the
clustering of pre- and postsynaptic components (de Wit
et al., 2013; Siddiqui et al., 2013). The LRRTM4-GPC4 complex

requires presynaptic RPTPσ, which acts as an HS-dependent
cis-receptor for GPC4 on the presynaptic membrane, to instruct
presynaptic development and function (Ko J. S. et al., 2015;
Figure 2D).

In addition to a role in the presynaptic neuron, Gpc4 and
Gpc6 are also expressed and secreted by astrocytes in the
early stages of postnatal development. Soluble GPC4 and
GPC6 induce excitatory synapse formation in cultured retinal
ganglion cells (RGCs) and GluA1-containing glutamate
receptor clustering (Allen et al., 2012). Astrocyte-derived
GPC4 binds to presynaptic RPTPδ and RPTPσ and induces
release of the glycoprotein neuronal pentraxin 1 (NP1) from
the presynaptic compartment, which subsequently clusters
postsynaptic GluA1-containing glutamate receptors (Farhy-
Tselnicker et al., 2017). Interfering with RPTPδ or RPTPσ-
mediated signaling blocks GPC4-induced NP1 release and
synapse formation. In vivo, astrocyte-specific Gpc4 deletion
in the RGC target region, the superior colliculus and Rptpδ
ablation in both RGCs and the superior colliculus, caused a
reduction in synapse formation (Farhy-Tselnicker et al., 2017;
Figure 2E).

The studies described above in fly and vertebrate systems
demonstrate that presynaptic RPTPs form a central hub to
mediate HSPG-induced synaptic development. Whether RPTPs
can distinguish GPC4 derived from neurons or glia, and whether
GPC4 from different cellular sources would have differential
functional effects, is currently unknown. Furthermore, whether
glial cells can act as source of GPC4 during later developmental
stages and in adulthood is an intriguing possibility that remains
to be addressed.

The ability of HSPGs to control synapse development
requires an interaction with specific co-receptors in the case
of glypicans, which lack a cytoplasmic domain, but can also
be accomplished by direct activation of specific intracellular
signaling cascades in the case of transmembrane syndecans. In
cultured hippocampal neurons, postsynaptic SDC2 clusters in
dendritic spines concomitantly with dendritic spine maturation.
Overexpression of SDC2 in immature neurons accelerates the
development of mature dendritic spines (Ethell and Yamaguchi,
1999). SDC2’s capacity to trigger spine morphogenesis is
dependent on its intracellular region. The tyrosine kinase
receptor EphB2 phosphorylates SDC2 at tyrosine residues
Y281 and Y189 and these two modifications are necessary for
SDC2 spine clustering and for triggering spine morphogenesis
(Ethell et al., 2001). SDC2 interacts with additional intracellular
binding partners, such as syntenin, calcium/CaM-dependent
serine protein kinase (CASK), synbindin and synectin (Hsueh
et al., 1998; Chen et al., 2011), and the negative regulator
of the Ras signaling pathway neurofibromin (Lin et al.,
2007). This suggests that SDC2’s interaction with specific
scaffolding and signaling proteins regulates dendritic spine
maturation.

HSPGs IN SYNAPTIC SPECIFICITY

Recent technological advances are accelerating the discovery
of the molecular principles underlying synaptic specificity.
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Genomic, proteomic and interactomic analyses, even at the
level of single neurons, are enabling the identification and
characterization of classes of cell-surface molecules that might
be required for synaptic specificity. To be able to instruct the
development of specific synaptic connectivity patterns, these
molecules should have several characteristics: they should be
expressed in a brain region- and cell type-specific manner;
they should be able to interact with distinct and region-specific
binding partners; and they should have enough molecular
diversity in order to confer cell type- and possibly even synapse
type-specific identities (de Wit and Ghosh, 2016). Recent work
has started to reveal that, in addition to their role as synaptic
organizers, HSPGs show highly specific expression patterns;
interact with diverse, region-specific interactors; and also carry
synapse-specific modification patterns, suggesting that HSPGs
can act as regulators of synapse specificity.

Cell Type-Specific Expression Patterns of
HSPGs and HS-modifying Enzymes
An important property for molecules involved in synaptic
specificity is region- and cell type-specific expression. Recent
advances in single-cell sequencing demonstrate that several
synaptic molecules that play an important role in synapse
formation are expressed in the brain in a cell type-specific
manner (Tan et al., 2015; Földy et al., 2016; Shekhar
et al., 2016; Li et al., 2017; Paul et al., 2017). Syndecans
and glypicans also show discrete expression patterns in the
mouse hippocampus (Figure 3A). Initial in situ hybridization
studies revealed that syndecans have different, moderately
overlapping expression patterns in adult rat brains. Sdc1 is
mainly expressed in the cerebellum, while Sdc2 and Sdc4 are
enriched in the granule cells of the dentate gyrus (DG) and
glial cells, respectively (Hsueh and Sheng, 1999). Glypicans
show highly specific expression patterns. Gpc1, 2 and 4 are
expressed in the hippocampus. Gpc1 is highly enriched in
CA3 pyramidal neurons, while Gpc2 and 4 are abundant
in DG granule cells (with an enrichment of Gpc4 also in
CA1 pyramidal neurons; de Wit et al., 2013; Ko J. S. et al.,
2015). Interestingly, the expression pattern of some glypicans
changes during development (Ko J. S. et al., 2015). These
cell type-specific expression profiles are supported by gene
expression profile analysis of the principal hippocampal neuron
populations by RNA sequencing (Cembrowski et al., 2016).
In addition, recent single-cell RNA sequencing studies have
further characterized cell type-specific expression patterns for
HSPGs. Li et al. (2017) demonstrated that in the Drosophila
olfactory bulb, the VM2 projection neurons (VM2-PN) are
specifically characterized by the expression of the HSPG trol.
Furthermore, single-cell transcriptomic analysis of different
GABAergic populations in the mouse primary visual cortex
has identified a vasoactive intestinal peptide (VIP)-positive
interneuron subpopulation that localizes to deep cortical layers
and is characterized by the expression ofGpc3 (Tasic et al., 2016).
Altogether, these results indicate that HSPGs have brain region-
and cell type-specific expression patterns, supporting a possible
involvement in synaptic specificity.

Interestingly, the brain region- and cell type-specificity is
not restricted to HSPGs; different HS-modifying enzymes show
discrete expression patterns in the brain as well. In the adult
mouse brain, the extracellular 6-O-endosulfatases SULF1 and
2 show different expression profiles, with Sulf2 being broadly
expressed, while Sulf1 is restricted to defined cell layers, such
as cortical layer V and the Purkinje cell layer of the cerebellum
(Kalus et al., 2009; Figure 3A, hippocampal expression analysis).
Single-cell RNA sequencing of six different populations of
genetically labeled and phenotypically characterized GABAergic
neurons demonstrated cell type-specific expression patterns
of sulfotransferases and a layer-specific distribution in adult
mouse cortex (Paul et al., 2017; Figure 3B). In addition,
by generating a panel of different HS-specific single chain
variable fragment antibodies, Attreed et al. (2012, 2016)
have shown that in the C. elegans central nervous system,
distinct cell types present unique HS epitopes on their
surface. Furthermore, their results hint at synapse-specific HS
modification patterns (Attreed et al., 2016). Together, these
findings suggest that different cell types, and possibly different
synapse types, display a distinct composition of HSPGs and a
specific pattern of HS modifications on their surface, which
may be required for the development of precise synaptic
connectivity.

Cell Type-Specific HSPG Binding Partners
In addition to cell type-specific expression patterns, molecules
involved in the development of precise synaptic connectivity
patterns may interact with region- and cell type-specific
binding partners. HSPGs have been shown to interact
with synaptic binding partners that are highly restricted to
specific brain regions or cell types. As previously described,
GPC4 regulates excitatory synapse formation through a
trans-synaptic interaction with the postsynaptic protein
LRRTM4 (de Wit et al., 2013; Siddiqui et al., 2013). In
the hippocampus, Lrrtm4 is only expressed in DG granule
cells, while Gpc4 is broadly expressed in hippocampus and
cortex (de Wit et al., 2013; Ko J. S. et al., 2015). Loss of
LRRTM4 specifically affects synapse number, function and
composition in granule cells, while CA1 pyramidal neurons
are unaffected (Siddiqui et al., 2013). As Gpc4, and other
glypicans, are expressed in different brain regions, these
observations suggest that glypicans might interact with different
binding partners in other parts of the brain. The extracellular
interactomes for glypicans and syndecans have not yet been
elucidated.

HS Modification in Synapse Development
Recent studies have started to explore whether HS chain
modifications play a role in synapse development. Using an
RNAi-based screen in Drosophila, Dani et al. (2012) found
that Sulf1 and Hs6st differentially affect synapse composition
and function at the NMJ. Loss of Sulf1 or Hs6st causes an
increased number of synaptic boutons, but has differential effects
on synaptic transmission. Sulf1 mutants show an increased
strength of synaptic transmission, while Hs6st mutants have
weaker neurotransmission (Dani et al., 2012). Loss of these
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FIGURE 3 | Cell type-specific HSPG and HS-modifying enzyme expression patterns. (A) In situ hybridization showing gene expression patterns in P56 mouse
coronal hippocampal sections for a limited set of HSPGs and HS-modifying enzymes. Sdc3 (http://mouse.brain-map.org/gene/show/20731) is broadly expressed in
the hippocampus, whereas Gpc4 (http://mouse.brain-map.org/gene/show/14511) is highly enriched in the dentate gyrus (DG) region. The 3-O sulfotransferase
Hs3st1 (http://mouse.brain-map.org/experiment/show/2305) is mainly expressed in CA1 and DG, while Hs6st2 (http://mouse.brain-map.org/experiment/show/7212
9255) is specifically expressed only in CA1. Glce (http://mouse.brain-map.org/experiment/show/74641306) is specifically expressed in DG, while Sulf2
(http://mouse.brain-map.org/experiment/show/72007935) expression is highly enriched in CA3. All images in (A) are obtained from the Allen Brain Atlas
(http://www.brain-map.org/). For each gene, left panel shows the original in situ hybridization signal; right panel shows a heat map color scale to indicate intensity of
expression. (B) Cell type-specific expression patterns for HS-modifying enzymes in distinct cortical interneuron populations. Using single-cell RNA sequencing in six
different populations of genetically labeled and phenotypically characterized GABAergic neurons, Paul and colleagues showed a cell type-specific expression pattern
of different HS-modifying enzymes. In (B), examples of three different GABAergic isolated populations are shown: vasoactive intestinal peptide (VIP) CR positive
GABAergic cells are characterized by the expression of Ndst1, Chst1 and Hs6st2. SST:CR GABAergic cells are characterized by the expression of Hs3st2 and
Ndst4. PV positive cells specifically express the enzymes Hs3st1 and Ndst3. Abbreviations: SDC3, syndecan 3; GPC4, glypican 4; Hs3st1, 3-O sulfotransferase type
1; Hs6st2, 6-O sulfotransferase type 2; Glce, C5-epimerase; Sulf2, sulfotransferase 2; Chst1, sulfotransferase 1; Ndst1, N-deacetylase and N-sulfotransferase 1;
Hs3st2, 3-O sulfotransferase type 2; Ndst4, N-deacetylase and N-sulfotransferase 4.
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HS-modifying enzymes affects the synaptic levels of Dlp and
Sdc, but do not simply phenocopy the effects of Dlp and Sdc
loss (Johnson et al., 2006). Hs6st loss reduces Dlp levels, while
Sulf1 removal increases the levels of both Sdc and Dlp. Altered
synaptic levels of Dlp and Sdc impair anterograde Wg and
retrograde Gbb trans-synaptic signaling, important to instruct
pre- and postsynaptic maturation (Dani et al., 2012). These
findings suggest that a combinatorial function of HSPGs and
HS chainmodificationsmediate synapse formation, function and
composition.

Lastly, it is emerging that also in vertebrates, specific
HS modification patterns can instruct synapse formation and
function. In the CA1 region of the hippocampus, loss of
SULF1 specifically causes a reduction in dendritic spine density
and impairment in synaptic plasticity, while SULF2 removal
does not cause any synaptic structural and functional effects
(Kalus et al., 2009). These findings suggest that patterns of
HS modification are also required to specify structural and
functional synaptic properties in the vertebrate system.

HSPGs AND DISEASE

The importance of synaptic organizing proteins in normal
synaptic function, and therefore proper brain activity, is
highlighted by the fact that several recent large-scale genomic
analyses have revealed a correlation between genes encoding
synaptic proteins and brain disorders (Parikshak et al., 2013;
De Rubeis et al., 2014). Recent work has started to shed
light on the contribution of HSPGs and of HS-modifying
enzymes in neurodevelopmental and neuropsychiatric disorders.
A need for HSPGs in proper brain function has initially
been demonstrated by Irie et al. (2012). Taking advantage
of a conditional knockout mouse for the HS-polymerizing
enzyme EXT1, the authors abolished HSPG expression in
postnatal excitatory neurons. Postnatal loss of EXT1 did
not cause any brain morphological defects, but resulted
in autism-like behavioral phenotypes (Irie et al., 2012).
The behavioral defects were accompanied by impaired
glutamatergic transmission (Irie et al., 2012). Genetic analysis
on patients affected by hereditary multiple exostosis and
autism-associated mental retardation has identified deletion
mutations in the gene encoding EXT1 (Li H. et al., 2002).
These observations indicate that neuron-specific HSPG loss
recapitulates important aspects of autism pathogenesis, further
underscoring the importance of these molecules in normal brain
function.

Among all the HSPGs, alterations in glypicans expression
have been frequently found in different neuropathological
conditions, such as autism spectrum disorders (ASDs),
schizophrenia and neuroticism (Potkin et al., 2009; Calboli
et al., 2010; Pinto et al., 2010; Doan et al., 2016). For instance,
in a genome-wide study in autism patients to identify novel
copy number variations (CNVs), four independent CNVs in
the GPC5/GPC6 gene cluster were identified (Pinto et al., 2010).
Furthermore, Doan et al. (2016) have recently characterized
novel human accelerated regions (HARs) in the GPC4 genomic
locus. HARs are human genomic sequences that are conserved

in vertebrate evolution, but that are highly divergent in
humans. Interestingly, HARs are particularly enriched in genes
expressed in the central nervous system (Kamm et al., 2013),
and based on their high frequency of mutation, HARs are
considered as important genomic elements in the development
of human-specific traits (Franchini and Pollard, 2017). Novel
HARs have been identified within the GPC4 genomic locus.
In addition, two cases of ASD and intellectual disability (ID)
present point mutations in HARs within the GPC4 locus
leading to decreased GPC4 expression (Doan et al., 2016).
These data indicate that regulated GPC4 expression in the
human brain is important for normal central nervous system
development. Lastly, in another genome-wide association
study to identify common genetic risks that underlie ASDs,
a single nucleotide polymorphism that associated with the
disease has been identified in the gene encoding the HS 3-O
sulfotransferase HS3ST5 (Wang et al., 2009). Although the
molecular mechanisms that link alterations in HSPG and
HS-modifying enzyme expression to disease development
are still unknown, these findings further strengthen the
requirement of HSPGs and HS-modifying enzymes in normal
brain development and function.

CONCLUSIONS AND FUTURE
DIRECTIONS

The formation of specific synaptic connectivity patterns is a
key step in the assembly of functional neural circuits. This
process depends on diverse molecules that are expressed in
a cell type-specific manner, interact with distinct region- and
cell type-specific binding partners, and instruct synapse-specific
properties. The HSPG protein family is emerging as an important
regulator of synaptic specificity. HSPGs are synaptic organizers
and are expressed in a brain region- and cell type-specific
manner. HSPGs interact with binding partners expressed in
discrete cell types, and through particular HS chain modification
patterns exert differential effects on synaptic function. However,
many challenges remain in order to elucidate the role of
HSPGs in the development of specific synaptic connectivity
patterns.

Evidence in support of cell type-specific HSPGs expression
patterns comes from recent single-cell transcriptomic analysis
of different projection neuron types in the Drosophila olfactory
bulb and distinct GABAergic populations in the adult mouse
cortex that revealed a cell type-specific expression patterns of
distinct HSPGs and HS-modifying enzymes (Tasic et al., 2016;
Li et al., 2017; Paul et al., 2017). It will be important to
determine whether cell type-specific combinations of HSPGs
and HS-modifying enzymes broadly exist throughout the brain,
and to experimentally address whether these combinations
can mediate the formation of specific synaptic contacts and
the development of their particular structural and functional
properties.

The extent to which different HSPGs interact with region-
specific binding partners is also not fully understood. Large-scale
interactome screening efforts may accelerate the characterization
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of the extracellular interactome of different HSPGs and
can determine whether these interactions are mediated by
the HS chains or the core proteins (Özkan et al., 2013).
A greater challenge will be to determine to what extent
such interactions are modulated by HS modifications. In
combination with expression and protein distribution analysis,
region-specific HSPG-ligand interactions can then be tested
for a role in instructing the assembly of specific synaptic
connections.

In addition to elucidating theHSPG extracellular interactome,
a major challenge will be to determine whether, at the level
of specific synaptic connections, differential HS modifications
occur and are required for synapse development. By individual
or simultaneous, cell type-specific, ablation of HS-modifying
genes, it will be possible to explore whether HS modifications
regulate different aspects of synapse-specific assembly and
function. Altogether, these approaches will allow us to establish
whether combinatorial codes of different HSPGs and specific
HS modification exist, and whether such codes contribute to the
specification of synaptic connectivity.

Finally, some members of the HSPG protein family, like
GPC4, GPC5 andGPC6 have been linked to neurodevelopmental

diseases such as autism, schizophrenia (Potkin et al., 2009; Doan
et al., 2016). The link of glypicans to disease strengthens the
importance of HSPGs in proper brain development and function.
Therefore, elucidating the role of HSPGs and HS-modifying
enzymes in the development of specific synaptic connectivity
patterns will not only increase our understanding of the
molecular logic underlying neural circuit assembly, but also
provide new insight into the molecular basis of brain disorders.
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Various growth factors regulate synapse development and neurogenesis, and are
essential for brain function. Changes in growth factor signaling are implicated in
many neuropsychiatric disorders such as depression, autism and epilepsy. We have
previously identified that fibroblast growth factor 22 (FGF22) is critical for excitatory
synapse formation in several brain regions including the hippocampus. Mice with a
genetic deletion of FGF22 (FGF22 null mice) have fewer excitatory synapses in the
hippocampus. We have further found that as a behavioral consequence, FGF22 null
mice show a depression-like behavior phenotype such as increased passive stress-
coping behavior and anhedonia, without any changes in motor, anxiety, or social
cognitive tests, suggesting that FGF22 is specifically important for affective behavior.
Thus, addressing the precise roles of FGF22 in the brain will help understand how
synaptogenic growth factors regulate affective behavior. In the hippocampus, FGF22 is
expressed mainly by CA3 pyramidal neurons, but also by a subset of dentate
granule cells. We find that in addition to synapse formation, FGF22 also contributes
to neurogenesis in the dentate gyrus: FGF22 null mice show decreased dentate
neurogenesis. To understand the cell type-specific roles of FGF22, we generated
and analyzed CA3-specific FGF22 knockout mice (FGF22-CA3KO). We show that
FGF22-CA3KO mice have reduced excitatory synapses on CA3 pyramidal neurons,
but do not show changes in dentate neurogenesis. Behaviorally, FGF22-CA3KO
mice still show increased immobility and decreased latency to float in the forced
swim test and decreased preference for sucrose in the sucrose preference test,
which are suggestive of a depressive-like phenotype similar to FGF22 null mice.
These results demonstrate that: (i) CA3-derived FGF22 serves as a target-derived
excitatory synaptic organizer in CA3 in vivo; (ii) FGF22 plays important roles in
dentate neurogenesis, but CA3-derived FGF22 is not involved in neurogenesis; and
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(iii) a depression-like phenotype can result from FGF22 inactivation selectively in
CA3 pyramidal neurons. Our results link the role of CA3-derived FGF22 in synapse
development, and not in neurogenesis, to affective behavior.

Keywords: hippocampus, synaptogenesis, neurogenesis, fibroblast growth factor, conditional knockout mice,
CA3, depression

INTRODUCTION

Growth factor signaling is implicated in many aspects of brain
development and function. Fibroblast growth factors (FGFs)
regulate a variety of events during brain development such as
neuronal proliferation and differentiation, synaptic development
and neurogenesis (Ornitz and Itoh, 2001; Thisse and Thisse,
2005; Umemori, 2009; Turner and Grose, 2010; Turner et al.,
2012). Alteration in the FGF and FGF receptor signaling has been
found in many neuropsychiatric diseases, including depression
(Evans et al., 2004), altered social behavior (Scearce-Levie et al.,
2008), seizures (Terauchi et al., 2010; Williams and Umemori,
2014), and intellectual disability (Williams and Umemori, 2014).
Thus, understanding the precise roles of FGF signaling in brain
development will shed light on the pathophysiology of such
disorders and may provide clues for designing novel treatment
strategies.

We have previously found that a subfamily of FGFs, Fibroblast
Growth Factor 22 (FGF22), 7 and 10, acts as synaptic organizing
molecules (Umemori et al., 2004). FGF22 is critical for the
establishment of excitatory synapses in the developing brain,
including the cerebellum, hippocampus and lateral geniculate
nucleus (Umemori et al., 2004; Terauchi et al., 2010; Singh
et al., 2012). Mice genetically lacking FGF22 (FGF22 null mice)
show impaired excitatory synapse formation in the brain during
development. The defects persist into adulthood: FGF22 null
mice have fewer excitatory synapses later in life (Terauchi et al.,
2010). Mechanistically, we proposed that FGF22 serves as a
target (postsynaptic neuron)-derived presynaptic organizer in
the hippocampus, because, using cultured neurons, we found:
(i) FGF22 overexpression induced excitatory synapses on the
FGF22 expressing neurons; and (ii) postsynaptic expression of
FGF22 rescued impaired excitatory synapse formation in cultures
prepared from FGF22 null mice (Terauchi et al., 2010). However,
this idea has not been tested in vivo. Therefore, in this article, we
ask whether FGF22 acts as a target-derived presynaptic organizer
in vivo using mice in which FGF22 is selectively inactivated in
CA3 pyramidal neurons, where FGF22 is highly expressed during
development.

In addition to synapse development, FGF22 appears to be
involved in the regulation of activity-dependent neurogenesis
in the dentate gyrus, where neurogenesis continues throughout
life. In wild-type mice, dentate neurogenesis has been shown
to increase in response to seizure activity (Parent, 2007; Song
et al., 2012; Lee and Umemori, 2013; Cho et al., 2015). In
contrast, we found that FGF22 null mice do not show increased
neurogenesis after seizure (Lee and Umemori, 2013). However,
whether FGF22 is important for normal neurogenesis is not
known. In this article, we ask whether FGF22 is involved in

neurogenesis using FGF22 null mice. As CA3-derived FGF22 acts
on the axons of dentate granule cells (DGCs), we also ask whether
CA3-derived FGF22 plays a role in regulating neurogenesis using
CA3-specific FGF22 knockout mice.

Finally, as a behavioral consequence of FGF22 inactivation,
FGF22 null mice display depression-like behaviors such
as increased passive stress-coping behavior and anhedonia
(Williams et al., 2016). FGF22 null mice do not show any
changes in anxiety-like behaviors, social cognition and motor
phenotypes (Williams et al., 2016). These results suggest that
FGF22 plays a unique role in affective behaviors, and FGF22 is
a potential target for the development of novel antidepressant
agents. In order to provide further insights into the molecular
mechanisms underlying depression-like behaviors, in this article,
we ask cell-type specific roles of FGF22 in the regulation of
affective behavior using CA3-specific FGF22 knockout mice.

FGF22 is expressed by various neurons in the brain. In the
hippocampus, FGF22 is highly expressed by CA3 pyramidal
neurons as well as a subset of DGCs (Terauchi et al.,
2010). In order to address the questions listed above, we
utilized a conditional, cell-type specific FGF22 knockout
mice. We generated CA3-specific FGF22 knockout (FGF22-
CA3KO) mice and analyzed their synapse development,
dentate neurogenesis, and affective behaviors. Here we show:
(i) FGF22-CA3KO mice have reduced excitatory synapses
formed onto CA3 pyramidal neurons; (ii) FGF22 null mice show
decreased dentate neurogenesis throughout life; (iii) In contrast,
FGF22-CA3KO mice does not show any changes in dentate
neurogenesis; and (iv) FGF22-CA3KO mice exhibit increased
passive stress coping behaviors and anhedonia, similarly to
FGF22 null mice. These results suggest that CA3-derived
FGF22 serves as a target-derived excitatory presynaptic organizer
in vivo and contributes to the establishment of synaptic circuits
involved in affective behavior.

MATERIALS AND METHODS

Animals
Fgf22−/− mice (FGF22 null mice) were described previously
(Terauchi et al., 2010). Fgf22−/− mice were backcrossed with
C57/BL6J (Jackson Laboratories, Bar Harbor,ME, USA) formore
than 15 generations. Fgf22flox/flox mice (Fgf22tm1a(EUCOMM)Hmgu)
were from EUCOMM (Terauchi et al., 2016). Grik4-Cre mice
were from Jackson (Nakazawa et al., 2002). Fgf22flox/flox mice
were mated with Grik4-Cre mice to generate CA3-specific
FGF22 knockout mice (FGF22-CA3KO mice; see Figure 1A).
Both males and females were used in our study. The numbers of
animals used in the behavioral studies are shown in Table 1 and
figure legends. The numbers of animals used in the histological
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FIGURE 1 | CA3-derived Fibroblast Growth Factor 22 (FGF22) is required for excitatory synapse formation in the hippocampal CA3 region. (A) (Top) Schematic
diagram of the strategy to generate CA3-specific Fgf22 knockout mice (FGF22-CA3KO mice). Fgf22flox/flox (Fgf22f/f ) mice were crossed with mice carrying
Grik4-promoter-driven Cre (Grik4-Cre). (Bottom) In situ hybridization for Fgf22 mRNA with hippocampal sections from P9 wild-type littermates (Control) and
FGF22-CA3KO mice (Fgf22f/f::Grik4-Cre). Fgf22 expression is specifically eliminated from CA3 pyramidal neurons in FGF22-CA3KO mice. (B) Images in (C,E) were
taken from the boxed area. Analysis was performed from images taken in CA3a and CA3b. (C,D) Hippocampal sections from Control and FGF22-CA3KO mice at
P21 were immunostained for vesicular glutamate transporter 1 (VGLUT1). (C) Representative pictures from the CA3 region. SL, stratum lucidum; SR, stratum
radiatum. Density (number/mm2) and size (µm2) of VGLUT1 puncta were quantified and shown in (D). (E,F) Hippocampal sections from adult Control and
FGF22-CA3KO mice (9 months of age) were immunostained for VGLUT1. (E) Representative pictures from the CA3 region. Density and size of VGLUT1 puncta were
quantified and shown in (F). FGF22-CA3KO mice show decreased VGLUT1 puncta in the CA3 SL layer at P21 and in SL and SR layers in adults. Bars indicate mean
± SEM. (G) DGC axon targeting is not impaired in FGF22-CA3KO mice. Hippocampal sections were immunostained for calbindin to visualize DGC axons
(arrowheads). Data are from (C) 10–17 sections from five mice and (E) 13–22 fields in 5–7 sections from three mice. Significant difference from wild-type mice at
∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 by Student’s t-test. Scale bars, (A,G) 500 µm, (C,E) 20 µm.
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analysis are shown in figure legends. All animal care and use
was in accordance with the institutional guidelines and approved
by the Institutional Animal Care and Use Committees at Boston
Children’s Hospital.

Immunostaining and Antibodies
Mice were transcardially perfused with PBS followed by
4% paraformaldehyde (PFA; Electron Microscopy Sciences,
Hatfield, PA, USA) in PBS. Brains were dissected, further
fixed in 4% PFA in PBS for overnight, transferred in 30%
sucrose in PBS, and frozen in Neg-50 Frozen Section Medium
(Richard Alan Scientific, Kalamazoo, MI, USA). Coronal
sections were prepared on a cryostat (16 µm thick), and
processed for staining. The sections were blocked in 2%
BSA (Fraction V, Sigma-Aldrich, St. Louis, MO, USA), 2%
normal goat serum (Sigma-Aldrich), and 0.1% TritonX-100
(Sigma-Aldrich) for 30 min at room temperature followed by
incubation with primary antibodies for overnight at 4◦C or
for 2 h at room temperature. The sections were washed with
PBS three times, and secondary antibodies were applied for
1 h at room temperature. The sections were washed with PBS
three times again, and the slides were mounted in glycerol
with 0.5% p-phenylenediamine (Sigma-Aldrich). Dilutions and
sources of primary antibodies used are: anti-doublecortin (DCX;
1:500, ab18723, Abcam, Cambridge, MA, USA), anti-Prox1
(1:500, MAB5652, EMD Millipore, Burlington, MA, USA),
anti-vesicular glutamate transporter 1 (anti-VGLUT1; 1:5000,
AB5905, EMD Millipore), anti-vesicular GABA transporter
(anti-VGAT; 1:1500, 131003, Synaptic Systems, Goettingen,
Germany), anti-calbindin (1:500, Calbindin-Go-Af1040,
Frontier Institute, Hokkaido, Japan). Secondary antibodies used
are (1:500 dilutions): Alexa 488-conjugated goat anti-guinea
pig IgG (A-11073, Invitrogen, Carlsbad, CA, USA), Alexa
568-conjugated goat anti-guinea pig IgG (A-11075, Invitrogen),
Alexa 488-conjugated goat anti-rabbit IgG (A-11034,
Invitrogen), Alexa 568-conjugated goat anti-rabbit IgG
(A-11036, Invitrogen), Alexa 488-conjugated goat anti-mouse
IgG1 (A-21121, Invitrogen), and Alexa 594-conjugated donkey
anti-goat IgG (705–585–147, Jackson ImmunoResearch, West
Grove, PA, USA). DAPI (Sigma-Aldrich) was added to each
section as a nuclear stain.

In Situ Hybridization
In situ hybridization was performed as described (Schaeren-
Wiemers and Gerfin-Moser, 1993; Terauchi et al., 2010).

Digoxigenin-labeled cRNA probes were generated by in vitro
transcription using DIG RNA labeling mix (Roche, Basel,
Switzerland). The probe for Fgf22 was generated from the
cording region of the mouse Fgf22 cDNA. In situ images were
taken with a digital camera (Alpha 5100, Sony, Tokyo, Japan)
attached to an Olympus BX63 upright microscope (Olympus,
Tokyo, Japan) under bright-field optics with 10× objective
lenses.

Imaging and Analysis
Fluorescent images were taken on epi-fluorescence microscopes
(Olympus BX61 and BX63). Twelve-bit images were acquired
using 20× objective lenses with an F-View II CCD camera
(Olympus Soft Imaging Solutions, Muenster, Germany) or
an XM10 Monochrome camera (Olympus) at 1376 × 1032
(Olympus BX61) or 1376 × 1038 (Olympus BX63) pixel
resolution. Images were taken at the best-focus position, where
the staining signals were brightest in the section.

Synapse formation in the CA3 region was assessed using
immunostaining for VGLUT1 and VGAT. Images were taken
from the CA3a and CA3b regions of CA3 (see Figure 1B).
The size and density of stained puncta were quantified
and analyzed using MetaMorph software (Molecular Devices,
Sunnyvale, CA, USA). The staining intensity in the fimbria,
a myelinated tract of axons located in the medial region of
CA3, was calculated and used for background subtraction
from each image. Neurogenesis within the DGC layer was
assessed using immunostaining for DCX, a marker for immature
neurons, and Prox1, a marker for DGCs. The number of
DCX-positive cells was divided by the number of Prox1-
positive DGCs or that of DAPI-positive DGCs. Quantification
was done from both the upper and lower blades of the DGC
layer.

Behavioral Tests
Forced Swim Test
Mice were allowed to adapt to the testing room environment at
least for 30 min before the test. Each animal was then placed into
a 4 L beaker with 2.75 L of tepid water (21–23◦C) for 6 min, and
their behavior was recorded using a video camera (HDC-SD60,
Panasonic, Osaka, Japan) mounted on the same level as the base
of the beaker. Video recordings were reviewed and scored by a
trained observer blinded to genotype. Animals were assessed for
the total duration of floating during the last 4 min and the latency

TABLE 1 | List of the numbers and ages of animals used in the behavioral tests.

Forced swim Sucrose preference
N Age (month) N Age (month)

Control
Total 38 5.77 ± 0.38 25 7.87 ± 0.57
Females 21 5.85 ± 0.51 14 8.61 ± 0.79
Males 17 5.33 ± 0.55 11 6.93 ± 0.76

FGF22-CA3KO
Total 29 5.26 ± 0.36 21 6.86 ± 0.54
Females 16 5.41 ± 0.55 11 7.55 ± 0.79
Males 13 5.02 ± 0.43 10 6.09 ± 0.70
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to start floating for more than 3 s in the water. Mice were judged
to be floating when making only the movements necessary to
keep their heads above water.

Sucrose Preference Test
Sucrose preference was assessed using a two-bottle choice
experiment: one bottle containing water and the other containing
2% (v/v) sucrose for 5 days. One day before the test, mice were
singly housed in their housing room and given a bottle filled
with 2% sucrose to experience sweet taste. On the morning of
day 1, a sucrose bottle and a water bottle were weighed and
placed in the cage. Twenty-four hours later, the bottles were
weighed and the bottle positions were switched, to control for any
side position preferences in the mice. The bottle positions were
switched every 24 h during the 5-days test, weighing the bottles
each day before switching. Data are presented as the amount of
sucrose consumed as a percentage of total liquid consumed over
the testing period.

Statistical Analysis
Data were prepared and analyzed using Excel or GraphPad
Prism 7. The statistical tests performed were two-tailed Student’s
t-test as indicated in the figure legend. No data points were
excluded from any experiments. The results were considered
significant when p < 0.05 (denoted in all graphs as follows:
∗p < 0.05; ∗∗p < 0.01, ∗∗∗p < 0.001).

RESULTS

CA3-derived FGF22 Is Critical for
Excitatory Presynaptic Differentiation in
the Hippocampal CA3 Region
FGF22 plays important roles for excitatory synapse formation in
the mammalian brain, including the hippocampus, cerebellum
and lateral geniculate nucleus (Umemori et al., 2004; Terauchi
et al., 2010; Singh et al., 2012). Mice genetically lacking FGF22
(FGF22 null mice) have decreased excitatory presynaptic
terminals in the brain. In the hippocampus, FGF22 is highly
expressed by hippocampal CA3 pyramidal neurons but also
expressed by a subset of dentate granule cells (DGCs; Terauchi
et al., 2010). Aiming at understanding the cell type-specific
role of FGF22, we generated CA3-specific FGF22 knockout
mice (FGF22-CA3KO mice) using Fgf22flox/flox mice (Fgf22f /f ;
EUCOMM) crossed with Grik4-Cre mice (Figure 1A). Grik4-
Cre mice express Cre in nearly 100% of CA3 pyramidal
neurons (Nakazawa et al., 2002). In other regions in the
brain, Cre is only expressed in a very small subset (less than
10%) of neurons, if any (Nakazawa et al., 2002). We first
confirmed the CA3-specific inactivation of Fgf22 in FGF22-
CA3KO mice by performing in situ hybridization at P9, during
synapse formation (Figure 1A). In wild-type control mice,
Fgf22 was highly expressed in CA3 pyramidal neurons and
at a lower level, in some of DGCs. In Fgf22f /f::Grik4-Cre
mice, Fgf22 expression in CA3 pyramidal neurons was
almost completely eliminated, while it was maintained in
DGCs. These results demonstrate that Fgf22f /f::Grik4-Cre

mice are indeed CA3-specific FGF22 knockout mice. Since
Fgf22 expression in control mice was highest in the CA3a
and CA3b subregions (Figures 1A,B), we focused on
these subregions for the analysis of synapses. In order to
investigate whether CA3-derived FGF22 is necessary for
excitatory presynaptic differentiation in CA3, we evaluated
the clustering of excitatory synaptic vesicles by staining for
VGLUT1, which is on the excitatory synaptic vesicles. We
found that at P21, FGF22-CA3 KO mice showed a significant
decrease in the number and size of VGLUT1 puncta in
the CA3 stratum lucidum (SL) region, where the axons
of DGCs form excitatory synapses with CA3 pyramidal
neurons (Figures 1C,D), without apparently affecting
the DGC axon targeting (assessed by calbindin staining;
Figure 1G). In adult FGF22-CA3KO mice (9 months of
age), clustering of VGLUT1 was reduced in the SL as well
as the stratum radiatum (SR) region, where CA3 axons
form excitatory synapses onto CA3 pyramidal neurons
(Figures 1E,F). These results indicate that FGF22, derived
from CA3 pyramidal neurons, is critical for the development of
excitatory presynaptic terminals formed onto CA3 pyramidal
neurons. Our results demonstrate that FGF22 is a target-
derived presynaptic organizer in the mammalian hippocampus
in vivo.

CA3-derived FGF22 Does Not Regulate
Inhibitory Presynaptic Differentiation in the
Hippocampal CA3 Region
We next asked whether CA3-derived FGF22 is necessary
for inhibitory presynaptic differentiation in CA3. For
this, we evaluated the clustering of inhibitory synaptic
vesicles by staining for VGAT. Inhibitory presynaptic
differentiation was not impaired in the stratum pyramidale
(SP), SL and SR layers of the CA3 region of FGF22-CA3KO
mice at P21 (Figures 2A,B) and in adults (9 months
of age, Figures 2C,D). Thus, CA3-derived FGF22 is an
excitatory synapse-specific presynaptic organizer in the
hippocampus.

FGF22 Is Involved in Neurogenesis in the
Dentate Gyrus Throughout Life
In the hippocampus, the dentate gyrus undergoes continuous
neurogenesis throughout life, and the newly born DGCs
are integrated into pre-existing neuronal circuits. Because
various growth factors control both developmental and adult
neurogenesis in the brain (Zhao et al., 2007; Haan et al.,
2013; Oliveira et al., 2013; Vivar et al., 2013; Woodbury
and Ikezu, 2014; Kang and Hebert, 2015), we next asked
whether FGF22 plays a role in dentate neurogenesis in the
hippocampus. We first examined neurogenesis in FGF22 null
mice. We assessed neurogenesis in the DGC layer by staining
hippocampal sections for DCX, a marker of immature neurons
(Francis et al., 1999; Gleeson et al., 1999; Abrous et al.,
2005). FGF22 null mice had a significantly lower number
of DCX-positive cells in the DGC layer relative to wild-type
mice at P21 (Figures 3A,B), suggesting that neurogenesis is
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FIGURE 2 | CA3-specific FGF22 deletion does not alter inhibitory synapse formation in CA3. Hippocampal sections from Control and FGF22-CA3KO mice were
immunostained for vesicular GABA transporter (VGAT) and VGLUT1. (A) Representative pictures from CA3 at P21. SP, stratum pyramidale; SL, stratum lucidum; SR,
stratum radiatum. (B) Quantification of the density and size of VGAT puncta in CA3 at P21. (C) Representative pictures from CA3 in adults (9 months of age).
(D) Quantification of the density and size of VGAT puncta in CA3 in adults. There is no significant difference in inhibitory synapse formation, assessed by VGAT
accumulation, between Control and FGF22-CA3KO mice at P21 and in adults. Bars indicate mean ± SEM. Data are from (B) 24 fields in eight sections from
three mice and (D) 18 fields in six sections from three mice. Scale bars, 20 µm.

decreased in the developing hippocampus in the absence of
FGF22. Decreased neurogenesis was also detected in FGF22 null
mice at older ages (2 and 5 months of age; Figures 3A,B). These
results indicate that FGF22 contributes to dentate neurogenesis
throughout life.

CA3-derived FGF22 Does Not Contribute
to Neurogenesis in the Dentate Gyrus
How does FGF22 regulate dentate neurogenesis? One possibility
is that CA3-derived FGF22 sends retrograde signals to DGCs
and influences dentate neurogenesis. We have previously
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FIGURE 3 | FGF22 null mice (Fgf22−/−) show reduced dentate neurogenesis throughout life. Region-matched hippocampal sections from wild-type littermates
(Control) and FGF22 null mice (Fgf22−/−) at P21, 2 months of age and 5 months of age were immunostained for doublecortin (DCX), a marker for immature neurons.
(A) Representative pictures of DCX-positive cells (green) with DAPI (blue) in the dentate granule cell (DGC) layer of Control and FGF22 null mice. (B) Quantification of
the percentage of DCX-positive cells in the DGC layer. Dentate neurogenesis, assessed by the number of DCX-positive cells in DGCs, was significantly decreased in
FGF22 null mice compared to wild-type mice at all the age points examined. Bars indicate mean ± SEM. Data are from nine sections from three mice (P21) and
4–6 sections from three mice (2 and 5 months of age). Scale bars, 100 µm.

shown that, using microfluidic chambers, application of
FGF22 to the axons of DGCs induces insulin-like growth factor
2 (IGF2) in the cell body of DGCs (Terauchi et al., 2016).
Hence, one hypothesis is that CA3-derived FGF22 regulates
gene expression in DGCs, which may influence dentate
neurogenesis. On the other hand, FGF22 is also expressed by
a subset of DGCs (18.5% ± 1.24%) as well as CA3 pyramidal
neurons, so it is possible that DGC-derived FGF22 has a
main role on dentate neurogenesis. Using FGF22-CA3KO
mice, we investigated whether CA3-derived FGF22 is involved
in dentate neurogenesis. Dentate neurogenesis, assessed by
the number of DCX-positive cells in DGCs, is unchanged
in FGF22-CA3KO mice at P21 (Figures 4A,C) and in
adults (3 months of age, Figures 4B,C). The number of
Prox1-positive DGCs was also not changed in FGF22-
CA3KO mice (P21: Control 13281.56 ± 263.61 cells/mm2,

FGF22-CA3KO 13094.29 ± 259.32 cells/mm2; 9-month-
old: Control 11901.01 ± 180.17 cells/mm2, FGF22-
CA3KO 11940.50 ± 164.63 cells/mm2). These results
suggest that CA3-derived FGF22 does not regulate dentate
neurogenesis.

FGF22-CA3KO Mice Show
Depression-Like Behaviors
The hippocampus is implicated in mood, anxiety, and learning
and memory (Femenia et al., 2012; Bannerman et al.,
2014; Tovote et al., 2015). FGF22 null mice show reduced
excitatory synapse formation (Terauchi et al., 2010) and
dentate neurogenesis (Figure 3) in the hippocampus. As a
behavioral consequence, FGF22 null mice show depression-like
behaviors such as increased passive stress-coping behavior
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FIGURE 4 | Dentate neurogenesis is not affected in CA3-specific FGF22 knockout mice. Region-matched coronal brain sections from Control and FGF22-CA3KO
mice were immunostained for DCX and Prox1, a marker for DGCs. (A,B) Representative pictures of DCX-positive cells (green) and Prox1-positive cells (red) in the
DGC layer of Control and FGF22-CA3KO mice at P21 (A) and in adults (3 months of age; B). (C) Quantification of the percentages of DCX-positive cells in
Prox1-positive DGCs. Dentate neurogenesis, assessed by the number of DCX-positive cells, did not differ between Control and FGF22-CA3KO mice. Bars indicate
mean ± SEM. Data are from eight sections from three mice (both P21 and 3 months of age). Scale bars, 100 µm.

and anhedonia (Williams et al., 2016). FGF22 null mice
display normal motor, anxiety and social cognitive tests,
indicating a role of FGF22 specifically in affective behaviors.
Using FGF22-CA3KO mice, we asked whether CA3-derived

FGF22 plays a role in regulating affective behavior. The forced
swim test is one of the commonly used rodent behavioral
tests to measure coping strategy to an acute inescapable
stress (Kitada et al., 1981). It is often used as a behavioral
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FIGURE 5 | CA3-specific FGF22 knockout mice display increased passive stress-coping responses in the forced swim test. (A) Time floating during the 4-min forced
swim test for Control littermates and FGF22-CA3KO mice. Data separated by the gender are also shown. FGF22-CA3KO mice, both females and males, spent
significantly more time floating than control mice. (B) Latency to float for Control littermates and FGF22-CA3KO mice. FGF22-CA3KO mice start floating more
quickly. Bars indicate mean ± SEM. The numbers of mice used were: 21 females and 17 males for Control, and 16 females and 13 males for FGF22-CA3KO.
Significant difference from controls at ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 by Student’s t-test.

screen for antidepressant drugs and evaluating the efficacy
of the drugs. In the forced swim test, we found that both
female and male FGF22-CA3KO mice spent significantly
more time floating than control littermates (Figure 5A). In
addition, FGF22-CA3KO mice displayed a shorter latency to
float than control littermates (Figure 5B; when females and
males were separately analyzed, males showed more significant
differences). These results show that FGF22-CA3KO mice
display increased passive stress-coping phenotypes, suggesting
that CA3-derived FGF22 plays important roles in regulating
stress-coping behavior.

We next tested whether FGF22-CA3KO mice display
anhedonia, the failure to engage in pleasurable activity, which
is a hallmark of depression. The sucrose preference test

is a reward-based behavioral test to assess preference for
sucrose-sweetened water over regular water and used as an
indicator of anhedonia (Powell et al., 2012). Typically, mice
prefer to drink sucrose with a high ratio, but mice that
display anhedonia show less preference to sucrose. We found
that FGF22-CA3 KO mice demonstrated a significantly less
preference to sucrose over water than control littermates
(Figure 6), consistent with anhedonia. When females and
males were separately analyzed, females showed more significant
changes.

Taken together, these behavioral tests suggest that FGF22-
CA3KO mice exhibit behavioral changes consistent with
depression-like behaviors and that there are some sex differences
in their phenotype.
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FIGURE 6 | CA3-specific FGF22 knockout mice display anhedonia. Sucrose
preference test with Control littermates and FGF22-CA3KO mice. Data shown
are the percentage of sucrose consumed relative to total liquid consumed.
FGF22-CA3KO mice drink less sucrose than Control littermates. Bars indicate
mean ± SEM. The numbers of mice used were: 14 females and 11 males for
Control, and 11 females and 10 males for FGF22-CA3KO. Significant
difference from controls at ∗p < 0.05 by Student’s t-test.

DISCUSSION

FGF22 plays important roles in brain development and function
(Umemori et al., 2004; Terauchi et al., 2010; Singh et al.,
2012; Williams et al., 2016). In this article, we investigated
the cell type-specific roles of FGF22 in the hippocampus.
Using CA3-specific FGF22 knockout mice (FGF22-CA3KO
mice) and FGF22 null mice, we showed: (i) CA3-derived
FGF22 acts as a target-derived presynaptic organizer at excitatory
synapses in vivo; (ii) FGF22 regulates dentate neurogenesis,
but CA3-derived FGF22 does not play such a role; and
(iii) Inactivation of FGF22 selectively in CA3 pyramidal neurons
is sufficient for the mice (FGF22-CA3KO) to display increased
stress coping behaviors and anhedonia, similarly to FGF22 null
mice. These results indicate that CA3-derived FGF22 plays
critical roles in local synapse formation and the regulation of
affective behavior. Our results reveal cell-type specific roles of
FGF signaling in brain development and function.

FGF22 as a Target-derived Presynaptic
Organizer in Vivo
In cultured neurons, FGF22 promotes synaptic vesicle
accumulation at the excitatory nerve terminals (Umemori
et al., 2004; Terauchi et al., 2010). In FGF22 null mice, synaptic
vesicles fail to cluster at excitatory synapses in the CA3 region
of the hippocampus (Terauchi et al., 2010). These results
indicate that FGF22 organizes excitatory presynaptic terminals.
Using cultured neurons, we had proposed that FGF22 acts as a
target-derived presynaptic organizer, because: (i) overexpression
of FGF22 in cultured neurons increased excitatory synapses
formed onto FGF22-transfected neurons; and (ii) postsynaptic
expression of FGF22 rescued the presynaptic defects in FGF22-
deficient neurons (Terauchi et al., 2010). However, since cultured
neurons lack precise spatial information, it is important to test

whether FGF22 really acts as a local, target-derived factor in vivo.
Here, utilizing CA3-specific FGF22 knockout (FGF22-CA3KO)
mice, we showed that FGF22 indeed acts as a target-derived
excitatory presynaptic organizer in vivo: FGF22-CA3KO mice
showed excitatory, and not inhibitory, presynaptic defects in
CA3 (Figures 1, 2). There was one difference between FGF22-
CA3KO and FGF22 null mice: the synaptic defect in the CA3 SR
layer of FGF22 null mice was apparent at P21, but it was not
apparent until adults in FGF22KO-CA3KO mice. This may be
due to a delayed onset of Cre expression in Grik4-Cre mice
(Cre starts to express from P4 and gradually increases during
development; Nakazawa et al., 2002; Allen Mouse Brain Atlas
found at http://mouse.brain-map.org/).

The Role of FGF22 in Dentate
Neurogenesis
We found that FGF22 is involved in dentate neurogenesis
throughout life (Figure 3). Since FGF22 is expressed by
CA3 pyramidal neurons as well as a subset of DGCs (Terauchi
et al., 2010; Figure 1A), FGF22 from either cell could contribute
to dentate neurogenesis. FGF22 fromDGCsmay directly regulate
dentate neurogenesis. Indeed, deletion or activation of FGF
receptors in neural precursor cells modifies maintenance of SGZ
stem cells and induction of neurogenesis (Kang and Hebert,
2015). In addition, FGF22 from CA3 neurons may induce
gene expression in the presynaptic DGCs, and induced genes
may influence neurogenesis. As for the latter possibility, we
have previously shown that FGF22 signaling induces IGF2 in
DGCs (Terauchi et al., 2016). IGF2 is known to regulate
neurogenesis, so it is possible that CA3-derived FGF22 may
regulate dentate neurogenesis through the expression of IGF2.
Here we tested this possibility using FGF22-CA3KO mice.
We found that FGF22-CA3KO mice did not show changes in
dentate neurogenesis (Figure 4), indicating that CA3-derived
FGF22 is not necessary for dentate neurogenesis. This suggests
that FGF22 from other cells, possibly DGCs, contributes to
dentate neurogenesis.

Neurogenesis is also dependent on neuronal activity. For
example, enriched environment enhances the survival of
newborn neurons (Leuner et al., 2006; Drapeau et al., 2007;
Sisti et al., 2007); physical exercises, such as wheel running and
forced treadmill, increase the proliferation of precursor neurons
(van Praag et al., 1999) and LTP induction in the hippocampus
increases proliferation of dentate progenitor cells and helps
survival of new born DGCs (Bruel-Jungerman et al., 2006).
Interestingly, we have previously found that FGF22 is important
for seizure-induced dentate neurogenesis: FGF22 null mice do
not display increased neurogenesis in response to seizures (Lee
and Umemori, 2013). How FGF22 regulates normal and activity-
dependent dentate neurogenesis is an important future question
to address.

Implication of CA3-derived FGF22 in
Affective Behavior
FGF22 null mice display a depression-like phenotype: increased
passive stress coping behavior and anhedonia (Williams et al.,
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2016). FGF22 null mice do not display defects in motor
and exploratory behaviors, anxiety-like behaviors and social
behaviors or memory. These results suggest that FGF22 has a
unique role in affective behaviors. Here, using FGF22-CA3KO
mice, we showed that loss of FGF22 in CA3 pyramidal neurons
was enough to affect affective behaviors: FGF22-CA3KO mice
showed increased floating time and decreased latency to float in
the forced swim test, and decreased preference for sucrose in the
sucrose preference test (Figures 5, 6). Our results also suggest
that there are some differences between females and males in
the behavioral tests. It would be interesting to further examine
whether and how FGF22 acts differently in females and males.

In summary, these results show a cell-type specific role of
FGF22 in affective behavior. Our results suggest that FGF22-
dependent synapse development in CA3, and not dentate
neurogenesis, may be regulating affective behavior. Adult dentate
neurogenesis is proposed to contribute to a depression-like
behavior (Lee et al., 2013; Anacker and Hen, 2017), while
some studies showed that mice lacking adult neurogenesis
did not display abnormal stress-coping behaviors (Iascone
et al., 2013; Jedynak et al., 2014). It is likely that there
are various molecular and pathophysiological changes that
contribute to depression-like behaviors, and we propose that
synapse development mediated by CA3-derived FGF22 is one

such underlying mechanism. Our study raises a possibility to
target FGF22 in CA3 as a possible treatment of certain aspects
of depression.
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Immunoglobulin superfamily (IgSF) cell adhesion molecules (CAMs) are cell surface
glycoproteins that not only mediate interactions between neurons but also between
neurons and other cells in the nervous system. While typical IgSF CAMs are
transmembrane molecules, this superfamily also includes CAMs, which do not possess
transmembrane and intracellular domains and are instead attached to the plasma
membrane via a glycosylphosphatidylinositol (GPI) anchor. In this review, we focus
on the role GPI-anchored IgSF CAMs have as signal transducers and ligands in
neurons, and discuss their functions in regulation of neuronal development, synapse
formation, synaptic plasticity, learning, and behavior. We also review the links between
GPI-anchored IgSF CAMs and brain disorders.

Keywords: cell adhesion molecules, neuronal, GPI anchor, synapses, neurite outgrowth, synaptic plasticity
(LTP/LTD), learning and memory

INTRODUCTION

Cell adhesion molecules (CAMs) are expressed across all cell types. In the nervous system, multiple
families of CAMs are expressed in neurons, including integrins, cadherins, selectins, neuroligins,
neurexins, and the immunoglobulin superfamily (IgSF) of CAMs (Brümmendorf and Rathjen,
1993; Chothia and Jones, 1997; Buckley et al., 1998; Südhof, 2008; Sytnyk et al., 2017). These
molecules play numerous roles in the developing and mature nervous system by regulating growth
and branching of neurites, navigating growing axons and dendrites to the appropriate targets,
regulating formation and maturation of synaptic contacts, and maintaining synapse function and
plasticity during learning and memory formation.

Typically, and for some families exclusively, CAMs are transmembrane proteins. While the
extracellular domains of these molecules mediate interactions not only between neurons but
also between neurons and other cells by interacting with the same molecules or other types of
molecules either on the membranes of other cells or in the extracellular matrix, the intracellular
domains are involved in interactions with the cytoskeleton and signal transduction (Leshchyns’ka
and Sytnyk, 2016). However, CAMs can also be anchored to the plasma membranes via a
glycosylphosphatidylinositol (GPI) anchor, with the highest number of the GPI-anchored CAMs
within the IgSF (Figure 1 and Table 1). Although these proteins do not possess intracellular
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domains, their functions are not limited to mediating cell
adhesion only. In this review, we summarize the role GPI-
anchored IgSF CAMs have as signal transducers, ligands, synapse
formation regulators, as well as their role in synaptic plasticity
and brain disorders.

GPI-Anchored IgSF CAMs and Their
Homophilic and Heterophilic Interactions
Immunoglobulin superfamily CAMs are identified by the
presence of immunoglobulin (Ig)-like domains in their
ectodomains. There are several types of Ig domains present
in IgSF CAMs including C2-, V-, and I-type (Williams and
Barclay, 1988; Harpaz and Chothia, 1994). The V-type is
similar to the variable V-domain in Igs, whereas the C2 type
is similar to C1-domains in Igs (Barclay, 2003). The I-type
(I for intermediate) shares similarities with C1- and V-type
domains and was initially identified in Telokin, an intracellular
smooth muscle protein (Harpaz and Chothia, 1994). GPI-
anchored IgSF CAMs differ in the numbers of V-, C2-, or
I-type Ig domains present in their ectodomains. For example,
only one V-type Ig domain is present in Thy-1, while there
are three C2-type Ig domains present in neuronal growth
regulator 1 (NEGR1), and six C2-type domains present in
contactin-1, -2, -3 (Ranscht, 1988; Williams and Barclay, 1988;
Brümmendorf et al., 1989; Zuellig et al., 1992; Figure 1). The
first four Ig domains of contactin-2 have also been classified as
I-type Ig domains in some studies (Harpaz and Chothia, 1994;
Freigang et al., 2000). All Ig domains of the IgSF CAMs have
a core of two β-sheets facing each other and stabilized by an
intra-chain disulfide bridge (Chothia et al., 1998; Figure 2).

Ectodomains of IgSF CAMs may also contain fibronectin
type III repeats, which are also present in ectodomains of
some GPI-anchored IgSF CAMs, such as contactin-1, -2, -3
(Figures 1, 2).

In the human and murine genomes, genes coding for
GPI-anchored IgSF CAMs include NEGR1, opioid-binding cell
adhesion molecule (OBCAM), neurotrimin (Ntm), limbic system-
associated membrane protein (LAMP), IgLON5, contactin-1, -2,
-3, -4, -5, -6, Thy-1, and carcinoembryonic antigen-related cell
adhesion molecule (CEACAM)-5, -6, -7, and -8 (Williams and
Gagnon, 1982; Oikawa et al., 1987; Yoshihara et al., 1994, 1995;
Hachisuka et al., 1996; Ogawa et al., 1996; Funatsu et al., 1999;
Itoh et al., 2008; Sabater et al., 2016) (Table 1 and Figure 1).
OBCAM, Ntm, LAMP, NEGR1, and IgLON5 constitute the
IgLON family (Yamada et al., 2007; Hashimoto et al., 2009; Sanz
et al., 2015). In addition, short isoforms of some transmembrane
IgSF CAMs, such as the shortest isoform of the neural cell
adhesion molecule (NCAM) with the molecular weight 120 kDa
(NCAM120), are also GPI-anchored (Hemperly et al., 1986).

Glycosylphosphatidylinositol-anchoring of proteins to the
plasma membranes is a highly conserved post-translational
modification across all eukaryotes (Fujita and Kinoshita, 2012).
The GPI anchor is a complex structure consisting of a
phosphoethanolamine linker, glycan core, and phospholipid
tail. Structural variations of the anchor are possible by the
modification of phosphoinositol, glucosamine, and mannose
residues within the glycan core (Paulick and Bertozzi, 2008;
Fujita and Kinoshita, 2012). Application of phosphatidylinositol-
specific phospholipase C (PI-PLC), an enzyme capable of cleaving
the GPI anchor, induces removal of GPI-anchored IgSF CAMs

FIGURE 1 | Examples of the GPI-anchored IgSF CAMs. Structural domains and putative glycosylation sites in the GPI-anchored IgSF CAMs are represented
according to the Uniprot database. SS, disulfide bridges present in Ig domains.
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from the cell surface, indicating that the GPI anchor is critical
for the attachment of these proteins to the cellular membranes
(Sanz et al., 2015). The complexity of the GPI anchor, however,
suggests that it also plays a role in other multiple functions
aside from membrane anchorage, including signal transduction,
protein sorting, as well as the structure and function regulation of
the GPI-anchored IgSF CAMs. In particular, the GPI anchor links
these molecules to membrane microdomains that are insoluble
in cold non-ionic detergents (Varma and Mayor, 1998; Fujita
and Kinoshita, 2012). Such specialized membrane microdomains
are referred to as lipid rafts and render GPI-anchored proteins
resistant to cold non-ionic detergent extraction (Schroeder et al.,
1994; Simons and Ikonen, 1997).

The ectodomains of GPI-anchored IgSF CAMs contain
multiple glycosylation sites. For example, IgLON protein
family members with three Ig domains contain six or seven
N-glycosylation sites in their ectodomains (Figure 1; Pimenta
et al., 1996; Itoh et al., 2008). NCAM120 is a prominent
example of a glycosylated GPI-anchored IgSF CAM (Yoshihara
et al., 1991), because similarly to transmembrane NCAM
isoforms it can carry polysialic acid (PSA) (Dityatev et al.,
2004).

Multiple subdomains in the extracellular domains of
IgSF CAMs have been suggested to contain binding sites
for interactions with other Ig domain-containing proteins
(Brümmendorf and Rathjen, 1993). Indeed, Ig domains have
been shown to play a key role in homophilic and heterophilic
trans-interactions between IgSF CAMs, i.e., the interaction
between two identical IgSF CAMs on membranes of adjacent
cells, and the interaction of IgSF CAMs with other proteins in the
extracellular environment (Reed et al., 2004; Walmod et al., 2004;
Kulahin et al., 2011). In addition to mediating trans-interactions,
IgSF CAMs bind in cis, i.e., laterally, to surface proteins present
in the same cell surface plasma membrane (Held and Mariuzza,
2011). Cis-interactions can enhance the trans-interactions of IgSF
CAMs and are also involved in signal transduction across the
membrane (Soroka et al., 2003; Kiselyov et al., 2005). Similarly
to transmembrane IgSF CAMs, GPI-anchored IgSF CAMs
mediate homo- and heterophilic interactions. For example,
LAMP, OBCAM, Ntm, Thy-1, CEACAM5, contactin-2, and
NCAM120 bind homophilically in trans while CEACAM6 binds
heterophilically in trans to CEACAM8 (Oikawa et al., 1991;
Mahanthappa and Patterson, 1992; Rader et al., 1993; Zhou et al.,
1993; Zhukareva and Levitt, 1995; Lodge et al., 2000; Taheri
et al., 2000; Gil et al., 2002). Neurotractin (a chick homolog
of human NEGR1) appears to be unique in the IgLON family
in that it does not bind homophilically, but heterophilically
binds to Ntm and LAMP (Marg et al., 1999), although a later
study reported that mammalian NEGR1 was able to interact
homophilically (Miyata et al., 2003a). GPI-anchored IgSF
CAMs also interact in cis. For example, LAMP and OBCAM
heterophilically interact in cis to create dimeric IgLONS
(diglons) and formation of this complex changes the ability of
both proteins to regulate neuronal development (Horstkorte
et al., 1993; Ranheim et al., 1996; Reed et al., 2004; Held and
Mariuzza, 2011).

GPI-Anchored IgSF CAMs As Functional
Receptors
The role for IgSF CAMs as functional receptors has been
suggested by studies analyzing effects of antibodies against these
molecules on neurite outgrowth. Early studies using antibodies
against Thy-1 as a growth substrate showed that Thy-1 antibodies
enhance regeneration of neurites in rat retinal ganglion neurons
and promote survival of mouse cerebellar Purkinje cells (Leifer
et al., 1984; Messer et al., 1984). Similarly, antibodies against
Thy-1 promote neurite outgrowth in rat dorsal root ganglion
(DRG) neurons when applied in the culture medium (Chen et al.,
2005). Later, natural ligands of GPI-anchored IgSF CAMs have
also been shown to induce neurite outgrowth changes. Retinal
ganglion cells from Thy-1 knock-out mice show impaired neurite
outgrowth over different substrates made of the proteins of
the extracellular matrix, including fibronectin and collagen, and
Thy-1 knock-out mice demonstrate abnormal retinal formation
with thinner retinae (Simon et al., 1999). Thy-1 has also been
identified as a receptor for αVβ3 integrin. Binding of integrins
to Thy-1 at the neuronal cell surface induces signal transduction
across the cell membrane resulting in inactivation of the c-Src
protein tyrosine kinase, reduced neurite outgrowth, as well as
neurite retraction (Herrera-Molina et al., 2012). In this study,
neuron-derived Cath-a-differentiated (CAD) cells grown on a
monolayer of DITNC1 astrocyte cells, which expressed αVβ3
and β3 integrins, had inhibited neurite outgrowth compared to
CAD cells grown over a monolayer of DITNC1 cells treated with
Thy-1-Fc protein, anti-β3 integrin antibodies, or transfected with
siRNA against the β3 chain of the integrin. Neurite outgrowth
inhibition in CAD cells on a substrate of αVβ3-Fc was abolished
by silencing Thy-1 expression by shRNA. Furthermore, while
αVβ3-Fc reduced dendritic length in primary cortical neurons,
application of PI-PLC to cleave Thy-1 prior to the addition
of αVβ3-Fc prevented the inhibition of dendrite outgrowth
(Herrera-Molina et al., 2012).

Chondroitin sulfate E has been shown to activate contactin-1
to stimulate neurite outgrowth in primary mouse hippocampal
neurons (Mikami et al., 2009). In addition to being a receptor
to chondroitin sulfate E, contactin-1 binds to the second and
third fibronectin type III (FNIII)-like domains of tenascin-R.
Binding of tenascin-R to contactin-1 promotes neurite outgrowth
(Norenberg et al., 1995), and induces formation of filopodia and
lamellipodia along neurites (Zacharias, 2002). Contactin-1 is also
a receptor for the receptor-type protein tyrosine phosphatase zeta
(PTPRZ) (Peles et al., 1995; Bouyain and Watkins, 2010), and
induces neurite outgrowth in chick tectal neurons in response to
binding to PTPRZ (Peles et al., 1995). Recent work also showed
that contactin-1 at the cell surface of hippocampal neurons
binds in trans to contactin-associated transmembrane receptor 2
(CASPR2) (Rubio-Marrero et al., 2016). The physiological role of
this interaction remains to be analyzed. The role for contactin-1
as a functional receptor in regulation of neuronal development is
also supported by in vivo observations in contactin-1 knock-out
mice. Granule cells are the major neuron population expressing
contactin-1 in axons in the cerebellum. In wild-type mice,
the parallel fibers of granule cells extend perpendicular to the
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dendritic arborizations of Purkinje cells. In contrast, the parallel
fibers extend parallel to the plane of Purkinje cell dendritic
branches in contactin-1 knock-out mice indicating misguidance
of granule cell axon subpopulations (Berglund et al., 1999).

Contactin-2 has been shown to function as a receptor
for neuronal cell adhesion molecule (NrCAM) but not for
the neuron–glia cell adhesion molecule (NgCAM) in DRG
and sympathetic ganglion neurons (Lustig et al., 1999). In
these neurons, substrate-coated NgCAM and NrCAM, two L1
family CAMs, promote neurite outgrowth. Anti-contactin-2 Fab
fragments do not affect the neurite outgrowth induced by
NgCAM, but inhibit the NrCAM-dependent neurite outgrowth
(Lustig et al., 1999). Substrate-coated NrCAM and NgCAM
interact heterophilically in trans with contactin-2 at the cell
surface of chick commissural axons and both molecules
cooperate in the axonal guidance. However, this interaction is
not involved in regulation of the axonal outgrowth (Fitzli et al.,
2000). Knock down of contactin-2 with ex-ovo RNAi in the chick
embryo affects guidance but not growth of axons of granule
cells in the cerebellum (Baeriswyl and Stoeckli, 2008). Knock
down of contactin-2 results in the failure of granule cells to
extend their axons parallel to the pial surface of the cerebellum,
creating an uneven molecular layer with decreased parallel fiber
density. Since known binding partners of contactin-2, including
NgCAM and NrCAM, are not expressed during granule cell axon
extension, homophilic interactions of contactin-2 were proposed
to be involved in axon guidance in these neurons (Baeriswyl
and Stoeckli, 2008). Loss of contactin-2 in chick retinal neurons
also impairs the ability of retinal neurons to contain their arbors
within appropriate sublaminae (Yamagata and Sanes, 2012).

Glycosylphosphatidylinositol-anchored IgSF CAMs can also
function as receptors when they are involved in homophilic
binding. Cortical neurons grown on a substrate of recombinant
OBCAM or LAMP demonstrate a dose-dependent increase in
neurite outgrowth (Sanz et al., 2015). This neurite outgrowth-
promoting activity of LAMP has been attributed to the first
Ig domain within LAMP mediating homophilic interactions
(Eagleson et al., 2003). Homophilic binding of Ntm also induces
neurite growth in hippocampal neurons (Gil et al., 1998, 2002).

GPI-Anchored IgSF CAMs As Signal
Transducers and Membrane Domain
Organizers
While GPI-anchored IgSF CAMs do not possess intracellular
domains, they induce intracellular signaling and regulate
formation of the functional membrane domains by interacting in
cis with other transmembrane proteins. For example, activation
of the intracellular signaling by Thy-1 antibodies is likely to
be induced by cross-linking Thy-1 molecules and associated
proteins, such as integrins (Kuroiwa et al., 2012).

Contactin-1 interacts in cis with CASPR (Peles et al., 1997).
The CASPR/contactin-1 complex accumulates in paranodal
junctions in myelinated axons during myelination of peripheral
nerves (Rios et al., 2000). Contactin-1 is necessary to target
CASPR to the synaptic membrane, because CASPR is synthesized
but not targeted to the cell surface plasma membrane in the
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FIGURE 2 | Crystal structure of the fragment of contactin-3 containing Ig-like domains 5 and 6 and fibronectin type III domains 1 and 2. (A) fibronectin type III (FN)
and immunoglobulin-like (Ig) C2-type domains of contactin-3 are shown as a ribbon diagram in two views flipped 90◦ to demonstrate the β-sheet orientation and
disulfide bonds in Ig domains (green lines). β-Sheet strands are shown as light purple arrows in Ig6, FN2, and FN1 and multicolored arrows in Ig5. Coils are in light
pink and turns are in light blue. (B) A ribbon diagram of the Ig5 domain with one β-sheet represented by strands A (orange), B (red), E (green), and D (purple) and the
second sheet represented by strands A′ (yellow), C (cyan), F (blue), and G (pink). Strands E and F are connected by a short helix (in magenta). Two views flipped 90◦

are shown to demonstrate the β-sheet orientation and the disulfide bond represented as a green line in both views and highlighted by a red box in the upper view.
Dashed green line represents the disulfide bond behind the B–C coil. (C) A ribbon diagram of the Ig5 domain with β-sheet strands re-colored to demonstrate the two
sheets, one comprised of strands A, B, E, and D (red) and another comprised of strands A′, C, F, and G (blue) with the disulfide bond (green) holding the two sheets
together. Image of PDB ID 5I99 (Nikolaienko et al., 2016) created with Protein Workshop (Moreland et al., 2005).

hippocampus of contactin-1-deficient mice (Rios et al., 2000;
Murai et al., 2002). Contactin-1 also forms a complex with L1 and
Fyn kinase in the mouse cerebellum, suggestive of the capability
to transduce signals to intracellular proteins via L1 (Olive et al.,
2002).

Contactin-2 binds in cis to L1. This interaction can be induced
by homophilic trans interactions of contactin-2 resulting in the
cis binding to L1 and L1-mediated ankyrin recruitment to the
complex (Malhotra et al., 1998). Contactin-2 also binds in cis
to NgCAM. This heterophilic cis interaction promotes neurite
outgrowth, whereas heterophilic trans interaction between
NgCAM and contactin-2 has no effect on neurite outgrowth
(Buchstaller et al., 1996). Contactin-2 binds directly to the
ectodomain of CASPR2 (Lu et al., 2016), and both proteins form
a cis complex but are unable to form a trans complex. Despite this,
contactin-2 is able to bind homophilically in trans to contactin-2
that has formed a cis complex with CASPR2 (Traka et al., 2003).
The physiological significance of this interaction is illustrated
by observations in contactin-2 and CASPR2 knock-out mice
showing that contactin-2 is necessary for CASPR2 localization
at juxtaparanodes in myelinated axons (Traka et al., 2003),
whereas targeting of contactin-2 to juxtaparanodes depends
on CASPR2 and both contactin-2 and CASPR2 are required

for accumulation of voltage-gated potassium channels at the
juxtaparanodes (Poliak et al., 2003).

Other contactins also associate in cis with various cell surface
receptors. For example, contactin-5 forms a cis complex with
amyloid precursor-like protein 1 (APLP1) on the presynaptic
membrane (Shimoda et al., 2012). The second and third Ig
domains of contactin-3, -4, -5, and -6 bind to receptor-type
protein tyrosine phosphatase G (PTPRG) (Bouyain and Watkins,
2010) and contactin-3 and -6 associate in cis with PTPRG at
the surface of mouse rod photoreceptor cells (Nikolaienko et al.,
2016). Contactin-6 also interacts in cis with the Close Homolog
of L1 (CHL1) and binds to and regulates the activity of the
receptor-type protein tyrosine phosphatase α (PTPRα) (Ye et al.,
2008).

Glycosylphosphatidylinositol-anchored IgSF CAMs also
interact with the intracellular enzymes and cytoskeleton
via lipids. NCAM120 co-localizes and associates with the
membrane-cytoskeleton linker protein spectrin in transfected
CHO cells and mouse hippocampal neurons, and this association
is lost after disruption of the lipid rafts (Leshchyns’ka et al., 2003).
Overexpression of NCAM120 in cultured hippocampal neurons
from NCAM knock-out mice, however, is not sufficient to induce
neurite outgrowth in response to recombinant extracellular
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domain of NCAM (Niethammer et al., 2002). The interaction
with spectrin may, however, be important in glial cells where
NCAM120 is enriched. Contactin-2 associates with ganglioside
GD3 in cerebellar neurons, and clustering of this complex
induces activation of the Src family kinase Lyn (Kasahara et al.,
2000, 2002). A recent study showing that NEGR1 interacts with
Niemann-Pick disease Type C2 (NPC2) protein and functions
in cholesterol transport (Kim et al., 2017) suggests that GPI-
anchored IgSF CAMs may also be involved in regulation of the
lipid composition of the plasma membrane.

GPI-Anchored IgSF CAMs As Functional
Ligands
Glycosylphosphatidylinositol-anchored IgSF CAMs also function
as ligands for other cell surface receptors in neurons and other
cells. Early work on contactin-1 has demonstrated that neurite
outgrowth in DRG neurons grown on CHO cells transfected
with contactin-1 is increased (Gennarini et al., 1989, 1991).
Further work showed that contactin-1 exerts dual cell-specific
effects on neurite outgrowth by inhibiting neurite outgrowth
in cerebellar granule cells and stimulating neurite outgrowth in
sensory neurons, whereas it does not affect hippocampal neurons
(Gennarini et al., 1991; Buttiglione et al., 1996), suggesting
that contactin-1 activates different receptors expressed by these
cells (Buttiglione et al., 1996). Among neuronal receptors for
contactin-1 are members of the L1 family. NrCAM and NgCAM
have been shown to interact heterophilically with contactin-
1 (Morales et al., 1993). However, despite having shown that
contactin-1 interacts with NrCAM and NgCAM, only NrCAM
was found to enhance the outgrowth of chick retinal neurons
(Treubert and Brümmendorf, 1998). Tectal cells adhere to and
extend neurites on a substrate of contactin-1 and this effect is
blocked by the application of Fab fragments against NrCAM
but not NgCAM (Morales et al., 1993). While these experiments
indicate that the interaction between contactin-1 and NrCAM
induces neurite outgrowth, receptors mediating the inhibitory
effects of contactin-1 on neurite outgrowth and the role that
the interaction between contactin-1 and NgCAM plays remain
to be determined. Contactin-1 was also identified to be a ligand
of Notch in oligodendrocytes being involved in the signaling
pathway of oligodendrocyte maturation (Hu et al., 2003). The role
for contactin-1 as a functional ligand is also supported by in vivo
observations. Contactin-1 is not detected in dendrites of granule
cells (Faivre-Sarrailh et al., 1992). However, development of the
dendrites is affected in contactin-1 knock-out mice resulting
in a significant reduction of granule cell postsynaptic area
(Berglund et al., 1999), suggesting that contactin-1 expressed
on other cells acts as a functional ligand to regulate dendrite
formation.

Contactin-2 used as a substrate induces neurite outgrowth in
rat and chick DRG neurons (Furley et al., 1990; Stoeckli et al.,
1991) and in rat and mouse cerebellar neurons (Kasahara et al.,
2002; Wang et al., 2011). Removal of contactin-2 by PI-PLC from
DRG neurons cultured on a substrate of contactin-2 does not
affect the effect of contactin-2 substrate on neurite outgrowth
(Felsenfeld et al., 1994) indicating that homophilic interactions
of contactin-2 are not involved. Contactin-2-dependent neurite

outgrowth is blocked by Fab fragments against L1 (Kuhn et al.,
1991; Stoeckli et al., 1991; Felsenfeld et al., 1994; Wang et al.,
2011) and β1 integrin (Felsenfeld et al., 1994), indicating that L1
and integrins are contactin-2 receptors, which promote neurite
outgrowth. Contactin-2 was also shown to be a ligand of amyloid
precursor protein (APP). Binding of contactin-2 to APP triggers
cleavage of APP resulting in the release of its intracellular domain,
which negatively modulates neurogenesis (Ma et al., 2008).

Neurite outgrowth in rat hippocampal neurons is enhanced
when they are grown on substrate-coated recombinant contactin-
3 and -4 (Yoshihara et al., 1994, 1995), or on HEK293 cells
transfected with contactin-4, -5, and -6 (Bouyain and Watkins,
2010; Mercati et al., 2013), indicating that other CAMs of the
contactin family can also function as trans ligands. Contactin-3
and -6 associate with PTPRG not only in cis but also in trans when
expressed on the surfaces of apposing cells (Nikolaienko et al.,
2016). Hence, PTPRG is likely to be a neuronal receptor for these
CAMs of the contactin family. However, contactin-4, -5, and -6
display identical binding to PTPRG but differentially promote
neurite outgrowth and branching at distinct developmental
stages (Mercati et al., 2013), suggesting that other receptors are
also involved. These receptors remain to be identified in future
work.

Trans-interactions have also been reported for Thy-1
presented as a ligand. Thy-1 was identified in a neurite
outgrowth-promoting complex containing also laminin and a
heparin sulfate proteoglycan (Greenspan and O’brien, 1989).
Thy-1 expressed at the neuronal cell surface functions as a ligand
for αVβ3 integrin at the cell surface of astrocytes (Hermosilla
et al., 2008). This interaction leads to integrin clustering, tyrosine
phosphorylation of focal adhesion kinase (FAK) and p130Cas,
activation of RhoA and p160ROCK, recruitment of paxillin,
vinculin, and FAK to focal contacts resulting in formation of
focal adhesion and stress fibers in rat astrocytes (Leyton et al.,
2001; Avalos et al., 2002, 2004).

Cell adhesion molecules of the IgLON family NEGR1 and Ntm
are constitutively shed from the cell surface and create a growth
permissive substrate. Inhibition of their shedding by a pan-
metalloproteinase inhibitor (BB-94) inhibits neurite outgrowth
in cortical neurons and IgLON CAMs accumulate at the cell
surface, whereas an increase in shedding by PI-PLC promotes
neurite outgrowth (Sanz et al., 2015). A recent report showing
that soluble NEGR1 promotes neuronal arborization in FGFR2-
and ERK1/2-dependent manner (Pischedda and Piccoli, 2015)
suggests that FGFR2 is one of the receptors for NEGR1 at the
neuronal cell surface. The shedding of IgLON CAMs not only
provides a growth permissive substrate but also renders cortical
neurons grown on the IgLON substrate insensitive to the growth
inhibitory effects of BB-94 suggesting that shed IgLON CAMs
mitigate inhibitory signals transduced by a NEGR1- or Ntm-
containing complex at the neuronal cell surface (Sanz et al.,
2015).

Another member of IgLON family, LAMP, inhibits the neurite
outgrowth in DRG neurons by heterophilically binding to Ntm
expressed in these neurons (Gil et al., 2002). The second
Ig domain of LAMP, which is not involved in homophilic
interactions, harbors the outgrowth inhibiting activity (Eagleson
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et al., 2003). Soluble recombinant Ntm induces neurite outgrowth
in DRG neurons. This effect is also observed after removal of Ntm
from the cell surface of these neurons by PI-PLC indicating that
it is mediated by heterophilic interactions of Ntm. In contrast,
Ntm inhibits neurite outgrowth in SCG neurons. These neurons
do not express Ntm, and therefore Ntm’s effects are also mediated
by heterophilic interactions (Gil et al., 1998, 2002).

GPI-Anchored IgSF CAMs Are Present in
Synapses in Neurons
The presence of multiple GPI-anchored IgSF CAMs in
synapses was first suggested by biochemical analysis of synaptic
terminals, synaptosomes, isolated from the brain tissue. Early
work with Thy-1 antigen showed that Thy-1 was present
in synaptosomes isolated from the mouse brain with later
work showing that Thy-1 is a component of large dense core
and small clear vesicles of PC12 cells which are similar to
neuronal synaptic vesicles (Stohl and Gonatas, 1977; Jeng et al.,
1998). Later studies showed the presence of different GPI-
anchored IgSF CAMs in synaptosomes, including contactin-
1 and contactin-2 (Murai et al., 2002; Bakkaloglu et al.,
2008).

Immunoelectron microscopic analysis of contactin-1
localization revealed that depending on the type of synapse,
contactin-1 is localized to either the pre- or post-synaptic
membranes (Faivre-Sarrailh et al., 1992). For example, in the
mouse cerebellum contactin-1 is localized pre-synaptically in
synapses between parallel fibers of granule cells and dendritic
spines of Purkinje cells and in synapses between mossy
fiber terminals and granule cell dendrites, and is localized
post-synaptically in synapses formed on Golgi cell dendrites
(Faivre-Sarrailh et al., 1992). In the hippocampal CA1 region,
contactin-1 is distributed at the surface of pyramidal cell
dendrites, dendritic spine heads, and post-synaptic densities, and
is also present in biochemically isolated post-synaptic density
fractions (Murai et al., 2002). Contactin-2 has also been shown
to localize to synaptic plasma membranes isolated from rat
forebrain (Bakkaloglu et al., 2008).

In contrast to contactin-1, Ntm has been shown to accumulate
both pre- and post-synaptically in synapses between parallel
fibers of granule cells and dendritic spines of Purkinje cells
and in synapses between mossy fiber terminals and granule cell
dendrites but was not present in inhibitory synapses made by
stellate or basket cells (Chen et al., 2001). LAMP is expressed
pre- and post-synaptically in synapses in the developing lateral
septum, but is detected only post-synaptically in synapses formed
on granule cells of the dentate gyrus in adult hippocampus (Zacco
et al., 1990).

Electron microscopic immunohistochemistry has
demonstrated that NEGR1 is present at high levels in post-
synaptic densities and at lower levels pre-synaptically in synapses
along dendrites and on somata of neurons in the cerebral
cortex and hippocampal CA3 region of adult rats (Miyata et al.,
2003a). OBCAM shows similar ultrastructural distribution as
NEGR1 with OBCAM immunoreactivity limited to postsynaptic
densities of dendritic and somatic synapses in the cerebral cortex
and hippocampal CA3 region of adult rats (Miyata et al., 2003a).

Several studies indicate that GPI-anchored IgSF CAMs are
also present in synaptic organelles. Biochemical analysis of Thy-1
in the rat brain showed that it is targeted to small synaptic vesicles
(SSVs) and large dense core vesicles (LDCVs) (Jeng et al., 1998).
OBCAM is present in neurosecretory granules in neurites of
hypothalamic magnocellular neurons (Miyata et al., 2003b). Mass
spectrometry analysis of synaptic vesicles also identified NEGR1,
OBCAM, Ntm, Thy-1, LAMP, and contactin-1 as components of
synaptic vesicles (Takamori et al., 2006).

Role of the GPI-Anchored IgSF CAMs in
Synapse Formation Regulation
Protein expression and localization of the GPI-anchored IgSF
CAMs is developmentally regulated. Levels of Thy-1 strongly
increase from postnatal day 14, whereas levels of NEGR1,
OBCAM, and contactin-1 gradually increase during development
and reach the highest level at 4 weeks after birth in the cerebral
cortex, diencephalon, hippocampus, and cerebellum (Miyata
et al., 2003a). Ntm levels gradually increase in the forebrain
during development reaching the plateau at postnatal day 7
and then decline in adults (Struyk et al., 1995). Ntm levels are
also increased in the molecular layer and the internal granular
layer of the cerebellum during the period of synaptogenesis
and reduce shortly after the active period of synaptogenesis
ends, but remain high at synaptic contacts (Chen et al.,
2001). Levels of NCAM and particularly NCAM120 increase
in chick cornea and corneal nerves during corneal innervation
(Mao et al., 2012). High expression of the GPI-anchored
IgSF CAMs at the time of active synaptogenesis and their
synaptic localization suggests that they play a role in synapse
formation.

The role of the GPI-anchored IgSF CAMs in synapse
formation is further indicated by studies showing that disruption
of their functions or increase in their levels in neurons affect
synaptogenesis. Overexpression of OBCAM in hippocampal
neurons increases numbers of synapses along dendrites of
transfected neurons (Hashimoto et al., 2009), whereas disruption
of OBCAM functions using antibodies or by suppressing its
expression using the antisense oligodeoxynucleotide results in
impaired formation of synapses on dendrites of hippocampal
neurons indicating that OBCAM promotes synapse formation
(Yamada et al., 2007). OBCAM expression has been observed to
be higher during early postnatal development and it decreases
over time suggesting that OBCAM is active in the regulation
of synapse formation (Li et al., 2006; Yamada et al., 2007). An
increase in synapse formation has also been observed in cultured
hippocampal neurons overexpressing LAMP (Hashimoto et al.,
2009) and NCAM120 (Dityatev et al., 2004). Interestingly,
overexpression of NEGR1 decreases numbers of synapses formed
on dendrites of hippocampal neurons (Hashimoto et al., 2009).
Thus, different GPI-anchored IgSF CAMs not only promote, but
can also reduce synaptogenesis.

The molecular mechanisms of synaptogenesis regulation
by the GPI-anchored IgSF CAMs remain poorly understood.
Interestingly, ablation of NCAM expression in GABAergic basket
interneurons in the postnatal mouse cortex results in impaired
maturation of perisomatic synapses formed by these neurons,
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and this phenotype is rescued by NCAM120 (Chattopadhyaya
et al., 2013). The NCAM120-dependent maturation of synapses
is inhibited by a dominant-negative form of Fyn kinase
(Chattopadhyaya et al., 2013) indicating that GPI-anchored IgSF
CAMs regulate synapse formation not only via changes in cell
adhesion but also by activating intracellular signaling.

GPI-Anchored IgSF CAMs in Regulation
of Synaptic Plasticity
Recent reports indicate that GPI-anchored IgSF CAMs also play
a role in synaptic plasticity. Constitutively contactin-1-deficient
mice show decreased paired pulse facilitation (PPF). Long-term
potentiation (LTP) in the CA1 region of the hippocampus of
these mice is normal, whereas long-term depression (LTD) is
impaired (Murai et al., 2002). In contactin-1 transgenic mice
generated to induce overexpression of full-length contactin-1
under control of the human contactin-2 promoter, PPF is not
changed at 5 and 12 months of age indicating that the short-term
plasticity is not altered by contactin-1 overexpression. However,
LTP in the CA1 region of the hippocampus is increased in
contactin-1-overexpressing mice at 12 months of age despite no
change in LTP in contactin-1 transgenic mice at 5 months of
age (Puzzo et al., 2013). Further analysis of LTP in the CA1
region of the hippocampus in older animals showed that LTP
is impaired in 24-month-old wild-type mice when compared to
3–5-month-old wild-type animals. However, the age-dependent
decline in LTP was slower in mice overexpressing contactin-
1. Hence, contactin-1 is likely to play a role in maintaining
synaptic plasticity in the adult brain during aging (Puzzo et al.,
2013, 2015). Synaptic transmission is impaired in LAMP knock-
out mice with a reduction in LTP in the CA1 region of the
hippocampus (Qiu et al., 2010). LTP in the CA1 region of the
hippocampus in Thy-1 knock-out mice was normal although LTP
was absent in the dentate gyrus of these mice (Nosten-Bertrand
et al., 1996). These observations indicate that GPI-anchored
IgSF CAMs are involved in regulation of the different forms of
synaptic plasticity in brain region-dependent manner.

GPI-Anchored IgSF CAMs in Regulation
of Learning and Behavior
Glycosylphosphatidylinositol-anchored IgSF CAMs are also
involved in regulation of learning and behavior. Thy-1 knock-out
mice have been found to fail in observing social cues to select food
that had been socially cued (Mayeux-Portas et al., 2000). It was
therefore proposed that the loss of Thy-1 while not fatal is still
under evolutionary pressure as the inability to select cued (and
therefore safe) food would quickly push for the conservation of
Thy-1. Spatial learning as assessed by the Morris water maze test
was not affected in Thy-1 knock-out mice (Nosten-Bertrand et al.,
1996).

Mice deficient for LAMP exhibit heightened reactivity
to novelty, lower anxiety, and lower sensitivity to stressful
environment (Catania et al., 2008; Innos et al., 2011, 2012). LAMP
deficiency in mice also results in impaired spatial learning as
indicated by increased time LAMP-deficient mice need to locate
the underwater platform in the Morris water maze (Qiu et al.,

2010). The role for LAMP in regulation of behavior is further
suggested by observations showing that LAMP expression levels
are increased in the hippocampus of mice exposed to the enriched
environment (Heinla et al., 2015).

The link between changes in contactin-1 expression and
age-dependent learning impairments has been demonstrated in
studies showing that the age-dependent decline in contactin-1
levels in wild-type mice correlates with a higher latency in finding
the hidden platform in the Morris water maze (Palmeri et al.,
2013; Puzzo et al., 2015). The age-dependent increase in the time
required to find the hidden platform in the Morris water maze
is reduced in transgenic contactin-1-overexpressing mice (Puzzo
et al., 2015). Furthermore, while old wild-type mice spend equal
amounts of time exploring the novel and familiar objects in the
novel object recognition test analyzing recognition memory, the
old contactin-1-overexpressing mice spend more time exploring
the novel object (Puzzo et al., 2015).

GPI-Anchored IgSF CAMs in Brain
Disorders
Several observations indicate that contactin-2 may play a
role in the onset of epilepsy. A homozygous single base pair
deletion (c.503_503delG) of contactin-2 was identified to
be present in individuals affected with autosomal recessive
cortical myoclonic tremor and epilepsy in a consanguineous
Egyptian family (Stogmann et al., 2013). The role of
contactin-2 in epilepsy is further suggested by studies
in mice showing that while gross brain morphology of
contactin-2 null mice appears to be indistinguishable from
their wild-type littermates, contactin-2 null mice display
spontaneous episodes of seizures despite demonstrating
normal behavior and are more sensitive to convulsant
stimuli than their wild-type littermates (Fukamauchi et al.,
2001).

Genome-wide analysis of copy number variations in autism
spectrum disorder (ASD) patients identified a trend for the
contactin gene family (contactin-4, -5, -6) to be associated with
ASD (Van Daalen et al., 2011; Nava et al., 2014; Poot, 2014).
The identification of multiple contactin CAMs in ASD has led
to the suggestion that genetic interactions between contactins are
involved in different degrees of ASD (Poot, 2014).

Autoantibodies against contactin-1 were shown to be present
in a subset of patients suffering from chronic inflammatory
demyelinating polyneuropathy (CIDP) (Querol et al., 2013),
suggesting that contactin-1 is involved in neuromyopathies.
Chronic passive transfer of anti-contactin-1 IgG4 in Lewis rats
results in progressive motor deterioration (Manso et al., 2016),
indicating that antibodies against contactin-1 are pathogenic in
CIDP. A study on a consanguineous family with a homozygous
contactin-1 mutation presenting with lethal congenital myopathy
also supports the role contactin-1 may have in peripheral
neuromyopathies (Compton et al., 2008).

Increased levels of NCAM120 were found in the cerebrospinal
fluid (CSF) of patients suffering from bipolar disorder and
depression suggesting that NCAM120 may be involved in mood
disorders (Poltorak et al., 1996).
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Patient case studies found that deletions of 1p31.1 to
1p31.3 containing the NEGR1 gene present with developmental
co-ordination disorder, attention deficit/hyperactivity disorder,
learning disability, as well as delayed speech and language
development (Gillberg and FitzPatrick, 2010; Tassano et al.,
2015). A genome-wide copy number scan identified NEGR1
to be one of five new candidate genes involved in dyslexia
(Veerappa et al., 2013). A case study on two siblings with
interstitial microdeletion of 1p31.1 involving only NEGR1
presented with learning and behavioral problems, hypotonia,
hypermobility, scoliosis, and aortic root dilation (Genovese
et al., 2015). Further suggestive of the role NEGR1 has
in brain disorders, NEGR1 is also elevated in the CSF of
bipolar and depressed patients (Maccarrone et al., 2013).
In Dark Agouti rats, NEGR1 is upregulated in response to
venlafaxine (VLX), a serotonin and noradrenaline reuptake
inhibitor used to treat major depressive disorder (MDD),
suggesting that NEGR1 contributes to the VLX effect in MDD
possibly by contributing to the establishment of new neuronal
connections and changes in synaptic plasticity (Tamási et al.,
2014).

A study on male contemplated suicide identified LAMP
SNPs to be associated with suicide (Must et al., 2008).
However, it is important to note that after multiple
correction tests the association did not maintain statistical
significance leading the authors to suggest that LAMP
may play a role in suicidal behavior but more work is
required to confirm their initial findings. Genotyping showed
that four SNPs (rs1461131, rs4831089, rs16824691, and
rs9874470) of LAMP were significantly associated with MDD
(Koido et al., 2012). In addition, LAMP expression was
significantly increased in the dorsolateral prefrontal cortex
of schizophrenic and bipolar disorder patients (Behan et al.,
2009).

In a study on late-onset Alzheimer’s disease, four SNPs
(rs1629316, rs1547897, rs11222931, and rs11222932) in intron
1 of the Ntm gene (11q25) and one SNP (rs11223225)
in intron 1 of the OBCAM gene (located on the same
chromosome as Ntm < 80 kb apart) have been found to
be associated with late-onset Alzheimer’s disease (Liu et al.,
2007). Genome-linkage studies in two independent Dutch
populations indicate that depression is also associated with a
locus on chromosome 11q25 suggesting a link to OBCAM
(Schol-Gelok et al., 2010). In a study of schizophrenia in Thai
populations, four SNPs (rs3016384, rs1784519, rs1894193, and
rs1939498) of OBCAM have been identified to be linked to
schizophrenia (Panichareon et al., 2012). An earlier study also
identified OBCAM to be implicated in schizophrenia; however,
the association was nominally significant (O’Donovan et al.,
2008). Genome-wide analysis of aggressiveness in attention
deficit hyperactivity disorder (ADHD) found that one of two
significant loci associated with aggressiveness in ADHD was
within the Ntm gene (Brevik et al., 2016). Additionally, Ntm
has also been identified to be associated with intelligence as
demonstrated by a family-based association study (Pan et al.,
2011).

Conclusion and Future Directions
Glycosylphosphatidylinositol-anchored IgSF CAMs play
important roles in regulation of neuronal development, synapse
formation and function, learning, and behavior. Previous
research indicates that in addition to mediating adhesive
interactions, these molecules induce intracellular signaling by
binding to other cell surface receptors, regulating their levels and
functions, and assembling membrane microdomains.

Further research is, however, needed to characterize the
whole repertoire of the interactions of GPI-anchored IgSF CAMs
in developing and mature neurons, and in synapses to fully
understand the role these molecules play in the developing and
mature nervous system and molecular mechanisms involved.
While several neurite outgrowth-promoting receptors for GPI-
anchored IgSF CAMs have been described, observations showing
that even relatively well-characterized contactin-1 not only
promotes but also inhibits neurite outgrowth in a neuron-
specific manner suggest that there are still other receptors
that remain to be identified. How the repertoire of molecular
interactions involving GPI-anchored IgSF CAMs changes during
neuronal development remains also poorly understood. The roles
that these interactions play in regulating synapse formation
and function are mostly unknown. It is possible that GPI-
anchored IgSF CAMs promote synapse formation by forming
homophilic adhesive bonds connecting pre- and post-synaptic
membranes. However, these molecules are often asymmetrically
expressed in synapses and are found either pre- or post-
synaptically. This observation suggests that GPI-anchored IgSF
CAMs regulate synapse formation by heterophilically interacting
with other receptors or CAMs in synaptic membranes. Further
characterization of the synaptic interactions of GPI-anchored
IgSF CAMs is necessary to understand molecular mechanisms
activated by these molecules during synapse formation. It may
also help to understand the role that GPI-anchored IgSF CAMs
play in synaptic plasticity suggested by abnormalities in mice
with altered expression of these molecules, and to characterize
the signaling pathways regulated by GPI-anchored IgSF CAMs in
synapses.

Further analysis of the post-translational modifications
of GPI-anchored IgSF CAMs is necessary to understand
mechanisms of the regulation of the functions of these
molecules. Shedding of the IgLON family members was shown
to play an important role during neuronal development.
The role that proteolysis of GPI-anchored IgSF CAMs plays
in regulation of synapse numbers and remodeling during
synaptic plasticity remains to be investigated. Regulation
of the homophilic and heterophilic interactions of GPI-
anchored IgSF CAMs by glycosylation of the multiple sites
within their ectodomains is also an intriguing possibility,
which remains to be analyzed. Whether GPI anchor-
mediated interactions with lipids play a role in the transport
of GPI-anchored IgSF CAMs, their sorting to lipid rafts,
microdomain assembly, and signal transduction also remains to
be investigated.

Genetic association studies in humans have started to
illuminate the role of GPI-anchored IgSF CAMs in brain
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disorders. Biochemical analyses of the changes in levels and
synaptic targeting of GPI-anchored IgSF CAMs in postmortem
human brain tissue and in animal models are necessary to
corroborate these findings and may reveal yet unknown roles
of these molecules in brain disorders. Future research analyzing
molecular mechanisms of GPI-anchored IgSF CAM function and
regulation will help to understand the molecular mechanisms
of brain disorders linked to abnormal expression or function of
these molecules, and may pave the way for development of new
treatments of these disorders.
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Glial cells are essential for every aspect of normal neuronal development, synapse
formation, and function in the central nervous system (CNS). Astrocytes secrete a
variety of factors that regulate synaptic connectivity and circuit formation. Microglia
also modulate synapse development through phagocytic activity. Most of the known
actions of CNS glial cells are limited to roles at excitatory synapses. Nevertheless,
studies have indicated that both astrocytes and microglia shape inhibitory synaptic
connections through various mechanisms, including release of regulatory molecules,
direct contact with synaptic terminals, and utilization of mediators in the extracellular
matrix. This review summarizes recent investigations into the mechanisms underlying
CNS glial cell-mediated inhibitory synapse development.

Keywords: astrocytes, glia, inhibitory synapse, neural circuits, neurons

INTRODUCTION

Synapses are the fundamental information-processing units underlying neuronal networks in
the brain. It is across synapses that neurons receive excitatory synaptic inputs from neighboring
glutamatergic neurons and inhibitory inputs from various γ-aminobutyric acid-expressing
(GABAergic) interneurons. In particular, GABAergic interneurons play important roles in
controlling the properties of pyramidal neurons, such as firing frequency, to shape the activity of
neuronal networks, and contribute to the generation of cortical rhythms (Buzsáki and Draguhn,
2004; Bartos et al., 2007; Bonifazi et al., 2009; Jensen and Mazaheri, 2010; Kullmann, 2011). An
imbalance in the ratio of excitatory to inhibitory (E/I) synaptic activity has emerged as a shared
pathophysiological mechanism in several neuropsychiatric disorders, including autism spectrum
disorder (ASD) and schizophrenia, and in neurological disorders such as epilepsy (Lee et al.,
2017). Thus, investigations of the key molecular mechanisms underlying both excitatory and
inhibitory synapse development collectively contribute to a comprehensive understanding of the
pathophysiological mechanisms of brain disorders.

Over the past 20 years, numerous studies have shown that various types of glial cells actively
and distinctively participate in the control of various neuronal processes in both the peripheral
nervous system (PNS) and central nervous system (CNS; Pfrieger and Barres, 1996; Christopherson
et al., 2005; Perea et al., 2009; Eroglu and Barres, 2010; Stipursky et al., 2011). Among these
cell types, astrocytes have received the most attention because of their crucial roles in synapse
formation, transmission and plasticity (Clarke and Barres, 2013; Baldwin and Eroglu, 2017).
Astrocytes are not uniform throughout the CNS; rather, depending on the brain region, they
exhibit differences in characteristics ranging from cell shape to protein composition (Chai et al.,
2017). Thus, astrocytes may execute their differential functions in a brain region-specific manner.
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In this context, it has been reported that astrocyte-conditioned
media (ACM) from different brain regions possess different
excitatory synaptogenic properties, reflecting distinct expression
profiles of astrocyte-derived synaptogenic molecules, such as
glypicans, SPARC (secreted protein acidic and cysteine rich) and
hevin (also known as SPARC-like 1 [SPARCL1]) in astrocytes
from different brain regions (Buosi et al., 2017). Similarly, the
inhibitory synaptogenic potential of astrocytes may also differ in
distinct brain regions owing to the unique expression profiles of
various glial genes, a potential that warrants further investigation.

Microglia also impact synaptic functions through release
of specific molecules that influence the phagocytic activities
involved in synapse elimination (Wu et al., 2015). Although the
variousmechanisms underlying glia-mediated excitatory synapse
development have been well established (Nagler et al., 2001;
Ullian et al., 2001, 2004; Risher et al., 2014), the roles of glial
cells in inhibitory synapse development have only recently been
investigated. In the present review, I focus on the actions of
glial cells in orchestrating inhibitory synapse development and
relevant neural circuits. Additionally, where possible I highlight
the implications of these mechanisms for various brain disorders.
The roles of glial cells in excitatory synapse development have
been the subject of excellent recent reviews (Perea et al.,
2009; Chung et al., 2015) and will not be addressed here in
detail.

The main role of oligodendrocytes is to generate myelin
sheaths around axons (Barres, 2008), but a few studies have
shown that a new class of glial cells—proteoglycan NG2-positive
oligodendrocyte precursor cells (OPCs)—receive the input from
glutamatergic or GABAergic neurons (Bergles et al., 2000; Lin
and Bergles, 2004; Lin et al., 2005). However, the precise function
of these direct contacts remains to be investigated; thus, the
related topic is not covered in the current review.

ROLES OF ASTROCYTIC FACTORS IN
REGULATING INHIBITORY SYNAPSE
STRUCTURE AND FUNCTION

Astrocyte-Secreted Factors
Results from various studies have indicated that astrocytes
regulate synaptic transmission and plasticity, partly via the
release of gliotransmitters, such as glutamate, D-serine or
ATP, in response to activity-dependent calcium influx (Zhang
et al., 2003; Fellin et al., 2004; Volterra and Meldolesi,
2005; Haydon and Carmignoto, 2006; Jourdain et al., 2007;
Perea et al., 2009; Araque et al., 2014). For example, it
has been shown that astrocyte-derived DISC1 (disrupted in
schizophrenia-1) is involved in dendritic arborization and
maturation of excitatory, but not inhibitory, synapses by
modulating D-serine production in a hippocampal neuron-
astrocyte coculture system (Xia et al., 2016). Astrocyte-derived
ATP was recently shown to regulate the excitability of
cholecystokinin (CCK)-positive interneurons through activation
of P2Y1 purinergic receptors (Tan et al., 2017). In addition
to the above-mentioned gliotransmitters, astrocytes release
a number of substances including thrombospondin, hevin,

SPARC, transforming growth factor-β1 (TGF-β1), glypican
4/6, semaphorin 3A, γ-protocadherin (γ-Pcdh), ephrin-A3,
cholesterol and brain-derived neurotrophic factor (BDNF),
that are involved in directing the formation of synapses and
ultimately building specific neural circuits (Baldwin and Eroglu,
2017).

In contrast, the impact of astrocytes on inhibitory synapse
development has been largely unexplored. There are signaling
pathways that link astrocytes with the GABA system, as
suggested by earlier studies showing that astrocytes potentiate
GABA-mediated currents in hippocampal cultured neurons (Liu
et al., 1996, 1997). Moreover, astrocytes increase inhibitory
synaptic transmission in hippocampal CA1 pyramidal
neurons through astrocytic calcium signaling (Kang et al.,
1998). Because the addition of ACM to neuronal cultures
also induces GABAergic synapse-promoting effects similar
to those observed in a neuron-astrocyte coculture system
(Liu et al., 1996, 1997), it is possible that astrocytes secrete
substances that are crucial for inhibitory synaptogenesis. In
cultured hippocampal neurons, astrocyte-induced increases
in the number of GABAA receptor clusters were shown to be
compromised by scavenging BDNF, indicating that signaling
pathways involving BDNF and its receptor, tropomyosin
receptor kinase B (TrkB), are required for astrocyte-mediated
facilitation of inhibitory synapse development (Elmariah
et al., 2005; Figure 1). Strikingly, astrocytic BDNF is not
required for modulation of GABAA receptor clustering, as
evidenced by the fact that ACM from astrocytic-BDNF-
deficient mice retains the ability to potentiate GABAA
receptor clustering (Elmariah et al., 2005). This suggests that
unknown factors from astrocytes govern neuronal BDNF-TrkB
signaling to promote inhibitory synapse development. In
addition to modulating GABAA receptor clustering, soluble
astrocyte-derived factors selectively enhance axon length,
branching, synapse number and function of GABAergic
inhibitory neurons (Hughes et al., 2010). Intriguingly,
thrombospondins, which positively regulate excitatory synapses,
do not promote inhibitory synaptogenesis (Hughes et al.,
2010).

Several astrocyte-secreted factors have recently been
identified as inhibitory synapse regulators. For example,
astrocyte-derived endozepines, endogenous ligands with
benzodiazepine-like effects, potentiate synaptic inhibition in
the thalamic reticular nucleus (Christian and Huguenard,
2013). In addition, TGF-β secreted by human and murine
astrocytes induces inhibitory synapse formation in cortical
cultured neurons (Diniz et al., 2014). In this latter study,
disruption of calcium/calmodulin-dependent protein kinase
II (CaMKII) function by either pharmacological inhibition
or RNA interference (RNAi)-based knockdown abrogated
ACM-triggered inhibitory synapse development, as assessed by
clustering of inhibitory synaptic marker proteins (Diniz et al.,
2014). Collectively, these results suggest that the TGF-β/CaMKII
signaling pathway constitutes a key mechanism underlying
astrocyte-mediated inhibitory synapse development (Figure 1),
and that astrocytes regulate the synaptic E/I balance through a
variety of molecular pathways.
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FIGURE 1 | Astrocytes and microglia mediate both GABAergic synapse formation and elimination through a variety of molecular mechanisms. Transforming growth
factor-β1 (TGF-β1) secreted from astrocytes induces inhibitory synapse formation through activation of neuronal calcium/calmodulin-dependent protein kinase II
(CaMKII). In addition, GABAergic inhibitory synapse formation is regulated by astrocytic γ-Pcdh-mediated adhesion events, astrocytic GABA transporters (GATs),
and/or unidentified factors that control neuronal brain-derived neurotrophic factor (BDNF)-TrkB signaling. Synapse elimination is mediated by astrocytic recognition of
the so-called “eat-me” signal on neuronal membranes through pathways involving MEGF10 and MERTK, or by microglial recognition of complement C3 expression
through complement receptor 3 (CR3), followed by phagocytosis.

Extracellular Matrix Molecules
Astrocyte-derived ECM molecules are additional important
factors that regulate key synaptic processes (Dityatev and
Schachner, 2003; Christopherson et al., 2005; Faissner et al.,
2010). Several studies have demonstrated that chondroitin
sulfate proteoglycans (CSPGs) are involved in the regulation of
synaptic plasticity (Pizzorusso et al., 2002; Frischknecht et al.,
2009; Gogolla et al., 2009). Treatment with chondroitinase
ABC (ChABC), an enzyme that eliminates CS chains, was
shown to massively impair excitatory synaptic transmission in
cultured hippocampal neurons (Pyka et al., 2011). However,
inhibitory synaptic transmission was not affected (Pyka et al.,
2011), indicating that the effects of CSPGs are restricted to
excitatory synapses. Whether other ECMs are involved in
specifically regulating inhibitory synapse development remains
to be determined.

Perineuronal nets (PNNs)—specialized ECM structures
surrounding neuronal soma and dendrites, particularly
fast-spiking parvalbumin-positive (PV+) interneurons—inhibit
synapse formation and reorganization (Sorg et al., 2016).
Various proteoglycans, including neurocan, aggrecan,
tenascins and hyaluronan, are concentrated in PNNs, and
induction of their degradation by enzymatic treatment or
genetic ablation leads to increased excitability of PV+ cells
(Dityatev et al., 2007; Kim et al., 2016). PV+-interneurons are
involved in the generation of synchronous γ-oscillations,
which coordinate the activation of principal pyramidal
neurons to maintain appropriate information processing
and E/I balance, suggesting that components of PNNs
involving PV+-interneurons may play an important role

in fine-tuning the connectivity and/or activity of neural
circuits. Disruption of this circuit formation manifest as
pathophysiological correlates of discrete brain disorders,
including epilepsy.

Cell-Surface Proteins
Direct adhesion between neurons and astrocytes is also
critical for synapse development. One factor that mediates
astrocyte-neuron adhesion is γ-Pcdh, which promotes
synaptogenesis through homophilic interactions (Frank and
Kemler, 2002). Astrocytic γ-Pcdh promotes both excitatory
and inhibitory synapse development, as revealed by genetic
ablation of γ-Pcdh in either neurons or astrocytes (Garrett and
Weiner, 2009; Figure 1). More than 20 adhesion proteins
identified to date in pre- and postsynaptic membranes
have been shown to organize various aspects of neuronal
development processes (Um and Ko, 2013). However, whether
these proteins are exclusively expressed in either neurons or
glial cells, or both, has not been systematically investigated.
Thus, it is conceivable that additional, as yet undiscovered,
membrane proteins are involved in astrocyte-neuron adhesion
processes.

Synapse elimination is crucial for normal synapse
development across the CNS and PNS (Eroglu and Barres,
2010; Neniskyte and Gross, 2017). Excess synapses that
form initially are removed during brain development to
enable functional neural circuit formation. Recent studies
have shown that astrocytes are involved in eliminating both
excess excitatory and inhibitory synapse structures, likely
through interactions of astrocytic multiple epidermal growth
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factor-like domains 10 (MEGF10) and MER proto-oncogene,
tyrosine kinase (MERK) with unidentified neuronal membrane
proteins (Chung et al., 2013, 2015). Phosphatidylserine, acting
as an ‘‘eat-me’’ signal, drives remodeling of the synaptic
architecture during brain development by binding to astrocytic
MEGF10 and MERTK, which leads to phagocytosis (Chung
et al., 2013; Figure 1). A recent study showed that astrocytes
regulate synapse elimination through the release of ATP
via a mechanism that is dependent on the type II inositol
1,4,5-triphosphate receptor (Yang et al., 2016). However,
further studies are required to uncover the precise mechanisms
underlying astrocyte-mediated synapse elimination. It further
remains to be determined whether astrocytes are involved
in eliminating both synapse types, and whether shared or
distinct signaling pathways are involved in these processes.
More importantly, how interactions of astrocytes, microglia,
and neurons coordinate synapse elimination remains to be
elucidated.

Miscellaneous Factors
In addition to the mechanisms highlighted above, the
modulation of GABAergic synapse development depends
on a series of astrocytic metabolic pathways of the Krebs cycle
(Kaczor et al., 2015; Kaczor and Mozrzymas, 2017). For example,
inhibitory synapse number and transmission are increased and
plasticity is enhanced in neurons cocultured with astrocytes
compared to those cultured alone (Kaczor et al., 2015; Kaczor
and Mozrzymas, 2017). These effects of astrocyte coculture
disappear following treatment with a subset of selective Krebs
cycle inhibitors, such as fluoroacetate, indicating the involvement
of key astrocyte-expressed metabolic enzymes in GABAergic
plasticity.

Because GABA in the extrasynaptic space shapes inhibitory
synaptic transmission, it is conceivable that inhibitory
synaptic transmission is regulated by the activity and/or
level of GABA transporters (GATs). Four types of GATs
(GAT1–4) have been identified in humans and rats. GAT1 and
GAT3, in particular, are strongly expressed in astrocytes
(Vitellaro-Zuccarello et al., 2003). Indeed, changes in astrocytic
GAT1 or -3 expression level or activity alter inhibitory synaptic
transmission in hippocampal interneurons (Beenhakker
and Huguenard, 2010; Shigetomi et al., 2012; Kersanté
et al., 2013; Muthukumar et al., 2014), suggesting that
astrocytic GATs control the excitability of neurons in a
neural network through regulation of extracellular GABA
levels (Figure 1). Thus, astrocytic GATs may be considered
potential therapeutic targets for neurological and psychiatric
disorders.

ROLES OF ASTROCYTES IN REGULATING
THE FORMATION OF INHIBITORY INPUTS
IN NEURAL CIRCUITS DURING
EMBRYONIC DEVELOPMENT

Although the roles of glial cells in shaping neural circuits,
particularly those that modulate GABAergic synaptic

properties, remain largely unexplored, a few studies have
implicated astrocytes in dictating the properties of discrete
neural circuits. For example, in the auditory brainstem,
inhibitory projections from the superior olivary nucleus
(SON) to the nucleus laminaris (NL) are established during
embryonic development (Burger et al., 2005). Treatment
of organotypic slices from the avian auditory brainstem
with ACM enhances the number of inhibitory synaptic
inputs onto NL neurons, suggesting that soluble factors
secreted by astrocytes promote inhibitory synaptogenesis
during embryonic development (Korn et al., 2012; Cramer
and Rubel, 2016). In the cerebellar cortex, Bergmann
glial cells, a type of highly polarized astrocyte, guide
stellate axons to form inhibitory synapses onto Purkinje
neuronal dendrites during postnatal development (Ango
et al., 2008), underscoring the importance of glial cells in
shaping the cerebellar circuitry. Genetic deletion of specific
developmental populations of astrocytes in the spinal cord
was shown to increase inhibitory synapse numbers, but
decrease excitatory synapse numbers (Tsai et al., 2012). These
results indicate that astrocytes are crucial for maintaining
the appropriate E/I ratio at synapses and neural circuits in
the spinal cord. In the microcircuit connecting the thalamic
reticular nucleus and ventrobasal nucleus, astrocytes regulate
synaptic inhibition through endozepines and GATs (Khakh
and Sofroniew, 2015). In addition, in the visual cortex,
activation of astrocytes enhances the spontaneous firing
rate of PV+ interneurons, contributing to shaping diverse
sensory information-processing events in the primary visual
cortical network (Perea et al., 2014; Ben Haim and Rowitch,
2017).

ROLES OF MICROGLIA IN INHIBITORY
SYNAPSE FORMATION AND ELIMINATION

Microglia are the resident macrophages in the CNS. In line with
their immune cell identity, microglia have been traditionally
investigated as mediators of inflammatory responses and
phagocytosis of pathogens and cell debris under pathological
conditions (Shemer et al., 2015). However, roles of microglia
under normal conditions have recently begun to emerge.
During postnatal development, microglia contribute to the
reconstruction of neuronal circuits through phagocytosis of
excess neuronal synapses and newborn neurons (Stevens et al.,
2007; Paolicelli et al., 2011; Tremblay et al., 2011). A variety
of molecules are responsible for phagocytosis-mediated synaptic
pruning. These include CX3C chemokine receptor 1 (CX3XR1),
a receptor of the neuronal chemokine fractalkine, CX3XL1, that
is expressed exclusively in microglia (Paolicelli et al., 2011),
and complement receptor 3 (CR3), a receptor for complement
component C3 located at neuronal synapses (Schafer et al.,
2012; Figure 1). In addition to their phagocytic activity,
microglia also influence synapse development through the
release of various factors, such as BDNF (Parkhurst et al.,
2013), interleukin (IL)-10 (Lim et al., 2013), ATP (Pascual
et al., 2012) and tumor necrosis factor α (TNFα; Lewitus
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et al., 2016). In terms of microglial regulation of inhibitory
synapses, microglial IL-10 was found to promote both excitatory
and inhibitory synapse development in cultured hippocampal
neurons (Lim et al., 2013; Figure 1). In addition, a recent
study demonstrated that activated microglia displace inhibitory
GABAergic presynaptic terminals in adult mice, resulting in
increased synchronized neuronal activity (Chen et al., 2014).
Increased neuronal activity causes an elevation in intracellular
calcium levels, leading to activation of CaMKII and increased
expression of anti-apoptotic proteins (Chen et al., 2014). These
data suggest a novel role of activated microglia in protecting
the adult brain in addition to their phagocytic role (Chen et al.,
2014). Further studies are required to establish the molecular
factors involved in evoking protective microglia in brain disease
states. In addition to GABAergic synapses, glycinergic inhibitory
synapses are also regulated by microglia (Cantaut-Belarif et al.,
2017). Stimulated microglia acutely regulate glycinergic synapse
development in the spinal cord by modulating the activity of
microglial prostaglandin E2 (PGE2; Cantaut-Belarif et al., 2017;
Figure 1).

DISEASE RELEVANCE

Synaptic dysfunction has been considered a hallmark of various
neurological diseases, including Alzheimer disease (AD), ASD
and schizophrenia (Penzes et al., 2011; Zoghbi and Bear,
2012; Li et al., 2017). Both astrocytes and microglia influence
synapse formation and elimination; thus, it is likely that
impaired glial function contributes to the onset and progression
of neurological disorders. Specifically, dysregulation of glial
functions that disrupts the E/I balance at synapses and circuits
may lead to disease states. Recently, a rare variant of a
microglial gene encoding triggering receptor expressed on
myeloid cell 2 (TREM2) has been identified as a risk factor for
AD (Jonsson et al., 2013). In addition, microglial activation has
been demonstrated in the brains of individuals with ASD or
schizophrenia (van Berckel et al., 2008; Voineagu et al., 2011).
However, it is not clear how microglial activation is related to
synaptic deficits in these diseases. Also, because most published
reports have focused on the roles of various glial cells in
regulating excitatory synapse formation, function or elimination,
the issue of whether glial cells also play critical roles in controlling
inhibitory synapse development and function remains to be
investigated.

Reactive astrocytes have been associated with many
neurological diseases, including epilepsy, AD and stroke
(Seifert et al., 2006). Mounting evidence has demonstrated
multifaceted functions of reactive astrocytes in disease states,
but little is known about the roles of these astrocytes from an
inhibitory synapse or circuit perspective. One study showed that,
in the astrocytotic region, neurons exhibit reduced inhibitory,
but not excitatory, synaptic transmission through actions
of the astrocytic glutamate-glutamine cycle, which triggered
hyperexcitability in hippocampal circuits (Ortinski et al., 2010).
Given the significance of GABAergic inhibition in neuronal
circuits, these studies underscore the functional consequences

of astrocytosis for neurological diseases as well as alterations of
neuronal circuits, with attendant effects on cognition, learning
and memory and epileptic seizures.

Extensive evidence has linked microglia to
neuroinflammation, which in turn is associated with a variety of
neurodegenerative diseases. However, impacts of microglia on
the sculpting of synaptic connectivity have only recently been
reported. Microglia in the healthy brain have been shown to
function in the refinement of synapses in brain development,
as described above. Disruption of microglial complement
proteins or receptor proteins results in abnormal synaptic
wiring (Paolicelli et al., 2011; Schafer et al., 2012), which may
contribute to the synaptic abnormalities observed in several
neurodevelopmental disorders.

CONCLUDING REMARKS

In this review, I have highlighted recent literature reports that
collectively reveal the various roles of astrocytes and microglia in
regulating inhibitory synapse development and neural circuits.
Considered in light of the essential role of GABAergic synapses
in shaping network activity through filtering of incoming neural
information and dictating the activity of principal neurons,
the cellular and molecular mechanisms underlying inhibitory
synapse structure, transmission, and plasticity mediated by
various glial cell types should be comprehensible. Although
recent technological developments have accelerated advances in
our understanding of the roles of glial cells in various aspects
of synapse development, only a few studies have provided
mechanistic insights into the contributions of various glial cell
types to the development of GABAergic synapses and relevant
neural circuits. Investigations of unidentified astrocyte- and
microglia-based mechanisms that direct the development of
GABAergic synapses and neural circuits will not only enhance
our understanding of synapse development in health, but also
guide the development of novel therapeutic strategies against
various brain disorders.

AUTHOR CONTRIBUTIONS

JWU wrote the manuscript.

FUNDING

Work on this topic in my laboratory has been supported by
grants from the DGIST R&D Program of the Ministry of Science,
ICT and Future Planning (2017020004 to JWU) and from the
Ministry for Health and Welfare Affairs, Republic of Korea
(HI15C3026 to JWU).

ACKNOWLEDGMENTS

The author thanks Dr. Jaewon Ko (DGIST, South Korea)
for valuable discussions and for critically reviewing the initial
manuscript.

Frontiers in Molecular Neuroscience | www.frontiersin.org November 2017 | Volume 10 | Article 38166

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Um Regulation of Inhibitory Synapses by Glia

REFERENCES

Ango, F., Wu, C., Van der Want, J. J., Wu, P., Schachner, M., and Huang, Z. J.
(2008). Bergmann glia and the recognition molecule CHL1 organize
GABAergic axons and direct innervation of Purkinje cell dendrites. PLoS Biol.
6:e103. doi: 10.1371/journal.pbio.0060103

Araque, A., Carmignoto, G., Haydon, P. G., Oliet, S. H., Robitaille, R., and
Volterra, A. (2014). Gliotransmitters travel in time and space. Neuron 81,
728–739. doi: 10.1016/j.neuron.2014.02.007

Baldwin, K. T., and Eroglu, C. (2017). Molecular mechanisms of astrocyte-induced
synaptogenesis. Curr. Opin. Neurobiol. 45, 113–120. doi: 10.1016/j.conb.2017.
05.006

Barres, B. A. (2008). The mystery and magic of glia: a perspective on their roles in
health and disease. Neuron 60, 430–440. doi: 10.1016/j.neuron.2008.10.013

Bartos, M., Vida, I., and Jonas, P. (2007). Synaptic mechanisms of synchronized
γ oscillations in inhibitory interneuron networks. Nat. Rev. Neurosci. 8, 45–56.
doi: 10.1038/nrn2044

Beenhakker, M. P., and Huguenard, J. R. (2010). Astrocytes as
gatekeepers of GABAB receptor function. J. Neurosci. 30, 15262–15276.
doi: 10.1523/JNEUROSCI.3243-10.2010

Ben Haim, L., and Rowitch, D. H. (2017). Functional diversity of astrocytes
in neural circuit regulation. Nat. Rev. Neurosci. 18, 31–41. doi: 10.1038/nrn.
2016.159

Bergles, D. E., Roberts, J. D., Somogyi, P., and Jahr, C. E. (2000). Glutamatergic
synapses on oligodendrocyte precursor cells in the hippocampus. Nature 405,
187–191. doi: 10.1038/35012083

Bonifazi, P., Goldin, M., Picardo, M. A., Jorquera, I., Cattani, A., Bianconi, G.,
et al. (2009). GABAergic hub neurons orchestrate synchrony in developing
hippocampal networks. Science 326, 1419–1424. doi: 10.1126/science.1175509

Buosi, A. S., Matias, I., Araujo, A. P., Batista, C., and Gomes, F. C. (2017).
Heterogeneity in synaptogenic profile of astrocytes from different brain
regions.Mol. Neurobiol. doi: 10.1007/s12035-016-0343-z [Epub ahead of print].

Burger, R. M., Cramer, K. S., Pfeiffer, J. D., and Rubel, E. W. (2005). Avian
superior olivary nucleus provides divergent inhibitory input to parallel auditory
pathways. J. Comp. Neurol. 481, 6–18. doi: 10.1002/cne.20334

Buzsáki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926–1929. doi: 10.1126/science.1099745

Cantaut-Belarif, Y., Antri, M., Pizzarelli, R., Colasse, S., Vaccari, I., Soares, S.,
et al. (2017). Microglia control the glycinergic but not the GABAergic
synapses via prostaglandin E2 in the spinal cord. J. Cell Biol. 216, 2979–2989.
doi: 10.1083/jcb.201607048

Chai, H., Diaz-Castro, B., Shigetomi, E., Monte, E., Octeau, J. C., Yu, X., et al.
(2017). Neural circuit-specialized astrocytes: transcriptomic, proteomic,
morphological, and functional evidence. Neuron 95, 531.e9–549.e9.
doi: 10.1016/j.neuron.2017.06.029

Chen, Z., Jalabi, W., Hu, W., Park, H. J., Gale, J. T., Kidd, G. J., et al. (2014).
Microglial displacement of inhibitory synapses provides neuroprotection in the
adult brain. Nat. Commun. 5:4486. doi: 10.1038/ncomms5486

Christian, C. A., and Huguenard, J. R. (2013). Astrocytes potentiate GABAergic
transmission in the thalamic reticular nucleus via endozepine signaling. Proc.
Natl. Acad. Sci. U S A 110, 20278–20283. doi: 10.1073/pnas.1318031110

Christopherson, K. S., Ullian, E. M., Stokes, C. C. A., Mullowney, C. E., Hell, J. W.,
Agah, A., et al. (2005). Thrombospondins are astrocyte-secreted proteins
that promote CNS synaptogenesis. Cell 120, 421–433. doi: 10.1016/j.cell.2004.
12.020

Chung, W. S., Allen, N. J., and Eroglu, C. (2015). Astrocytes control synapse
formation, function and elimination. Cold Spring Harb. Perspect. Biol.
7:a020370. doi: 10.1101/cshperspect.a020370

Chung, W.-S., Clarke, L. E., Wang, G. X., Stafford, B. K., Sher, A., Chakraborty, C.,
et al. (2013). Astrocytes mediate synapse elimination through MEGF10 and
MERTK pathways. Nature 504, 394–400. doi: 10.1038/nature12776

Clarke, L. E., and Barres, B. A. (2013). Emerging roles of astrocytes in neural circuit
development. Nat. Rev. Neurosci. 14, 311–321. doi: 10.1038/nrn3484

Cramer, K. S., and Rubel, E. W. (2016). Glial cell contributions to auditory
brainstem development. Front. Neural Circuits 10:83. doi: 10.3389/fncir.2016.
00083

Diniz, L. P., Tortelli, V., Garcia, M. N., Araújo, A. P., Melo, H. M., Silva, G. S., et al.
(2014). Astrocyte transforming growth factor β1 promotes inhibitory synapse

formation via CaM kinase II signaling. Glia 62, 1917–1931. doi: 10.1002/glia.
22713

Dityatev, A., Brückner, G., Dityateva, G., Grosche, J., Kleene, R., and Schachner,M.
(2007). Activity-dependent formation and functions of chondroitin sulfate-rich
extracellular matrix of perineuronal nets. Dev. Neurobiol. 67, 570–588.
doi: 10.1002/dneu.20361

Dityatev, A., and Schachner, M. (2003). Extracellular matrix molecules and
synaptic plasticity. Nat. Rev. Neurosci. 4, 456–468. doi: 10.1038/nrn1115

Elmariah, S. B., Oh, E. J., Hughes, E. G., and Balice-Gordon, R. J.
(2005). Astrocytes regulate inhibitory synapse formation via Trk-mediated
modulation of postsynaptic GABAA receptors. J. Neurosci. 25, 3638–3650.
doi: 10.1523/JNEUROSCI.3980-04.2005

Eroglu, C., and Barres, B. A. (2010). Regulation of synaptic connectivity by glia.
Nature 468, 223–231. doi: 10.1038/nature09612

Faissner, A., Pyka, M., Geissler, M., Sobik, T., Frischknecht, R.,
Gundelfinger, E. D., et al. (2010). Contributions of astrocytes to synapse
formation and maturation—Potential functions of the perisynaptic
extracellular matrix. Brain Res. Rev. 63, 26–38. doi: 10.1016/j.brainresrev.
2010.01.001

Fellin, T., Pascual, O., Gobbo, S., Pozzan, T., Haydon, P. G., and Carmignoto, G.
(2004). Neuronal synchrony mediated by astrocytic glutamate through
activation of extrasynaptic NMDA receptors. Neuron 43, 729–743.
doi: 10.1016/j.neuron.2004.08.011

Frank, M., and Kemler, R. (2002). Protocadherins. Curr. Opin. Cell Biol. 14,
557–562. doi: 10.1016/S0955-0674(02)00365-4

Frischknecht, R., Heine, M., Perrais, D., Seidenbecher, C. I., Choquet, D., and
Gundelfinger, E. D. (2009). Brain extracellular matrix affects AMPA receptor
lateral mobility and short-term synaptic plasticity. Nat. Neurosci. 12, 897–904.
doi: 10.1038/nn.2338

Garrett, A. M., and Weiner, J. A. (2009). Control of CNS synapse development
by γ-Protocadherin-mediated astrocyte-neuron contact. J. Neurosci. 29,
11723–11731. doi: 10.1523/jneurosci.2818-09.2009

Gogolla, N., Caroni, P., Lüthi, A., and Herry, C. (2009). Perineuronal nets protect
fear memories from erasure. Science 325, 1258–1261. doi: 10.1126/science.
1174146

Haydon, P. G., and Carmignoto, G. (2006). Astrocyte control of synaptic
transmission and neurovascular coupling. Physiol. Rev. 86, 1009–1031.
doi: 10.1152/physrev.00049.2005

Hughes, E. G., Elmariah, S. B., and Balice-Gordon, R. J. (2010). Astrocyte secreted
proteins selectively increase hippocampal GABAergic axon length, branching,
and synaptogenesis.Mol. Cell. Neurosci. 43, 136–145. doi: 10.1016/j.mcn.2009.
10.004

Jensen, O., and Mazaheri, A. (2010). Shaping functional architecture by
oscillatory α activity: gating by inhibition. Front. Hum. Neurosci. 4:186.
doi: 10.3389/fnhum.2010.00186

Jonsson, T., Stefansson, H., Steinberg, S., Jonsdottir, I., Jonsson, P. V., Snaedal, J.,
et al. (2013). Variant of TREM2 associated with the risk of Alzheimer’s disease.
N Engl J. Med. 368, 107–116. doi: 10.1056/NEJMoa1211103

Jourdain, P., Bergersen, L. H., Bhaukaurally, K., Bezzi, P., Santello, M.,
Domercq, M., et al. (2007). Glutamate exocytosis from astrocytes controls
synaptic strength. Nat. Neurosci. 10, 331–339. doi: 10.1038/nn1849

Kaczor, P. T., and Mozrzymas, J. W. (2017). Key metabolic enzymes underlying
astrocytic upregulation of GABAergic plasticity. Front. Cell. Neurosci. 11:144.
doi: 10.3389/fncel.2017.00144

Kaczor, P., Rakus, D., and Mozrzymas, J. W. (2015). Neuron-astrocyte interaction
enhance GABAergic synaptic transmission in a manner dependent on key
metabolic enzymes. Front. Cell. Neurosci. 9:120. doi: 10.3389/fncel.2015.
00120

Kang, J., Jiang, L., Goldman, S. A., andNedergaard, M. (1998). Astrocyte-mediated
potentiation of inhibitory synaptic transmission. Nat. Neurosci. 1, 683–692.
doi: 10.1038/3684

Kersanté, F., Rowley, S. C. S., Pavlov, I., Gutièrrez-Mecinas, M., Semyanov, A.,
Reul, J. M. H. M., et al. (2013). A functional role for both γ-aminobutyric
acid (GABA) transporter-1 and GABA transporter-3 in the modulation
of extracellular GABA and GABAergic tonic conductances in the rat
hippocampus. J. Physiol. 591, 2429–2441. doi: 10.1113/jphysiol.2012.246298

Khakh, B. S., and Sofroniew, M. V. (2015). Diversity of astrocyte functions and
phenotypes in neural circuits.Nat. Neurosci. 18, 942–952. doi: 10.1038/nn.4043

Frontiers in Molecular Neuroscience | www.frontiersin.org November 2017 | Volume 10 | Article 38167

https://doi.org/10.1371/journal.pbio.0060103
https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.1016/j.conb.2017.05.006
https://doi.org/10.1016/j.conb.2017.05.006
https://doi.org/10.1016/j.neuron.2008.10.013
https://doi.org/10.1038/nrn2044
https://doi.org/10.1523/JNEUROSCI.3243-10.2010
https://doi.org/10.1038/nrn.2016.159
https://doi.org/10.1038/nrn.2016.159
https://doi.org/10.1038/35012083
https://doi.org/10.1126/science.1175509
https://doi.org/10.1007/s12035-016-0343-z
https://doi.org/10.1002/cne.20334
https://doi.org/10.1126/science.1099745
https://doi.org/10.1083/jcb.201607048
https://doi.org/10.1016/j.neuron.2017.06.029
https://doi.org/10.1038/ncomms5486
https://doi.org/10.1073/pnas.1318031110
https://doi.org/10.1016/j.cell.2004.12.020
https://doi.org/10.1016/j.cell.2004.12.020
https://doi.org/10.1101/cshperspect.a020370
https://doi.org/10.1038/nature12776
https://doi.org/10.1038/nrn3484
https://doi.org/10.3389/fncir.2016.00083
https://doi.org/10.3389/fncir.2016.00083
https://doi.org/10.1002/glia.22713
https://doi.org/10.1002/glia.22713
https://doi.org/10.1002/dneu.20361
https://doi.org/10.1038/nrn1115
https://doi.org/10.1523/JNEUROSCI.3980-04.2005
https://doi.org/10.1038/nature09612
https://doi.org/10.1016/j.brainresrev.2010.01.001
https://doi.org/10.1016/j.brainresrev.2010.01.001
https://doi.org/10.1016/j.neuron.2004.08.011
https://doi.org/10.1016/S0955-0674(02)00365-4
https://doi.org/10.1038/nn.2338
https://doi.org/10.1523/jneurosci.2818-09.2009
https://doi.org/10.1126/science.1174146
https://doi.org/10.1126/science.1174146
https://doi.org/10.1152/physrev.00049.2005
https://doi.org/10.1016/j.mcn.2009.10.004
https://doi.org/10.1016/j.mcn.2009.10.004
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1038/nn1849
https://doi.org/10.3389/fncel.2017.00144
https://doi.org/10.3389/fncel.2015.00120
https://doi.org/10.3389/fncel.2015.00120
https://doi.org/10.1038/3684
https://doi.org/10.1113/jphysiol.2012.246298
https://doi.org/10.1038/nn.4043
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Um Regulation of Inhibitory Synapses by Glia

Kim, S. Y., Porter, B. E., Friedman, A., and Kaufer, D. (2016). A potential role for
glia-derived extracellular matrix remodeling in postinjury epilepsy. J. Neurosci.
Res. 94, 794–803. doi: 10.1002/jnr.23758

Korn, M. J., Koppel, S. J., Li, L. H., Mehta, D., Mehta, S. B., Seidl, A. H., et al.
(2012). Astrocyte-secreted factors modulate the developmental distribution
of inhibitory synapses in nucleus laminaris of the avian auditory brainstem.
J. Comp. Neurol. 520, 1262–1277. doi: 10.1002/cne.22786

Kullmann, D. M. (2011). Interneuron networks in the hippocampus. Curr. Opin.
Neurobiol. 21, 709–716. doi: 10.1016/j.conb.2011.05.006

Lee, E., Lee, J., and Kim, E. (2017). Excitation/inhibition imbalance in
animal models of autism spectrum disorders. Biol. Psychiatry 81, 838–847.
doi: 10.1016/j.biopsych.2016.05.011

Lewitus, G. M., Konefal, S. C., Greenhalgh, A. D., Pribiag, H., Augereau, K., and
Stellwagen, D. (2016). Microglial TNF-α suppresses cocaine-induced plasticity
and behavioral sensitization. Neuron 90, 483–491. doi: 10.1016/j.neuron.2016.
03.030

Li, K., Wei, Q., Liu, F.-F., Hu, F., Xie, A.-J., Zhu, L.-Q., et al. (2017). Synaptic
dysfunction in Alzheimer’s disease: aβ, tau, and epigenetic alterations. Mol.
Neurobiol. doi: 10.1007/s12035-017-0533-3 [Epub ahead of print].

Lim, S. H., Park, E., You, B., Jung, Y., Park, A. R., Park, S. G., et al. (2013).
Neuronal synapse formation induced by microglia and interleukin 10. PLoS
One 8:e81218. doi: 10.1371/journal.pone.0081218

Lin, S.-C., and Bergles, D. E. (2004). Synaptic signaling between GABAergic
interneurons and oligodendrocyte precursor cells in the hippocampus. Nat.
Neurosci. 7, 24–32. doi: 10.1038/nn1162

Lin, S.-C., Huck, J. H. J., Roberts, J. D. B., Macklin, W. B., Somogyi, P., and
Bergles, D. E. (2005). Climbing fiber innervation of NG2-expressing glia in
the mammalian cerebellum. Neuron 46, 773–785. doi: 10.1016/j.neuron.2005.
04.025

Liu, Q. Y., Schaffner, A. E., Chang, Y. H., Vaszil, K., and Barker, J. L. (1997).
Astrocytes regulate amino acid receptor current densities in embryonic rat
hippocampal neurons. J. Neurobiol. 33, 848–864. doi: 10.1002/(sici)1097-
4695(19971120)33:6<848::aid-neu11>3.0.co;2-0

Liu, Q. Y., Schaffner, A. E., Li, Y. X., Dunlap, V., and Barker, J. L. (1996).
Upregulation of GABAA current by astrocytes in cultured embryonic rat
hippocampal neurons. J. Neurosci. 16, 2912–2923.

Muthukumar, A. K., Stork, T., and Freeman, M. R. (2014). Activity-dependent
regulation of astrocyte GAT levels during synaptogenesis. Nat. Neurosci. 17,
1340–1350. doi: 10.1038/nn.3791

Nagler, K., Mauch, D. H., and Pfrieger, F. W. (2001). Glia-derived signals induce
synapse formation in neurones of the rat central nervous system. J. Physiol. 533,
665–679. doi: 10.1111/j.1469-7793.2001.00665.x

Neniskyte, U., and Gross, C. T. (2017). Errant gardeners: glial-cell-dependent
synaptic pruning and neurodevelopmental disorders. Nat. Rev. Neurosci. 18,
658–670. doi: 10.1038/nrn.2017.110

Ortinski, P. I., Dong, J., Mungenast, A., Yue, C., Takano, H., Watson, D. J., et al.
(2010). Selective induction of astrocytic gliosis generates deficits in neuronal
inhibition. Nat. Neurosci. 13, 584–591. doi: 10.1038/nn.2535

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P.,
et al. (2011). Synaptic pruning by microglia is necessary for normal brain
development. Science 333, 1456–1458. doi: 10.1126/science.1202529

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R. III, Lafaille, J. J., et al.
(2013). Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.
2013.11.030

Pascual, O., Ben Achour, S., Rostaing, P., Triller, A., and Bessis, A.
(2012). Microglia activation triggers astrocyte-mediated modulation of
excitatory neurotransmission. Proc. Natl. Acad. Sci. U S A 109, E197–E205.
doi: 10.1073/pnas.1111098109

Penzes, P., Cahill, M. E., Jones, K. A., VanLeeuwen, J.-E., and Woolfrey, K. M.
(2011). Dendritic spine pathology in neuropsychiatric disorders.Nat. Neurosci.
14, 285–293. doi: 10.1038/nn.2741

Perea, G., Navarrete, M., and Araque, A. (2009). Tripartite synapses: astrocytes
process and control synaptic information. Trends Neurosci. 32, 421–431.
doi: 10.1016/j.tins.2009.05.001

Perea, G., Yang, A., Boyden, E. S., and Sur, M. (2014). Optogenetic astrocyte
activation modulates response selectivity of visual cortex neurons in vivo. Nat.
Commun. 5:3262. doi: 10.1038/ncomms4262

Pfrieger, F. W., and Barres, B. A. (1996). New views on synapse—glia interactions.
Curr. Opin. Neurobiol. 6, 615–621. doi: 10.1016/s0959-4388(96)80093-6

Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S., Fawcett, J. W., and Maffei, L.
(2002). Reactivation of ocular dominance plasticity in the adult visual cortex.
Science 298, 1248–1251. doi: 10.1126/science.1072699

Pyka, M., Wetzel, C., Aguado, A., Geissler, M., Hatt, H., and Faissner, A.
(2011). Chondroitin sulfate proteoglycans regulate astrocyte-dependent
synaptogenesis and modulate synaptic activity in primary embryonic
hippocampal neurons. Eur. J. Neurosci. 33, 2187–2202. doi: 10.1111/j.1460-
9568.2011.07690.x

Risher, W. C., Patel, S., Kim, I. H., Uezu, A., Bhagat, S., Wilton, D. K., et al. (2014).
Astrocytes refine cortical connectivity at dendritic spines. Elife 3:e04047.
doi: 10.7554/eLife.04047

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R.,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits
in an activity and complement-dependent manner. Neuron 74, 691–705.
doi: 10.1016/j.neuron.2012.03.026

Seifert, G., Schilling, K., and Steinhauser, C. (2006). Astrocyte dysfunction in
neurological disorders: a molecular perspective.Nat. Rev. Neurosci. 7, 194–206.
doi: 10.1038/nrn1870

Shemer, A., Erny, D., Jung, S., and Prinz, M. (2015). Microglia plasticity during
health and disease: an immunological perspective. Trends Immunol. 36,
614–624. doi: 10.1016/j.it.2015.08.003

Shigetomi, E., Tong, X., Kwan, K. Y., Corey, D. P., and Khakh, B. S. (2012).
TRPA1 channels regulate astrocyte resting calcium and inhibitory synapse
efficacy through GAT-3. Nat. Neurosci. 15, 70–80. doi: 10.1038/nn.3000

Sorg, B. A., Berretta, S., Blacktop, J. M., Fawcett, J. W., Kitagawa, H., Kwok, J. C. F.,
et al. (2016). Casting a wide net: role of perineuronal nets in neural plasticity.
J. Neurosci. 36, 11459–11468. doi: 10.1523/JNEUROSCI.2351-16.2016

Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S.,
Nouri, N., et al. (2007). The classical complement cascade mediates CNS
synapse elimination. Cell 131, 1164–1178. doi: 10.1016/j.cell.2007.10.036

Stipursky, J., Romão, L., Tortelli, V., Neto, V. M., and Gomes, F. C. A. (2011).
Neuron-glia signaling: implications for astrocyte differentiation and synapse
formation. Life Sci. 89, 524–531. doi: 10.1016/j.lfs.2011.04.005

Tan, Z., Liu, Y., Xi, W., Lou, H.-F., Zhu, L., Guo, Z., et al. (2017). Glia-derived
ATP inversely regulates excitability of pyramidal and CCK-positive neurons.
Nat. Commun. 8:13772. doi: 10.1038/ncomms13772

Tremblay, M.-È., Stevens, B., Sierra, A., Wake, H., Bessis, A., and Nimmerjahn, A.
(2011). The role of microglia in the healthy brain. J. Neurosci. 31, 16064–16069.
doi: 10.1523/JNEUROSCI.4158-11.2011

Tsai, H.-H., Li, H., Fuentealba, L. C., Molofsky, A. V., Taveira-Marques, R.,
Zhuang, H., et al. (2012). Regional astrocyte allocation regulates CNS
synaptogenesis and repair. Science 337, 358–362. doi: 10.1126/science.1222381

Ullian, E. M., Harris, B. T., Wu, A., Chan, J. R., and Barres, B. A. (2004).
Schwann cells and astrocytes induce synapse formation by spinal motor
neurons in culture. Mol. Cell. Neurosci. 25, 241–251. doi: 10.1016/j.mcn.2003.
10.011

Ullian, E. M., Sapperstein, S. K., Christopherson, K. S., and Barres, B. A. (2001).
Control of synapse number by glia. Science 291, 657–661. doi: 10.1126/science.
291.5504.657

Um, J. W., and Ko, J. (2013). LAR-RPTPs: synaptic adhesion molecules that shape
synapse development. Trends Cell Biol. 23, 465–475. doi: 10.1016/j.tcb.2013.
07.004

van Berckel, B. N., Bossong, M. G., Boellaard, R., Kloet, R., Schuitemaker, A.,
Caspers, E., et al. (2008). Microglia activation in recent-onset schizophrenia:
a quantitative (R)-[11C]PK11195 positron emission tomography study. Biol.
Psychiatry 64, 820–822. doi: 10.1016/j.biopsych.2008.04.025

Vitellaro-Zuccarello, L., Calvaresi, N., and De Biasi, S. (2003). Expression of
GABA transporters, GAT-1 and GAT-3, in the cerebral cortex and thalamus
of the rat during postnatal development. Cell Tissue Res. 313, 245–257.
doi: 10.1007/s00441-003-0746-9

Voineagu, I., Wang, X., Johnston, P., Lowe, J. K., Tian, Y., Horvath, S., et al.
(2011). Transcriptomic analysis of autistic brain reveals convergent molecular
pathology. Nature 474, 380–384. doi: 10.1038/nature10110

Volterra, A., and Meldolesi, J. (2005). Astrocytes, from brain glue to
communication elements: the revolution continues. Nat. Rev. Neurosci. 6,
626–640. doi: 10.1038/nrn1722

Frontiers in Molecular Neuroscience | www.frontiersin.org November 2017 | Volume 10 | Article 38168

https://doi.org/10.1002/jnr.23758
https://doi.org/10.1002/cne.22786
https://doi.org/10.1016/j.conb.2011.05.006
https://doi.org/10.1016/j.biopsych.2016.05.011
https://doi.org/10.1016/j.neuron.2016.03.030
https://doi.org/10.1016/j.neuron.2016.03.030
https://doi.org/10.1007/s12035-017-0533-3
https://doi.org/10.1371/journal.pone.0081218
https://doi.org/10.1038/nn1162
https://doi.org/10.1016/j.neuron.2005.04.025
https://doi.org/10.1016/j.neuron.2005.04.025
https://doi.org/10.1002/(sici)1097-4695(19971120)33:6<848::aid-neu11>3.0.co;2-0
https://doi.org/10.1002/(sici)1097-4695(19971120)33:6<848::aid-neu11>3.0.co;2-0
https://doi.org/10.1038/nn.3791
https://doi.org/10.1111/j.1469-7793.2001.00665.x
https://doi.org/10.1038/nrn.2017.110
https://doi.org/10.1038/nn.2535
https://doi.org/10.1126/science.1202529
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1073/pnas.1111098109
https://doi.org/10.1038/nn.2741
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1038/ncomms4262
https://doi.org/10.1016/s0959-4388(96)80093-6
https://doi.org/10.1126/science.1072699
https://doi.org/10.1111/j.1460-9568.2011.07690.x
https://doi.org/10.1111/j.1460-9568.2011.07690.x
https://doi.org/10.7554/eLife.04047
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1038/nrn1870
https://doi.org/10.1016/j.it.2015.08.003
https://doi.org/10.1038/nn.3000
https://doi.org/10.1523/JNEUROSCI.2351-16.2016
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1016/j.lfs.2011.04.005
https://doi.org/10.1038/ncomms13772
https://doi.org/10.1523/JNEUROSCI.4158-11.2011
https://doi.org/10.1126/science.1222381
https://doi.org/10.1016/j.mcn.2003.10.011
https://doi.org/10.1016/j.mcn.2003.10.011
https://doi.org/10.1126/science.291.5504.657
https://doi.org/10.1126/science.291.5504.657
https://doi.org/10.1016/j.tcb.2013.07.004
https://doi.org/10.1016/j.tcb.2013.07.004
https://doi.org/10.1016/j.biopsych.2008.04.025
https://doi.org/10.1007/s00441-003-0746-9
https://doi.org/10.1038/nature10110
https://doi.org/10.1038/nrn1722
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Um Regulation of Inhibitory Synapses by Glia

Wu, Y., Dissing-Olesen, L., MacVicar, B. A., and Stevens, B. (2015). Microglia:
dynamic mediators of synapse development and plasticity. Trends Immunol.
36, 605–613. doi: 10.1016/j.it.2015.08.008

Xia, M., Zhu, S., Shevelkin, A., Ross, C. A., and Pletnikov, M. (2016).
DISC1, astrocytes and neuronal maturation: a possible mechanistic link
with implications for mental disorders. J. Neurochem. 138, 518–524.
doi: 10.1111/jnc.13663

Yang, J., Yang, H., Liu, Y., Li, X., Qin, L., Lou, H., et al. (2016). Astrocytes
contribute to synapse elimination via type 2 inositol 1,4,5-trisphosphate
receptor-dependent release of ATP. Elife 5:e15043. doi: 10.7554/eLife.15043

Zhang, J.-M., Wang, H.-K., Ye, C.-Q., Ge, W., Chen, Y., Jiang, Z.-L., et al.
(2003). ATP released by astrocytes mediates glutamatergic activity-dependent
heterosynaptic suppression. Neuron 40, 971–982. doi: 10.1016/s0896-
6273(03)00717-7

Zoghbi, H. Y., and Bear,M. F. (2012). Synaptic dysfunction in neurodevelopmental
disorders associated with autism and intellectual disabilities. Cold Spring Harb.
Perspect. Biol. 4:a009886. doi: 10.1101/cshperspect.a009886

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Um. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org November 2017 | Volume 10 | Article 38169

https://doi.org/10.1016/j.it.2015.08.008
https://doi.org/10.1111/jnc.13663
https://doi.org/10.7554/eLife.15043
https://doi.org/10.1016/s0896-6273(03)00717-7
https://doi.org/10.1016/s0896-6273(03)00717-7
https://doi.org/10.1101/cshperspect.a009886
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


ORIGINAL RESEARCH
published: 13 October 2017

doi: 10.3389/fnmol.2017.00327

LAR-RPTP Clustering Is Modulated
by Competitive Binding between
Synaptic Adhesion Partners and
Heparan Sulfate
Seoung Youn Won 1†, Cha Yeon Kim 2†, Doyoun Kim 3, Jaewon Ko 4, Ji Won Um 4,
Sung Bae Lee 4, Matthias Buck 5, Eunjoon Kim 3,6, Won Do Heo 6,7*, Jie-Oh Lee 1* and Ho
Min Kim 3,8*

1Department of Chemistry, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea, 2Graduate
School of Nanoscience and Technology, Korea Advanced Institute of Science and Technology (KAIST), Daejeon,
South Korea, 3Center for Synaptic Brain Dysfunctions, Institute for Basic Science (IBS), Daejeon, South Korea, 4Department
of Brain & Cognitive Sciences, Daegu Gyeongbuk Institute of Science and Technology (DGIST), Daegu, South Korea,
5Department of Physiology and Biophysics, Case Western Reserve University, School of Medicine, Cleveland, OH,
United States, 6Department of Biological Sciences, Korea Advanced Institute of Science and Technology (KAIST), Daejeon,
South Korea, 7Center for Cognition and Sociality, Institute for Basic Science (IBS), Daejeon, South Korea, 8Graduate School
of Medical Science & Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea

Edited by:
Chen Zhang,

Peking University, China

Reviewed by:
Davide Comoletti,

Rutgers University, The State
University of New Jersey,

United States
Alexander Dityatev,
German Center for

Neurodegenerative Diseases (HZ),
Germany

*Correspondence:
Ho Min Kim

hm_kim@kaist.ac.kr
Jie-Oh Lee

jieoh@kaist.ac.kr
Won Do Heo

wondo@kaist.ac.kr

†These authors have contributed
equally to this work.

Received: 05 August 2017
Accepted: 28 September 2017
Published: 13 October 2017

Citation:
Won SY, Kim CY, Kim D, Ko J,

Um JW, Lee SB, Buck M, Kim E,
Heo WD, Lee J-O and Kim HM
(2017) LAR-RPTP Clustering Is

Modulated by Competitive Binding
between Synaptic Adhesion Partners

and Heparan Sulfate.
Front. Mol. Neurosci. 10:327.

doi: 10.3389/fnmol.2017.00327

The leukocyte common antigen-related receptor protein tyrosine phosphatases (LAR-
RPTPs) are cellular receptors of heparan sulfate (HS) and chondroitin sulfate (CS)
proteoglycans that direct axonal growth and neuronal regeneration. LAR-RPTPs are also
synaptic adhesion molecules that form trans-synaptic adhesion complexes by binding
to various postsynaptic adhesion ligands, such as Slit- and Trk-like family of proteins
(Slitrks), IL-1 receptor accessory protein-like 1 (IL1RAPL1), interleukin-1 receptor
accessory protein (IL-1RAcP) and neurotrophin receptor tyrosine kinase C (TrkC), to
regulate synaptogenesis. Here, we determined the crystal structure of the human LAR-
RPTP/IL1RAPL1 complex and found that lateral interactions between neighboring LAR-
RPTP/IL1RAPL1 complexes in crystal lattices are critical for the higher-order assembly
and synaptogenic activity of these complexes. Moreover, we found that LAR-RPTP
binding to the postsynaptic adhesion ligands, Slitrk3, IL1RAPL1 and IL-1RAcP,
but not TrkC, induces reciprocal higher-order clustering of trans-synaptic adhesion
complexes. Although LAR-RPTP clustering was induced by either HS or postsynaptic
adhesion ligands, the dominant binding of HS to the LAR-RPTP was capable of
dismantling pre-established LAR-RPTP-mediated trans-synaptic adhesion complexes.
These findings collectively suggest that LAR-RPTP clustering for synaptogenesis is
modulated by a complex synapse-organizing protein network.

Keywords: LAR-RPTPs, postsynaptic ligand, synaptic adhesion molecules, higher-order clustering, heparan
sulfate, crystal structure

INTRODUCTION

Synapses, the fundamental functional elements of the nervous system, are formed via a highly
orchestrated process called synaptogenesis. This dynamic process involves several steps,
starting from axon-dendrite target selection and leading ultimately to the final assembly,
differentiation and stabilization of a mature synapse (Giagtzoglou et al., 2009). Synaptic adhesion
molecules play a central role in this process by forming trans-synaptic adhesion complexes.
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These complexes not only physically connect pre- and
post-synaptic neuronal membranes, they also initiate
bidirectional cellular signaling. The leukocyte common antigen-
related receptor protein tyrosine phosphatases (LAR-RPTPs),
including LAR, PTPσ and PTPδ in vertebrates, and dLAR in
Drosophila, have recently emerged as a major family of synaptic
adhesion molecules (Han et al., 2016a). Presynaptic LAR-RPTPs
induce synaptic differentiation by binding several postsynaptic
partners, including members of the Slit- and Trk-like family
of proteins (Slitrks), interleukin-1 receptor accessory protein
(IL-1RAcP), IL-1 receptor accessory protein-like 1 (IL1RAPL1),
neurotrophin receptor tyrosine kinase C (TrkC), netrin-G
ligand-3 (NGL-3), synaptic adhesion-like molecule 3 (SALM3)
and synaptic adhesion-like molecule 5 (SALM5; Woo et al.,
2009; Mah et al., 2010; Takahashi et al., 2011; Yoshida et al.,
2011, 2012; Yim et al., 2013; Choi et al., 2016). LAR-RPTPs
contain multiple splice sites—designated mini-exons A-D
(MeA-D), that produce diverse LAR-RPTP variants with and
without short peptide inserts (Pulido et al., 1995). Recent
progress in the structural characterization of trans-synaptic
adhesion complexes, including LAR-RPTPs bound to Slitrks,
TrkC, IL1RAPL1 or IL-1RAcP, have revealed the interaction
interface of these complexes as well as the significant role of
splice inserts, particularly that of MeA andMeB, in their selective
binding (Coles et al., 2014; Um et al., 2014; Yamagata et al.,
2015b). Each trans-synaptic adhesion complex appears to be
formed through interactions with different affinity, a selectivity
that permits fine-tuned modulation of synapse organization.
Interestingly, our previous report on the three-dimensional
structure of the LAR-RPTPs/Slitrk1 complex have demonstrated
that Slitrk1 mediates presynaptic differentiation through direct
binding to LAR-RPTPs and subsequent formation of clusters
of LAR-RPTP/Slitrk1 complexes (Um et al., 2014). It remains
elusive, however, that other Slitrk members and/or other
postsynaptic adhesion partners (e.g., IL1RAPL1, IL-1RAcP and
TrkC) can induce the LAR-RPTP clustering required for synapse
differentiation.

In addition to their role as synaptic adhesion molecules at
neuronal synapses, LAR-RPTPs regulate neuronal extension
and guidance at neuronal growth cones through direct binding
to heparan sulfate proteoglycans (HSPGs) or chondroitin
sulfate proteoglycans (CSPGs; Aricescu et al., 2002; Shen
et al., 2009; Coles et al., 2011). HSPG binding to PTPσ

induces PTPσ clustering at the neuronal growth cone and
promotes neurite outgrowth, whereas CSPG binding does
not induce PTPσ clustering and inhibits neuronal extension
and nerve regeneration. In addition to these functions in
neurogenesis and axonal guidance (Johnson et al., 2004;
Rawson et al., 2005), HSPGs, particularly glypican-4 (GPC-4),
has been reported to play a role in synaptogenesis. GPC-4
mediates excitatory synapse development by interacting
with both LRRTM4 in the postsynaptic membrane and
with PTPσ in the presynaptic membrane in a heparan
sulfate (HS)-dependent manner (Siddiqui et al., 2013;
de Wit et al., 2013; Ko et al., 2015). This suggests that
HSPGs play a critical role not only in neuronal growth
at axonal growth cones, but also in the regulation of

synaptic strength and synaptogenesis at neuronal synapses.
Furthermore, it is likely that switching between neuronal
growth and synapse formation is tightly regulated by a highly
orchestrated process involving complex synapse-organizing
proteins and an HSPG network. However, we did not yet
know whether HSPGs affect the formation of LAR-RPTP-
mediated trans-synaptic adhesion complexes and subsequent
synaptogenesis.

Here, we determined the crystal structure of the human
LAR-RPTP (PTPδ)/IL1RAPL1 complex and identified the
lateral molecular interactions between neighboring LAR-RPTP
(PTPδ)/IL1RAPL1 complexes in the crystal-packing lattices.
Notably, these interactions were found to be essential for
the formation of higher-order trans-synaptic adhesion
complex assemblies (PTPδ/IL1RAPL1 complexes) and for
IL1RAPL1-mediated presynaptic differentiation. Likewise,
the binding of LAR-RPTPs to other postsynaptic adhesion
molecules—Slitrk3 and IL-1RAcP (but not TrkC)—induces the
formation of higher-order trans-synaptic adhesion complex
assemblies. We also provide compelling evidence that HSPG,
but not CSPG, inhibits the interactions of LAR-RPTPs with their
postsynaptic ligands (Slitrk1, IL1RAPL1 and IL-1RAcP) and that
HSPGs can even disrupt pre-established LAR-RPTP-mediated
trans-synaptic adhesion complexes. Our results suggest that the
competitive advantage of HSPGs over postsynaptic adhesion
partners for LAR-RPTP binding can modulate LAR-RPTP-
mediated synaptogenesis.

MATERIALS AND METHODS

Construction of Expression Vectors
The constructs used in this study are summarized
in Supplementary Table S1. Briefly, for cell adhesion
assays, the extracellular domains of LAR-RPTPs and
their postsynaptic adhesion partners, Slitrk1 LRR1/2 (or
Slitrk1 LRR1), Slitrk3 LRR1/2, TrkC LRR-Ig1-2 (or TrkC
LRR-Ig1), IL1RAPL1 Ig1-3, or IL-1RAcP Ig1-3, were
cloned into the BglII and SalI sites of the pDisplay vector
(Invitrogen). For live-cell imaging, these extracellular domains
followed by the PDFGR transmembrane domain were
cloned into the EcoRI and BamHI sites of the pEGFP-N1
vector (Clontech). For protein expression of LAR-RPTPs
and their postsynaptic adhesion partners, Slitrk1 LRR1,
Slitrk3 LRR1, TrkC LRR-Ig1-2 (or TrkC LRR-Ig1), IL1RAPL1
Ig1-3 and IL-1RAcP Ig1-3, the indicated regions of each
target gene were cloned into modified pAcGP67A or
pVL1393 vectors (BD Biosciences), which encode either
protein A derived from pEZZ18 (GE Healthcare Life
Sciences) or the Fc domain of human IgG for affinity
purification.

Expression and Purification of
Recombinant Proteins
Recombinant proteins were expressed in High Five insect
cells (Invitrogen) by transfecting them with the corresponding
P4 baculovirus and incubating them at 28◦C for 3 days.
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After pelleting cells by centrifugation, the supernatants were
pooled and loaded onto IgG Sepharose resins (GE Healthcare
Life Sciences) to purify protein A-fused proteins, or protein
A Sepharose resins (GE Healthcare Life Sciences) to purify
Fc-fused proteins. The protein-bound resins were then washed
with 20 mM Tris-HCl pH 8.0, 200 mM NaCl and treated
with thrombin (0.5% (v/v)) in 20 mM Tris-HCl pH 8.0,
200 mM NaCl at 4◦C overnight to remove the C-terminal
tags (protein A or the Fc domain). To generate the Fc-fusion
proteins used for treating cells during live-cell imaging, we
eluted Fc-fused proteins with 100 mM glycine, pH 2.7 and
immediately neutralized the resulting solution with 100 mM
Tris-HCl, pH 8.0 instead of thrombin cleavage. The proteins
were then further purified by gel filtration chromatography
on a Superdex 200 column (GE Healthcare Life Sciences)
using a buffer containing 20 mM Tris-HCl pH 8.0, 200 mM
NaCl. The human PTPδ Ig1-3(+/+)/IL1RAPL1 Ig1-3 complex
was produced by mixing purified PTPδ Ig1-3(+/+) with
IL1RAPL1 Ig1-3 at a 1:1 molar ratio for 3 h at 4◦C. Any
unbound IL1RAPL1 Ig1-3 was removed by gel filtration
chromatography (buffer: 20 mM Tris-HCl pH 8.0, 200 mM
NaCl). Fractions containing PTPδ Ig1-3(+/+)/IL1RAPL1 Ig1-3
complexes were pooled and further concentrated to 5 mg/ml for
crystallization.

Crystallization and Structural
Determination
The sitting-drop vapor-diffusion method was used to grow
crystals of the PTPδ Ig1-3(+/+)/IL1RAPL1 Ig1-3 complex at
296 K. For this, 0.2 µl of protein (5 mg/ml) was mixed with
0.2 µl of crystallization buffer (100 mM Tris-HCl pH 7.5,
200 mM zinc acetate, 10% PEG8K [v/v]). For data collection
at 100 K, crystals were transferred to a cryo-protective solution
(100 mM Tris-HCl pH 7.5, 200 mM zinc acetate, 13% PEG8K
[v/v], 30% glycerol [v/v]) and flash-frozen in liquid nitrogen. We
found the PTPδ Ig1-3(+/+)/IL1RAPL1 Ig1-3 complex crystals
belonged to the space group P3212 and had the following
unit cell constants: a = 110.4 Å, b = 110.4 Å, c = 210.5
Å, α = 90◦, β = 90◦, γ = 120◦. After diffraction data were
collected at beamline 7A (Pohang Accelerator Laboratory),
they were reduced and integrated using the program HKL2000
(Otwinowski and Minor, 1997), and the initial phases were
calculated by molecular replacement using PHASER (McCoy
et al., 2005). The structures of the Ig1-2 domains from
PTPδ (PDB: 4RCA; Um et al., 2014) and IL1RAPL1 (PDB:
3O4O; Wang et al., 2010) were used as search probes for
structure determination. After several iterative rounds of model
building and refinement for the Ig1-2 domains of PTPδ and
IL1RAPL1 using COOT (Emsley and Cowtan, 2004) and
PHENIX (Adams et al., 2002), atomicmodels for the Ig3 domains
of both PTPδ and IL1RAPL1 were manually built and refined.
The statistics used for data collection and refinement are
summarized in Supplementary Table S2. A Ramachandran
plot analysis of the PTPδ Ig1-3(+/+)/IL1RAPL1 Ig1-3 complex
structure showed that 96.4%, 2.9% and 0.7% of residues were in
favored regions, allowed regions and outlier regions, respectively.

All structural figures were depicted using PyMOL (Molecular
Graphics System).

Live-Cell Imaging
For live-cell imaging, cultured COS-7 cells (ATCC) were
cultured in 96-well plates and transfected with 100 ng/well of
the indicated constructs using Lipofectamine LTX (Invitrogen).
For LAR-RPTP clustering analysis, cells were transfected
with PTPδ Ig1-FN3(+/+)-PDGFR_TM-EGFP or PTPσ Ig1-
FN3(−/−)-PDGFR_TM-EGFP. For postsynaptic adhesion
molecule clustering analysis, cells were transfected with
the indicated IL1RAPL1 Ig1-3-PDGFR_TM-EGFP variants
(wild type (WT) or E87A/E137R/N138A/R342D/H344D
mutant), Slitrk1 LRR1/2-PDGFR_TM-EGFP, Slitrk3 LRR1/2-
PDGFR_TM-EGFP, IL-1RAcP Ig1-3-PDGFR_TM-EGFP,
or TrkC LRR-Ig1-2-PDGFR_TM-EGFP. After 12–18 h,
cells were washed with Dulbecco’s phosphate-buffered
saline (DPBS) containing glucose (Invitrogen) and then
treated with 50 µg/ml of the indicated Fc-fused proteins
or Fc alone. Cells were then imaged once every 1 min for
10–20 min using a confocal microscope (Nikon A1) at
60× magnification. Clusters were detected by monitoring
fluorescent puncta formed by EGFP fused to the C-termini of
LAR-RPTPs or the indicated postsynaptic adhesion molecules.
ImageJ (NIH) was used to quantify accumulated clusters
on COS-7 cell membranes. For quantification, clusters
were defined as discrete puncta of EGFP fluorescence that
satisfied criteria of size (>2 pixel) and circularity (0.1–1.0).
The number of clusters per cell corresponding to each
figure was presented as means ± SEM (n = 7–10 COS-7
cells).

Cell Adhesion Assays
Cell adhesion assays were performed using L cells (ATCC). First,
two groups of L cells in 6-well plates were transfected with 2 µg
of the indicated expression vectors. After 36 h, the transfected
cells were trypsinized and re-suspended in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum
(FBS) and 1% antibiotics. The two groups of L cells—one
expressing EGFP and the indicated postsynaptic adhesion
partner and the other expressing DsRed and the indicated
LAR-RPTP—were mixed and rotated at room temperature for
2 h to allow the cells to aggregate. Thereafter, mixtures were
spotted onto 4-well culture slides (SPL), and the extent of
cell aggregation was imaged by confocal microscopy (LSM
510; Zeiss). The effect of HS or chondroitin sulfate (CS) on
pre-formed trans-synaptic adhesion complexes was measured
by treating mixed cell aggregates with or without 0.5 mg/ml
HS (Amsbio, GAG-HS01) or CS (Sigma, C4384) and then
incubating them for an additional 2 h. For quantification, cell
aggregates were defined as clusters containing at least two or
more cells that included at least one green (EGFP) and one
red (DsRed) cell. MetaMorph Software (Molecular Devices) was
used to measure the area of each region of cell aggregates.
The size of cell aggregates was presented as means ± SEM
(n = 12–15 fields from at least three independent experiments).
Areas smaller than the average size of a single cell were

Frontiers in Molecular Neuroscience | www.frontiersin.org October 2017 | Volume 10 | Article 32772

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Won et al. Modulation of LAR-RPTP Clustering

excluded from the analysis based on the definition of cell
aggregates.

Rat Hippocampal Neuron Culture
Cultured primary hippocampal neurons were prepared
from embryonic day 18 (E18) Sprague-Dawley rat brains
(KOATECK). Neurons were seeded on 25-mm poly-L-lysine
(1 mg/ml)-coated coverslips and cultured in neurobasal media
(Gibco) containing penicillin-streptomycin and 0.5 mM
GlutaMax (Gibco) supplemented with 2% B-27 (Gibco) and
0.5% FBS (Hyclone). All procedures were conducted according
to the guidelines and protocols for rodent experimentation
approved by the Institutional Animal Care and Use Committee
of KAIST.

Heterologous Synapse-Formation Assays
Heterologous synapse-formation assays were performed using
HEK293T cells (ATCC). Briefly, HEK293T cells were transfected
with EGFP (negative control), IL1RAPL1-WT (IL1RAPL1 Ig1-
3-PDGFR_TM-EGFP), or IL1RAPL1 mutant (IL1RAPL1 Ig1-
3-PDGFR_TM-EGFP [E87A/E137R/N138A/R342D/H344D])
using Lipofectamine LTX (Invitrogen). After 48 h, transfected
cells were trypsinized, seeded onto hippocampal neuron
cultures at 10 days in vitro (DIV10), and co-cultured for
an additional 48 h. At DIV12, cultured cells were fixed and
permeabilized by serially incubating in 1% paraformaldehyde
and pre-chilled 100% methanol (5 min each). Cells were then
incubated first with primary antibodies against EGFP (#1996;
Choi et al., 2006) and synapsin I (EMD Millipore), and then
with Cy3- and FITC-conjugated secondary antibodies (Jackson
ImmunoResearch). Images were acquired using a confocal
microscope (LSM780; Carl Zeiss). In quantifying the acquired
images, the contours of transfected HEK293T cells were set as the
region of interest. The fluorescence intensity of immunoreactive
puncta was normalized with respect to each HEK293T cell area,
and then MetaMorph Software (Molecular Devices) was used to
quantify both red and green channels. The data are presented as
means ± SEM (n = 15–20 HEK293T cells).

Grid Preparation for Negative-Stain
Transmission Electron Microscopy
A total of 40 ng of PTPδ Ig1-FN8(+/+) or PTPσ Ig1-FN3(+/+)
was applied to a glow-discharged carbon-coated 400mesh copper
grid (Electron Microscopy Science). For complex structures
containing HS or CS, PTPδ Ig1-FN8(+/+) or PTPσ Ig1-FN3(+/+)
were incubated with a 2-fold molar excess of HS (Amsbio, GAG-
HS01) or CS (Sigma, C4384) at 4◦C for 1 h, and then this mixture
was applied to a glow-discharged carbon-coated 400mesh copper
grid. After staining the grid with 0.75% uranyl formate solution
(Electron Microscopy Science) as previously described (Booth
et al., 2011), images were acquired using a Tecnai T12 Bio-TWIN
transmission electron microscope equipped with a FEI Eagle 4K
by 4K CCD camera, operating at 120 kV.

Size-Exclusion Chromatography
Trans-synaptic adhesion complexes were formed by incubating
Slitrk1 LRR1, IL1RAPL1 Ig1-3, or IL-1RAcP Ig1-3 with

the indicated LAR-RPTP Ig1-3s (PTPσ Ig1-3(+/+) or PTPδ

Ig1-3(+/+)) at a 1:1 molar ratio at 4◦C for 3 h. After incubation,
the mixtures were applied to a Superdex 200 10/300 GL
column (GE Healthcare Life Sciences) in a buffer consisting of
20 mM Tris-HCl (pH 8.0) and 50 mM NaCl. The formation
of trans-synaptic adhesion complexes was then detected as
forward shifts in the size-exclusion chromatography peaks of
each individual protein. The effect of HS or CS on pre-formed
trans-synaptic adhesion complexes were analyzed by incubating
each pre-formed trans-synaptic adhesion complex with a 2-fold
molar excess of HS (Amsbio, GAG-HS01) or CS (Sigma, C4384)
at 4◦C for an additional 3 h, followed by size exclusion
chromatography on a Superdex 200 10/300 GL column (GE
Healthcare Life Sciences) with a buffer consisting of 10 mM
Tris-HCl (pH 8.0) and 50 mM NaCl. To determine whether
HS inhibits the binding of LAR-RPTPs to their postsynaptic
adhesion partners, we pre-incubated LAR-RPTP Ig1-3s (PTPσ

Ig1-3(+/+) or PTPδ Ig1-3(+/+)) with a 2-fold molar excess
of HS at 4◦C for 3 h. We then incubated HS-bound PTPσ

Ig1-3 or PTPδ Ig1-3 with the same molar concentration of
Slitrk1 LRR1, IL1RAPL1 Ig1-3, or IL-1RAcP Ig1-3 for an
additional 3 h, followed by size-exclusion chromatography,
as described above. HS used in this study (Amsbio, GAG-
HS01) consists of threemajor disaccharide units—GlcA-GlcNAc,
IdoA-GlcNS andGlcA-GlcNS, of which the number of N-sulfates
per 100 disaccharides are 65 and the ratio of N-sulfation
and O-sulfation is 0.73. CS from shark cartilage (Sigma,
C4384) is composed of alternating units of GalNAc and GlcA
that can be sulfated at 6 and/or 4-position of the GalNAc.
Therefore, the distribution of sulfate groups (typically one to
two per disaccharide) along CS chains is relatively uniform,
whereas HS has high-sulfation regions (three groups per
disaccharide).

Statistical Analysis
All quantifiable data in this study are presented as
means ± SEM. We performed each experiment on ≥3
independent cultures and used ANOVAs followed by
Tukey’s post hoc tests to analyze the results (∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001). For analysis of the data and
representation of bar graphs, Prism5 (GraphPad) was
used.

Data Availability
The accession number for the coordinate of human PTPδ/human
IL1RAPL1 complex reported in this article is PDB: 5WY8.

RESULTS

Novel Lateral Interactions in the Human
PTPδ/IL1RAPL1 Complex
The previously reported crystal structure of mouse
PTPδ/IL1RAPL1 revealed that the synaptic adhesion molecule,
IL1RAPL1, may specifically bind to LAR-RPTPs through
an interaction in which splice inserts (both MeA and MeB)
play a critical role (Yamagata et al., 2015b). However, it was

Frontiers in Molecular Neuroscience | www.frontiersin.org October 2017 | Volume 10 | Article 32773

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Won et al. Modulation of LAR-RPTP Clustering

not yet clear whether binding of IL1RAPL1 to LAR-RPTPs
induces clustering of this trans-synaptic adhesion complex in
a manner similar to that of the LAR-RPTP/Slitrk1 complex
(Um et al., 2014). To address this, we determined the crystal
structure of human PTPδ Ig1-3 in complex with IL1RAPL1
Ig1-3 at 3.08 Å resolution (Figure 1A, Supplementary
Figure S1A and Supplementary Table S2). We found that
IL1RAPL1 Ig1-3 exhibits an L-shaped configuration and
that the V-shaped configuration of PTPδ Ig1-2 is clamped
between the IL1RAPL1 Ig1 and Ig3 domains via Ig1, Ig2 and
Ig3 patches (Figure 1B and Supplementary Figure S1B). Overall,
our structure of human PTPδ Ig1-3, IL1RAPL1 Ig1-3 and
their complex was not substantially different from the mouse
structure (PDB: 4YH7; Yamagata et al., 2015b). The Cα root
mean squared deviations for PTPδ Ig1-3 alone, IL1RAPL1 Ig1-3
alone and the PTPδ Ig1-3/IL1RAPL1 Ig1-3 complex were 1.41,
1.00 and 2.01 Å, respectively (Supplementary Figures S1C–E).
The Ig1 patch is formed mainly by hydrophilic interactions
between positively charged clusters on PTPδ (K59, N66,
R68, R88, R91 and R117) and negatively charged clusters on
IL1RAPL1 (E291, D292, E300 and E337; Figure 1B, red box).
These hydrophilic interaction networks are stabilized by the
hydrophobic interaction of P90 on PTPδ with Y282 and F289 on
IL1RAPL1. The Ig2 patch consists of both hydrophobic and
hydrophilic interactions (Figure 1B, yellow box). M130, L146,
A148, L178, P187 and A191 on PTPδ form a hydrophobic
network with W34, I38 and Y59 on IL1RAPL1. E181 and
R189 on PTPδ interact, respectively, with R61 and D37 on
IL1RAPL1 through ionic interactions. E181, T186 and P187 in
the MeA splice site of PTPδ stabilize the other Ig2 patch
interactions. The Ig3 patch is formed primarily by a broad range
of hydrophobic interactions that include those between P263,
M264, Y266, M282, I284 and M305 on PTPδ, and M75, Y77,
F85, P88 and A90 on IL1RPAL1 (Figure 1B, green box). In
addition, S73 on IL1RAPL1 forms hydrogen bonds with E279 on
PTPδ.

Intriguingly, we identified novel, discrete crystal packing
interactions between the adjacent PTPδ Ig1-3/IL1RAPL1 Ig1-3
complexes along the a-axis of our crystal structure’s unit
cell (Figure 1C and Supplementary Figure S2), neither of
which were observed in the structure of the mouse PTPδ Ig1-
2/IL1RAPL1 Ig1-3 complex (PDB: 5Y32) or the mouse PTPδ

full ECD/IL1RAPL1 Ig1-3 complex (PDB: 4YH7). Each PTPδ

Ig1 and IL1RAPL1 Ig3 pair forms a symmetrical interaction
interface with a neighboring PTPδ Ig1∗ and IL1RAPL1 Ig3∗

pair (Figure 1D), where the asterisk denotes domains or
residues in the neighboring complex. We designated this
lateral interaction, Interface I, which has a buried interaction
surface area of 972.7 Å (Figure 1D and Supplementary
Figure S3A). In Interface I, R342 and H344 of IL1RAPL1 form
reciprocal ionic interactions with E97∗ and E106∗ of PTPδ∗,
whereas D32 and R112 on PTPδ interact with R112∗ and
D32∗ on PTPδ∗. We also defined a second symmetrical
lateral interaction between neighboring PTPδ Ig1-3/IL1RAPL1
Ig1-3 complexes, designated Interface II, which is formed
by the PTPδ Ig3 and IL1RAPL1 Ig1 domains (Figure 1E
and Supplementary Figure S3B). In Interface II, E87 and

E137 on IL1RAPL1 Ig1 interact with the main-chain of
Q111∗ on IL1RAPL1∗ and R232∗ on PTPδ∗, respectively.
Interestingly, glycans (NAG2-BMA-MAN, shown in orange
stick in Figure 1E) attached to N138 on IL1RAPL1 also
participate in a broad range of interactions with the PTPδ∗

Ig3 domain. A sequence conservation analysis was performed
on the sequences listed in Supplementary Table S3, using the
AL2CO (Pei and Grishin, 2001; Pettersen et al., 2004). It showed
that the key residues at Interface I and Interface II involved
in the lateral interaction are highly conserved (Supplementary
Figure S3C).

Lateral Clustering of
PTPδ/IL1RAPL1 Complexes Is Critical for
Synaptogenesis
To further investigate the potential biological significance of
the lateral interactions observed in crystal packing, we first
examined whether PTPδ clustering is induced upon binding to
the postsynaptic partner, IL1RAPL1. To this end, we transiently
transfected COS-7 cells with a construct encoding the chimeric
protein, PTPδ Ig1-FN3-PDGFR_TM-EGFP, composed of the
extracellular Ig1-FN3 domain of PTPδ, the transmembrane
domain of PDGFR, and the intracellular EGFP. We then treated
the cells with Fc-fused IL1RAPL1 Ig1-3 (IL1RAPL1-Fc) and
measured the formation of PTPδ clusters by monitoring the
increase in EGFP puncta by live-cell imaging (Figure 2A). We
found that, similar to Slitrk1-mediated LAR-RPTP clustering
in our previous study (Um et al., 2014), IL1RAPL1-Fc
induced significant clustering of PTPδ in the cell membrane
(Figure 2A, left panel, and Figure 2D). However, the Fc-fused
IL1RAPL1 Ig1-3 mutant, E87A/E137R/N138A/R342D/H344D,
which disrupts lateral interactions, did not induce membrane
clustering of PTPδ (Figure 2A, right panel and Figure 2D),
despite the fact that the IL1RAPL1 mutant folds properly and
maintains its ability to bind PTPδ (Figures 2B,E).

Next, we investigated whether IL1RAPL1 mutants
defective for PTPδ clustering are also defective for LAR-
RPTP–mediated synaptogenic activity in heterologous synapse-
formation assays. In these experiments, HEK293T cells were
transfected with wild-type IL1RAPL1 (IL1RAPL1-WT) or
E87A/E137R/N138A/R342D/H344D mutant IL1RAPL1, and
co-cultured with hippocampal neurons for 2 days. Formation of
heterologous synapses mediated by IL1RAPL1 was monitored
by immunofluorescence detection of the presynaptic marker
protein, synapsin I (Figures 2C,F). The IL1RAPL1 mutant
exhibited significantly decreased presynaptic differentiation
activity compared with IL1RAPL1-WT, suggesting that
the lateral interaction interfaces we identified in the
crystal packing lattice are the primary mediators of
PTPδ/IL1RAPL1 complex clustering and their subsequent
promotion of synaptogenesis.

Mutual Clustering of Trans-Synaptic
Adhesion Complexes, Except TrkC
Since we have shown here and previously (Um et al., 2014)
that both IL1RAPL1 and Slitrk1 induce clustering of LAR-
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FIGURE 1 | Structure of the Human PTPδ/IL-1 receptor accessory protein-like 1 (IL1RAPL1) complex and lateral interactions between neighboring complexes.
(A) Overall structure of the human PTPδ Ig1-3/IL1RAPL1 Ig1-3 complex. Cartoon representations of PTPδ Ig1, Ig2 and Ig3 domains, and IL1RAPL1 Ig1-3 domain are
colored red, yellow, green and dark-blue, respectively. The MeA and MeB splice inserts are shown in cyan and magenta, respectively. The interaction patches,
divided into Ig1, Ig2 and Ig3 patches, are boxed in red, yellow and green, respectively. Zinc ions found in the crystal are shown as gray spheres. (B) Three binding
interfaces—Ig1, Ig2 and Ig3 patches—of the human PTPδ Ig1-3/IL1RAPL1 Ig1-3 complex. The residues involved in the interaction are shown as sticks and labeled,
and hydrogen/ionic interactions are indicated by black dashed lines. (C) Packing interactions in the crystal lattice of the PTPδ Ig1-3/IL1RAPL1 Ig1-3 complex. For
clarity, the two alternating PTPδ Ig1-3/IL1RAPL1 Ig1-3 complex are represented as deep (complex) and light (neighboring complex∗) colored surface, respectively.
The color scheme of complex is the same as that described in (A). The black box represents a unit cell. Lateral interactions in the crystal-packing lattice are boxed in
orange and light blue. The middle line of lateral oligomers is highlighted for clarity. (D,E) Close-up views of the crystallographic packing interactions shown in (C) at
Interface I (orange boxes) (D) and Interface II (light blue boxes) (E). PTPδ Ig1-3/IL1RAPL1 Ig1-3 complex and neighboring complex∗ in crystal lattice are presented as
surfaces (left) and open book views (right). The interacting regions and key residues at Interface I and Interface II are highlighted by orange circles and labeled.
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FIGURE 2 | Lateral interactions between PTPδ/IL1RAPL1 complexes are critical for their clustering and synapse formation. (A) Analysis of LAR-RPTP clustering
upon binding of Fc-fused IL1RAPL1 variants (wild type (WT) or E87A/E137R/N138A/R342D/H344D mutant). Confocal time-lapse images of PTPδ clustering induced
by IL1RAPL1 Ig1-3-Fc in COS-7 cells. PTPδ clustering was examined by treating COS-7 cells expressing PTPδ Ig1-FN3-PDGFR_TM-EGFP with 50 µg/ml of the
indicated IL1RAPL1 Ig1-3-Fc variant (WT or E87A/E137R/N138A/R342D/H344D mutant). Representative cell images before and 10 min after treatment are shown.
A magnified view of the yellow boxed area appears in the lower right corner of each image. Scale bars = 20 µm. (B) Representative images (left) and summary bar
graph (right) for cell adhesion assays. For these assays, one group of L cells co-expressing DsRed and pDis-PTPδ(+/+) was mixed with a second group of L cells
co-expressing EGFP and pDis-IL1RAPL1 WT (left) or pDis-IL1RAPL1 mutant (right). Scale bars = 200 µm. (C) Representative images of heterologous
synapse-formation assays. HEK293T cells expressing IL1RAPL1-WT (IL1RAPL1 Ig1-3-PDGFR_TM-EGFP) or IL1RAPL1 mutant (IL1RAPL1 Ig1-3-PDGFR_TM-EGFP
[E87A/E137R/N138A/R342D/H344D]) were co-incubated with cultured hippocampal neurons. After 48 h, co-cultured cells were immunostained with antibodies
against the excitatory presynaptic marker synapsin and EGFP. Scale bars = 10 µm. (D–F) Quantification of data presented in (A–C). Error bars represent SEM for
COS-7 cells (D; n = 7–10), L cells (E; n = 12–15) and HEK 293T cells (F; n = 15–20) from three independent experiments. Statistical significance was assessed by
ANOVA followed by Tukey’s post hoc tests (D) or Student’s t-test (E,F) (∗∗∗P < 0.001).

RPTP, we further examined whether the clustering of
LAR-RPTPs is mediated by other postsynaptic adhesion
partners, namely Slitrk3, IL-1RAcP and TrkC. We first

transiently transfected COS-7 cells with a construct encoding a
chimeric protein composed of the extracellular Ig1-FN3 domain
of LAR-RPTP (either PTPδ or PTPσ), the transmembrane
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domain of PDGFR, and the intracellular EGFP. We paired
these with the splice isoforms that showed the strongest
affinity for each postsynaptic ligand; these were PTPσ Ig1-FN3
MeA−MeB− for TrkC, and PTPδ Ig1-FN3 MeA+MeB+ for
Slitrk3 and IL-1RAcP (Han et al., 2016a; Figure 3A). Hereafter,
we denote MeA+MeB+, MeA+MeB−, MeA−MeB+ and
MeA−MeB− splice isoforms in chimeric constructs as +/+,
+/−, −/+ and −/−, respectively. We treated cells expressing
LAR-RPTP Ig1-FN3 (PTPσ Ig1-FN3(−/−)-PDGFR_TM-
EGFP or PTPδ Ig1-FN3(+/+)-PDGFR_TM-EGFP) with the
Fc-fused postsynaptic adhesion partners, Slitrk3 LRR1-Fc, TrkC
LRR-Ig1-2-Fc or IL-1RAcP Ig1-3-Fc, or Fc alone (negative
control), and measured the formation of LAR-RPTP clusters
by monitoring the increase in EGFP puncta. We found that
both Slitrk3-Fc and IL-1RAcP-Fc also induced significant
clustering of PTPδ in the cell membrane (Figure 3B, top and
Figure 3C). Surprisingly, we observed no significant clustering
of PTPσ upon treatment with TrkC-Fc (Figure 3B, middle
left and Figure 3C). Neurotrophin-3 (NT-3) was recently
reported to exert its modulatory effects on synaptogenesis by
enhancing interactions between axonal PTPσ and dendritic
TrkC (Ammendrup-Johnsen et al., 2015; Han et al., 2016b).
We therefore asked whether the dimeric NT-3/ecto-TrkC
(TrkC LRR-Ig1-2 domain) complex is capable of inducing
the clustering of PTPσ Ig1-FN3. Since the Fc dimer might
hinder NT-3–mediated dimerization of TrkC, we removed
the Fc tag from TrkC LRR-Ig1-2-Fc by digesting it with
thrombin and then produced dimeric NT-3/ecto-TrkC
complexes. Treatment of PTPσ-expressing cells with dimeric
NT-3/ecto-TrkC complexes does not induce PTPσ clustering,
indicating that TrkC fails to promote complex clustering,
even in the presence of NT-3 (Figure 3B, middle right and
Figure 3C).

Next, we examined whether binding of LAR-RPTPs
reciprocally induces clustering of post-synaptic adhesion
partners. To this end, we applied LAR-RPTP Ig1-3-Fc to
COS-7 cells expressing Slitrk1 LRR1/2, Slitrk3 LRR1/2, TrkC
LRR-Ig1-2, IL1RAPL1 Ig1-3, or IL-1RAcP Ig1-3 attached
to the PDGFR transmembrane domain and an intracellular
EGFP. The first three Ig domains (Ig1-3) of LAR-RPTPs
constitute the minimal binding region, but the binding of
LAR-RPTPs to Slitrks, TrkC, IL1RAPL1, or IL-1RAcP depends
on a specific LAR-RPTP splice insert. Accordingly, we used
PTPδ Ig1-3(+/+)-Fc for Slitrk3, IL1RAPL1 and IL-1RAcP,
and PTPσ Ig1-3(−/−)-Fc for TrkC. We observed a gradual
clustering of the postsynaptic adhesion molecules, Slitrk1,
Slitrk3, IL1RAPL1 and IL-1RAcP at the cell membrane after
treatment with the LAR-RPTP-Fc isoforms (Figure 3D, top
and Figure 3F). In contrast, TrkC showed no clustering
in response to PTPσ Ig1-3-Fc (Figures 3E,F). Fc alone did
not induce any meaningful clustering of LAR-RPTPs or
postsynaptic adhesion partners (Figures 3B,D,E, bottom).
These results suggest that LAR-RPTP–mediated trans-
synaptic adhesion complexes mutually induce their own
lateral clustering in both presynaptic and postsynaptic
membranes, although TrkC appears to be the exception to
this rule.

Competitive Inhibition of LAR-RPTP
Trans-Synaptic Adhesion Complex
Formation by HS
Negative-stain electron microscopy and cluster assays on the
cell membrane confirmed that HS promotes clustering not
only of PTPσ, the reported cellular receptor for HSPG, but
also of PTPδ. In contrast, CS did not induce PTPσ or PTPδ

clustering in solution or on the cell membrane (Supplementary
Figure S4), a finding consistent with a previous report
(Coles et al., 2011). Because both HS and the postsynaptic
adhesion molecules Slitrks, IL1RAPL1 and IL-1RAcP can
induce oligomerization of LAR-RPTPs in the membrane, we
asked whether the LAR-RPTP clustering elicited by these
different ligands (i.e., postsynaptic adhesion partners and
HSPG) is cooperative or competitive. The crystal structures
of PTPδ/Slitrk1, PTPδ/IL1RAPL1 and PTPδ/IL-1RAcP trans-
synaptic adhesion complexes showed that the HS-binding
surfaces of the LAR-RPTP Ig1 domains are distinct from
the Slitrk1- and IL-1RAcP-binding surfaces and only partially
overlap with the IL1RAPL1-binding surface (Figure 4A; Um
et al., 2014; Yamagata et al., 2015a,b).

We therefore examined whether LAR-RPTPs can form
a ternary complex with HS and the postsynaptic adhesion
molecules Slitrk1, IL1RAPL1 and IL-1RAcP by monitoring
peak position in size-exclusion chromatography analysis
after mixing HS with trans-synaptic adhesion complexes
(i.e., PTPδ/Slitrk1, PTPδ/IL1RAPL1, or PTPδ/IL-1RAcP).
Surprisingly, following incubation of the PTPσ/Slitrk1 complex
with a 2-fold excess of HS, we observed a peak shift in the
chromatography profile toward oligomeric PTPσ Ig1-3 species
(Figure 4B, blue curve, left), with a corresponding dissociation
of Slitrk1 LRR1 (Figure 4B, blue box, right). This result
suggests that HS binding to PTPσ induces dissociation of the
PTPσ/Slitrk1 complex, despite the fact that the HS-binding
and Slitrk1-binding surfaces in PTPσ do not overlap. Next,
we mixed HS with PTPσ to induce oligomerization of PTPσ

Ig1-3, and then incubated the resulting complexes with
Slitrk1 (Figure 4B, black curve, left); this completely inhibited
PTPσ/Slitrk1 complex formation (Figure 4B, black box,
right). Interestingly, the addition of CS to PTPσ/Slitrk1 trans-
synaptic adhesion complexes did not affect the binding of
Slitrk1 to PTPσ or induce any higher-order oligomerization
(Figure 4B, green curve and box). Similarly, we found that HS
treatment induced dissociation of the PTPδ/IL1RAPL1 and
PTPδ/IL-1RAcP trans-synaptic adhesion complexes, whereas
CS treatment did not (Figures 4C,D and Supplementary
Figure S5). These results indicate that dominant binding of HS
to the LAR-RPTP induces the dissociation of postsynaptic
adhesion molecules from their trans-synaptic adhesion
complexes, PTPδ/Slitrk1, PTPδ/IL1RAPL1 and PTPδ/IL-
1RAcP.

We further performed cell adhesion assays to examine this
HS-induced dissociation of trans-synaptic adhesion complexes
on the cell membrane. To this end, we incubated L cells
co-expressing each postsynaptic ligand and EGFP with another
group of cells co-expressing the corresponding LAR-RPTP

Frontiers in Molecular Neuroscience | www.frontiersin.org October 2017 | Volume 10 | Article 32777

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Won et al. Modulation of LAR-RPTP Clustering

FIGURE 3 | Complex Formation between LAR-RPTPs and postsynaptic adhesion partners induces mutual clustering. (A) Schematic domain structure of
LAR-RPTPs and their postsynaptic adhesion partners. Abbreviations: Ig, Ig-like domain (Ig1, red; Ig2, yellow; and Ig3, green); F, fibronectin-like domain (gray); D1 and
D2, phosphatase domains; N, N-termini; C, C-termini; LRR, leucine-rich repeat; TIR, Toll/interleukin-1 receptor homology; TK, tyrosine kinase. The LRR1 and
LRR2 domains of Slit- and Trk-like family of proteins (Slitrks) are shown in dark blue and light blue, respectively. The relative positions of the MeA, MeB, MeC and
MeD splice inserts are indicated by arrowheads. (B) Postsynaptic adhesion partner binding induces LAR-RPTP clustering. Confocal time-lapse images of LAR-RPTP
clustering in COS-7 cells induced by the addition of Fc-fused postsynaptic adhesion partners. COS-7 cells expressing PTPδ Ig1-FN3(+/+)-PDGFR_TM-EGFP (top) or
PTPσ Ig1-FN3(−/−)-PDGFR_TM-EGFP (middle) were treated with 50 µg/ml of the indicated Fc-fused postsynaptic adhesion partner. COS-7 cells expressing PTPδ

Ig1-FN3(+/+)-PDGFR_TM-EGFP or PTPσ Ig1-FN3(−/−)-PDGFR_TM-EGFP were treated with Fc alone as a control (bottom). Representative cell images before and
10 min after the treatment are shown. A magnified view of the yellow boxed area appears in the lower right corner of each image. Scale bars = 20 µm.
(C) Quantification of data presented in (B). A summary bar graph corresponding to the number of clusters accumulated in COS-7 cells is shown. Error bars in bar
graphs represent SEM from 7 to 10 different cells from three independent experiments. Statistical significance was assessed by ANOVA followed by Tukey’s post hoc
test (∗∗∗P < 0.001). (D,E) LAR-RPTP binding induces postsynaptic adhesion partner clustering. Confocal time-lapse images of postsynaptic adhesion partner
clustering in COS-7 cells induced by the addition of Fc-fused LAR-RPTPs. COS-7 cells expressing Slitrk1 LRR1/2-PDGFR_TM-EGFP,
Slitrk3 LRR1/2-PDGFR_TM-EGFP, IL-1RAPL1 Ig1-3-PDGFR_TM-EGFP, IL-1RAcP Ig1-3-PDGFR_TM-EGFP (D) or TrkC LRR-Ig1-2-PDGFR_TM-EGFP (E) were
treated with 50 µg/ml of Fc alone or Fc-fused LAR-RPTPs, as indicated. Representative cell images before and 10 min after treatment are shown. A magnified view
of the yellow boxed area appears in the lower right corner of each image. Scale bars = 20 µm. (F) Quantification of data presented in Figures 3D,E. Summary bar
graph corresponding to the number of clusters accumulated in COS-7 cells is shown. Error bars in bar graphs represent SEM from 7 to 10 different cells from three
independent experiments. Statistical significance was assessed by ANOVA followed by Tukey’s post hoc tests (∗∗∗P < 0.001).
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FIGURE 4 | Dissociation of Trans-synaptic adhesion complexes by heparan sulfate (HS). (A) Surface views of the crystal structures of the trans-synaptic adhesion
complexes, PTPδ Ig1-3/Slitrk1 LRR1 (PDB: 4RCA), PTPδ Ig1-3/IL1RAPL1 Ig1-3 (PDB: 5Y32 and 5WY8) and PTPδ Ig1-3/IL-1RAcP Ig1-3(PDB: 4YFD). PTPδ and
PTPσ are colored white. Slitrk1, IL1RAPL1 and IL-1RAcP are colored yellow, green and cyan, respectively. Potential HS-binding lysine patches on PTPδ and PTPσ

(i.e., K68/K69/K71/K72 for PTPσ and K59A/K60A/K62A/K63A for PTPδ) are colored blue. (B–D) Size-exclusion chromatography (SEC) analysis to monitor the
effects of HS and chondroitin sulfate (CS) on the interactions between the LAR-RPTPs, PTPσ Ig1-3 (B) or PTPδ Ig1-3 (C,D), and their corresponding postsynaptic
adhesion partners, Slitrk1 LRR1 (B), IL1RAPL1 Ig1-3 (C) and IL-1RAcP Ig1-3 (D) (left). Trans-synaptic adhesion complexes (red), trans-synaptic adhesion complexes
incubated with 2-fold molar excess of HS (blue), trans-synaptic adhesion complexes incubated with 2-fold molar excess of CS (green), and HS/LAR-RPTP
complexes incubated with postsynaptic adhesion partners (black) were applied to a Superdex 200 10/300 GL column, and gel-filtration fractions were analyzed by
SDS-PAGE and visualized by silver staining (right). Retention volumes are indicated above the gel images.

isoform and DsRed for 2 h at room temperature. In this
assay, an increase in cell aggregation appears as an increase in
fluorescence co-localization (yellow), indicating the presence of
trans interactions between LAR-RPTPs and their postsynaptic
adhesion partners (i.e., Slitrk1, IL1RAPL1, or IL-1RAcP;
Figures 5A–C, WT control). To measure the effects of HS and
CS on these trans-synaptic adhesion complexes, we incubated
pre-formed cell aggregates with 0.5 mg/ml HS or CS for
an additional 2 h. Consistent with our biochemical (size-
exclusion chromatography) results (see Figure 4), we found
that HS induced dissociation of pre-formed cell aggregates

mediated by PTPσ/Slitrk1, PTPδ/IL1RAPL1 and PTPδ/IL-
1RAcP trans-synaptic adhesion complexes. In contrast, CS
had no effect (Figures 5A–C, WT+HS and WT+CS and
Figures 5D–F).

To confirm that the specific binding of HS to LAR-RPTPs
mediates the observed disruption of trans-synaptic adhesion
complexes, we performed an additional round of cell
adhesion assays using LAR-RPTPs containing HS-binding
site mutations (K68A/K69A/K71A/K72A for PTPσ and
K59A/K60A/K62A/K63A for PTPδ; Aricescu et al., 2002;
Coles et al., 2011). These LAR-RPTP HS-binding-site mutants
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FIGURE 5 | HS Inhibits Trans interactions between cells expressing LAR-RPTPs and postsynaptic ligands. (A–F) Representative images (A–C) and summary bar
graphs (D–F) for cell adhesion assays. In these assays, one group of L cells co-expressing DsRed and the indicated LAR-RPTP variant (pDis-PTPσ WT(+/+),
pDis-PTPδ WT(+/+), pDis-PTPσ∆K(+/+) or pDis-PTPδ∆K(+/+)) was mixed with a second group of L cells co-expressing EGFP and the indicated postsynaptic
adhesion partner (pDis-Slitrk1, pDis-IL1RAPL1, or pDis-IL-1RAcP) without HS. The effect of HS or CS on pre-formed trans-synaptic adhesion complexes was
measured by treating mixed cell aggregates with 0.5 mg/ml HS or CS. Scale bars = 200 µm. Error bars represent SEM for 12–15 different cells from three
independent experiments. Statistical significance was assessed by ANOVA with a Tukey’s post hoc test (∗∗∗P < 0.001).

are hereafter referred to as LAR-RPTP∆Ks. LAR-RPTP∆Ks
were able to form normal trans-synaptic interactions with their
postsynaptic synaptic adhesion partners (Figures 5A–C, ∆K
control and Figures 5D–F) because the mutated HS-binding
lysine residues do not participate in these interactions (Coles
et al., 2014; Um et al., 2014; Yamagata et al., 2015b). In
contrast to findings obtained with WT LAR-RPTPs, HS
treatment had no effect on the appearance of pre-formed
aggregates between cells expressing LAR-RPTP∆Ks and their
postsynaptic adhesion partners (Figures 5A–C, ∆K+HS and
Figures 5D–F), probably because HS are unable to bind
LAR-RPTP∆K. This indicates that the specific binding of
HS to the LAR-RPTP disturbs the trans-synaptic interactions
between presynaptic LAR-RPTPs and their postsynaptic

adhesion partners, leading to dissociation of cell-to-cell
contacts.

Together, our results indicate that HS binding to LAR-RPTPs
is favored, although the higher-order assembly of LAR-RPTPs
can be induced either by HS or the postsynaptic adhesion
molecules, Slitrks, IL1RAPL1 and IL-1RAcP (Figure 6).

DISCUSSION

The higher-order assembly of adhesion complexes, like those
formed by β-neurexin/neuroligin (Dean et al., 2003; Tanaka
et al., 2012), Eph receptor/ephrin (Himanen et al., 2010;
Seiradake et al., 2010), cadherins (Harrison et al., 2011)
and SynCAM1 (Fogel et al., 2011), is a general hallmark
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FIGURE 6 | Model for the modulation of LAR-RPTP clustering by both heparan sulfate proteoglycans (HSPGs) and postsynaptic adhesion partners. (A) A schematic
representation of the lateral clustering of a trans-synaptic PTPδ Ig1-3/IL1RAPL1 Ig1-3 complex. The crystal structures of PTPδ Ig1-3/IL1RAPL1 Ig1-3 complexes are
depicted as cartoons in the synaptic cleft. (B) The local concentration of HS or HSPG controls the state of LAR-RPTPs in a manner that blocks physical access to
various postsynaptic adhesion partners (left). When the HS or HSPG level is decreased, postsynaptic adhesion partners bind to LAR-RPTPs, inducing the clustering
of trans-synaptic adhesion complexes and subsequent synaptogenesis (right). (A,B) Fibronectin III domains and cytosolic tandem phosphatase domains of the
LAR-RPTP are represented by gray and rounded orange boxes, respectively. The cytosolic TIR domains of IL1RAPL1 and IL-1RAcP are represented by orange
rhombuses and labeled.

of adhesion-mediated cellular processes. Assembly of such
oligomeric complexes is initiated by trans-interactions between
the ecto-domains of adhesion partners in opposing membranes.
These complexes, in turn, undergo lateral (cis) clustering,
leading to the higher-order assembly of trans-adhesion
complexes.

In this study, we determined the crystal structure of
the human PTPδ Ig1-3/IL1RAPL1 complex, revealing that
novel lateral interaction interfaces between neighboring trans-
synaptic adhesion complexes are crucial for the clustering
of PTPδ/IL1RAPL1 complexes as well as their synaptogenic

activity, similar to the case for LAR-RPTP/Slitrk1 trans-synaptic
adhesion complexes (Um et al., 2014). Interestingly, binding of
either IL1RAPL1 or Slitrk1 induced LAR-RPTP clustering, but
the critical residues for the clustering of these trans-synaptic
adhesion complexes were not identical (Supplementary Figure
S2), suggesting that the specific interface that drives their
clustering is dependent on the post-synaptic adhesion ligand.

The higher-order assembly of the trans-synaptic adhesion
complex, LAR-RPTP/IL1RAPL1, not only sheds light on the
adhesion architecture of these complexes, but also provides
clues about the potential mechanism of signal transduction that
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occurs upon cell adhesion. IL1RAPL1, which belongs to a novel
class of the TIR (Toll/IL-1 receptor domain) family, consists
of three Ig-like domains, a single transmembrane segment,
the TIR domain, and a C-terminal domain (Yoshida et al.,
2011). In general, the intracellular TIR domain of TIR family
receptors, such as Toll-like receptors (TLRs) and IL-17Rs, are
juxtaposed upon ligand binding and subsequent dimerization,
thereby activating a cytoplasmic signaling cascade. Interestingly,
we noted that C-termini of neighboring IL1RAPL1 extracellular
domains in the crystal lattice of the PTPδ Ig1-3/IL1RAPL1
Ig1-3 complex lie ∼35 Å apart (Figure 6A). This coincides
with the distance between the two TIR domains of a ligand-
bound TLR dimer as well as the distance between each
intracellular TIR domain in the structure of the dimeric
IL1RAPL1 TIR domain (PDB: 1T3G; Khan et al., 2004; Park
et al., 2009). We therefore speculate that when the LAR-RPTP
binds IL1RAPL1 and induces lateral clustering of trans-synaptic
adhesion complexes, it brings the cytosolic TIR domains of
neighboring IL1RAPL1s into close enough proximity to induce
the recruitment of downstream adaptor molecules. As is the
case for typical dimerization of the TIR domain, this would
activate downstream signaling cascades in the postsynaptic
neuron. Moreover, the clustering of LAR-RPTPs induced by
various postsynaptic adhesion partners (i.e., Slitrks, IL1RAPL1
and IL-1RAcP) may facilitate the efficient organization of the
presynaptic liprin-α/CASK/liprin-β–mediated supramolecular
signaling complex (Wei et al., 2011) to regulate diverse
presynaptic cellular signaling and differentiation processes.
Further experiments will be necessary to fully explore this
hypothesis.

TrkC binds neurotrophin NT-3 through its Ig2 domain and
presynaptic PTPσ through its LRR and Ig1 domains (Figure 3A;
Takahashi et al., 2011). The fact that these domains do not
overlap suggests that TrkC can interact simultaneously with
NT-3 and PTPσ. Although the requirement of NT-3 binding
to the PTPσ/TrkC complex for glutamatergic postsynaptic
differentiation is somewhat controversial (Takahashi et al.,
2011; Ammendrup-Johnsen et al., 2015; Han et al., 2016b),
we found here that neither TrkC alone nor the TrkC/NT-
3 complex promoted higher-order assemblies of trans-synaptic
adhesion PTPσ/TrkC complexes. This result is radically different
from findings obtained with the other postsynaptic adhesion
partners, Slitrk1, Slitrk3, IL1RAPL1 and IL-1RAcP (Figure 3).
According to Takahashi et al. (2011) however, the artificial
surface aggregation of TrkC using beads coated with either
anti-TrkC antibody or PTPσ induces co-clustering of PSD-95
and the NMDA receptor NR1 subunit, leading to glutamatergic
postsynaptic differentiation. Therefore, we cannot exclude the
possibility that TrkC binding to PTPσ alone, or with the aid of
additional factors (e.g., NT-3), might mediate lateral clustering of
trans-synaptic adhesion complexes (PTPσ/TrkC) and activation
of the bi-directional signaling necessary for synaptogenesis.

Knockout mice deficient for HS synthesis are known to
exhibit specific brain malformations (Inatani et al., 2003). In
the Drosophila neuromuscular junction, knockdown of two
different enzymes that regulate HSPG sulfation induce opposing
effects, either weakening or strengthening neurotransmission

(Dani et al., 2012). HS- and CS-bound PTPσ in axons
exert opposing effects on neuronal extension (Coles et al.,
2011), suggesting that HS/HSPGs and CS/CSPGs modulate
distinct downstream signaling pathways during neuronal growth
depending on their modulation of the oligomeric status of LAR-
RPTPs. Interestingly, HS on presynaptic GPC-4 mediates the
interactions between presynaptic LAR-RPTPs and postsynaptic
LRRTM4 for excitatory synaptic transmission (Ko et al., 2015).
It has also been suggested that HSPG in association with
polysialylated neural cell adhesion molecule (NCAM) can
activate FGF receptors (FGFR), thus stimulating differentiation
of presynaptic specializations (Dityatev et al., 2004; Dityatev
and El-Husseini, 2006). Accumulating evidence clearly suggests
that HS moieties in HSPGs regulate the strength of a neuronal
adhesion and thus affect neuronal connectivity. In this study,
we found that HS affected LAR-RPTP-mediated trans-synaptic
adhesion complexes. LAR-RPTPs interacted exclusively with HS
or the postsynaptic adhesion partners Slitrks, IL1RAPL1 and
IL-1RAcP, but the dominant binding of HS to LAR-RPTPs
effectively disrupted pre-formed LAR-mediated trans-synaptic
adhesion complexes (Figures 4, 5). Although the detailed
molecular mechanisms underlying these observations should
be further explored, the islands of high sulfation present in
HS, but not CS, may promote close packing and clustering
of LAR-RPTP (Coles et al., 2011), leading to a potential
clash between postsynaptic adhesion partners and neighboring
LAR-RPTPs, and the subsequent dissociation of postsynaptic
adhesion partners from trans-synaptic adhesion complexes.
Therefore, we speculate that LAR-RPTPs transit between
HS-bound oligomers and trans-synaptic adhesion complexes,
depending on the amount of HSPGs or soluble HS in the
synaptic cleft (Figure 6B). In other words, HS or HSPGs
can serve as molecular modulators of the initiation and/or
termination of synaptic connections mediated by presynaptic
LAR-RPTPs and their postsynaptic adhesion partners Slitrks,
IL1RAPL1, IL-1RAcP and TrkC. It is also conceivable that HSPG
may induce the LAR-RPTPs to exchange their postsynaptic
adhesion partners from Slitrks, IL1RAPL1, IL-1RAcP, or TrkC
to members of the LRRTM or FGFR for synaptogenesis
and activity-dependent remodeling of synapses. It would be
of great interest to investigate the ability of glycans to
disrupt trans-synaptic adhesion as a function of HS and
CS concentration, degree of sulfation and polymerization.
Furthermore, an interesting question for future research would
be to determine whether LAR-RPTP binding to HS/HSPGs
or different postsynaptic adhesion partners (Slitrks, IL1RAPL1,
IL-1RAcP, or TrkC) transmits distinct signals toward pre-
or postsynaptic compartments and whether the properties
of synapses induced by direct trans-synaptic adhesion can
be different from those induced through incorporation of
HSPGs.

In conclusion, LAR-RPTP clustering can be induced
by either HS or the postsynaptic adhesion ligands Slitrks,
IL1RAPL1 and IL-1RAcP (but not TrkC), but the dominant
binding of HS to LAR-RPTPs can dismantle pre-established
LAR-RPTP–mediated trans-synaptic adhesion complexes.
Our results emphasize the complexity of the protein networks at
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synapses and highlight our need to understand how they organize
neuronal synapses. Such understanding would likely contribute
to the future development of therapeutic interventions for
cognitive and neuropsychiatric diseases, especially autism
spectrum disorders, which have been linked to patient mutations
in LAR-RPTPs, their postsynaptic adhesion partners, and
HSPGs.
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GABAergic inhibitory neurons in the cerebellum are subdivided into Purkinje cells
and distinct subtypes of interneurons from the same pool of progenitors, but the
determinants of this diversification process are not well defined. To explore the
transcriptional regulation of the development of cerebellar inhibitory neurons, we
examined the role of Tfap2A and Tfap2B in the specification of GABAergic neuronal
subtypes in mice. We show that Tfap2A and Tfap2B are expressed in inhibitory
precursors during embryonic development and that their expression persists into
adulthood. The onset of their expression follows Ptf1a and Olig2, key determinants of
GABAergic neuronal fate in the cerebellum; and, their expression precedes Pax2, an
interneuron-specific factor. Tfap2A is expressed by all GABAergic neurons, whereas
Tfap2B is selectively expressed by interneurons. Genetic manipulation via in utero
electroporation (IUE) reveals that Tfap2B is necessary for interneuron specification and
is capable of suppressing the generation of excitatory cells. Tfap2A, but not Tfap2B, is
capable of inducing the generation of interneurons when misexpressed in the ventricular
neuroepithelium. Together, our results demonstrate that the differential expression of
Tfap2A and Tfap2B defines subtypes of GABAergic neurons and plays specific, but
complementary roles in the specification of interneurons in the developing cerebellum.
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INTRODUCTION

The cerebellum plays a critical role in sensory-motor integration and is important for the precise
coordination of body, limb and eye movements as well as adaptation and learning of motor
skills (Eccles et al., 1967; Thach and Bastian, 2004; Ito, 2006). The ability of the cerebellum
to carry out these tasks relies on the specification of distinct classes of cerebellar neurons and
the assembly of these neurons into functional circuits during development. Despite consisting
of less than 10 percent of all neurons in the cerebellum (Andersen et al., 1992; Korbo et al.,
1993), the different subtypes of inhibitory neurons play important roles in cerebellar function
by providing feedback and feedforward inhibition (Eccles et al., 1967; Ito, 2006). Cerebellar
cortical inhibitory neurons use gamma-aminobutyric acid (GABA) and/or glycine and are made
up of four major subtypes: stellate, basket, Purkinje and Golgi cells (Miale and Sidman, 1961;
Sillitoe and Joyner, 2007). Stellate and basket cells provide feedforward inhibition to Purkinje cells
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and together regulate motor learning and adaptation as well as
fine motor movements (Eccles et al., 1967; De Zeeuw et al.,
1998; Wulff et al., 2009; Heiney et al., 2014). Golgi cells,
on the other hand, provide feedback inhibition to granule
cells to regulate motor coordination and compound movement
(Watanabe et al., 1998; D’Angelo et al., 2013). Even though
the electrophysiological and morphological properties as well
as, to some extent, functional relevance of cerebellar inhibitory
neurons have been examined (Palay and Chan-Palay, 1974; Ito,
2006), the molecular mechanisms underlying the diversification
of distinct subtypes of cerebellar inhibitory neurons are not well
defined.

There is growing evidence that the specification of inhibitory
neuronal identity in the cerebellum is controlled by the
expression of a set of transcription factors (Pascual et al., 2007;
Zordan et al., 2008; Hori andHoshino, 2012; Hoshino, 2012; Leto
and Rossi, 2012). GABAergic neurons of the cerebellar cortex
originate from the ventricular neuroepithelium and express basic
helix-loop-helix (bHLH) transcription factor Ptf1a, which is
required for generation of stellate, basket, Purkinje and Golgi
cells (Hoshino et al., 2005; Pascual et al., 2007; Yamada et al.,
2014). GABAergic projection neurons, the Purkinje cells, are
generated by progenitors within the cerebellar ventricular zone
(VZ) and require Corl2/Skor2 for differentiation (Minaki et al.,
2008; Nakatani et al., 2014). Another bHLH transcription factor,
Olig2, is expressed in the embryonic VZ, and some Olig2-
expressing cells differentiate into Purkinje cells (Seto et al.,
2014b; Ju et al., 2016). GABAergic interneurons in the cerebellar
cortex, which include stellate, basket and Golgi cells, and in
the deep cerebellar nuclei (DCN), are generated in the same
region and express Pax2 as GABAergic interneuron precursors
that proliferate in the white matter (WM) layer (Maricich and
Herrup, 1999; Leto et al., 2006, 2009; Weisheit et al., 2006). A
set of homeobox transcription factors Lhx1/5 is expressed by all
GABAergic postmitotic neurons, however, deletion of Lhx1 and
Lhx5 results only in the loss of Purkinje cells, but not GABAergic
interneurons (Zhao et al., 2007). Even though a transcriptional
program for cerebellar GABAergic neuronal specification is
emerging, whether differentially expressed transcription factors
have the capability to specify GABAergic interneurons has not
yet been identified.

Transcriptome analysis has revealed a number of
transcription factors that are regulated by Ptf1a including
Lhx1, Lhx5, Corl2, Ngn2 and Pax2 (Borromeo et al., 2014; Russ
et al., 2015). Also included in this list are two members of the
Transcription Factor AP-2 (Tfap2) family of proteins Tfap2A
and Tfap2B (Meredith et al., 2013; Borromeo et al., 2014; Jin
et al., 2015; Russ et al., 2015). Tfap2A and Tfap2B have been
demonstrated to play important roles for the development of a
variety of tissues including the nervous system, kidney, skeleton,
skin, limbs and the eye (Schorle et al., 1996; Zhang et al., 1996;
Nottoli et al., 1998; West-Mays et al., 1999; Eckert et al., 2005;
Seberg et al., 2017). For instance, in the developing nervous
system, Tfap2A and Tfap2B are required for the survival of
sympathetic and sensory ganglia progenitors (Schmidt et al.,
2011). In the developing mouse retina, Tfap2A and Tfap2B have
been shown to promote the differentiation of GABAergic and

glycinergic amacrine cells (Jin et al., 2015). Thus, these two
members of the Tfap2 family of transcription factors appear to
regulate proliferation and survival of various cell types and may
also be involved in the specification of distinct neuronal subtypes
during development.

In addition to the sympathetic and sensory ganglia, both
Tfap2A and Tfap2B transcripts are expressed in the developing
and mature mouse cerebellum (Moser et al., 1995, 1997;
Shimada et al., 1999), but the neuronal subtypes within the
cerebellum that express these transcription factors have not yet
been determined. Moreover, the functional significance of these
transcription factors in the specification of cerebellar neuronal
subtypes is not known. In this study, we examine the expression
pattern and function of Tfap2A and Tfap2B in the mouse
cerebellum. First, we assessed the spatial-temporal expression
of Tfap2A and Tfap2B across embryonic and postnatal stages.
Next, we compared their expression with cell type-specific and
developmental markers. Finally, using in utero electroporation
(IUE), we explored the functional significance of Tfap2A
and Tfap2B during the development of cerebellar GABAergic
neuronal subtypes.

MATERIALS AND METHODS

Animals
C57BL/6JInv mice were used in this study. All mice were
housed and bred in Agency for Science, Technology and
Research Biological Resource Centre on a 12 h light/dark cycle
with free access to food and water. This study was carried
out in accordance with the recommendations of Agency for
Science, Technology and Research Biological Resource Centre.
All protocols were approved by the Institute of Animal Care
and Use Committee in accordance with the National Advisory
Committee for Laboratory Animal Research guidelines.

Immunohistochemistry
Mice were anesthetized with 2.5% Avertin [0.025 g/mL 2,2-2
Tribomoethanol (Sigma) in 2-Methyl-2-butanol (Sigma)] prior
to perfusion with 0.9% saline and 4% paraformaldehyde (Sigma).
Early postnatal tissues were then post-fixed for 1 h while
adult tissues were post-fixed overnight in 4% paraformaldehyde.
Pregnant mice were euthanized using carbon dioxide gas
chamber and confirmed through cervical dislocation. Embryos
were collected in 4% paraformaldehyde and post-fixed for
30 min. All tissues were preserved overnight in 30% sucrose
(1st BASE) and stored in −80◦C in O.C.T compound (Sakura
Finetek). All tissues were sectioned at 16–20 µm using a cryostat
(ThermoScientific).

Tissue sections were permeabilized with 0.3% Triton-X
(OmniPur) in phosphate buffered saline (PBS; 1st Base) for
10 min and blocked for 1 h with 2% horse serum (Invitrogen)
and 0.1% Triton-X in PBS. The sections were then incubated with
primary antibodies overnight in 4◦C. On the following day, the
tissues were washed with 0.1% Triton-X in PBS for 3 min three
times and incubated with secondary antibodies for 1 h. Tissue
sections were again washed and stained with DAPI before being
mounted with a coverslip.
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Primary antibodies used were as follows: rabbit anti-Tfap2B
(1:10,000; gift from T. Jessell, Columbia University), rabbit
anti-Ptf1a (1:1000; gift from C. Wright, Vanderbilt University),
rabbit anti-Tfap2A (1:500; Santa Cruz Bio Technology),
goat anti-Pax6 (1:500; Santa Cruz Bio Technology) and
mouse anti-Pax2 (1:500; Santa Cruz Bio Technology),
mouse anti-Tfap2A (2 µg/mL; developed by T. Williams,
Developmental Studies Hybridoma Bank) and mouse anti-
Lhx1/5 (2 µg/mL; developed by T. Jessell, Developmental
Studies Hybridoma Bank), goat anti-Olig2 (1:250; R&D), mouse
anti-Calbindin (1:5000; Swant) and goat anti-Parvalbumin
(1:5000; Swant), rat anti-green fluorescent protein (GFP)
(1:1000; Nacalai Tesque) and rat anti-RFP (1:500; Chromotek).
Secondary antibodies used were as follows: Donkey anti-Rabbit
Alexa Fluor 488, Donkey anti-Rabbit Alexa Fluor 647, Donkey
anti-Goat Alexa Fluor 555, Donkey anti-Mouse Alexa Fluor 647,
Donkey anti-Rat Alexa Fluor 488 and Donkey anti-Rat Alexa
Fluor 555 (1:1000; Molecular Probes).

Generation of Expression Constructs
For overexpression (OE) studies, pCDH lentivector (pEF1-
MCS-IRES-RFP) was used (System Bioscience, #CD531A-2).
Individual transfer vectors containing open reading frames of
Tfap2A and Tfap2B (GeneArt Invitrogen) were sub-cloned into
multiple cloning site (MCS) of pCDH lentivector. Plasmids
were digested with XbaI and NotI (New England Biolabs)
restriction enzymes and isolated on 1% agarose gel. Digested
plasmids were ligated using T7 DNA ligase (New England
Biolabs) for 20–22 h at 16◦C. For knockdown studies,
pLL3.7 lentivector (pU6-MCS-CMV-GFP; Addgene) was used to
express target short hairpin RNA (shRNA) under U6 promoter
and GFP reporter controlled by cytomegalovirus (CMV)
promoter. DNA oligonucleotides which will be transcribed into
shRNA were designed using Invitrogen BLOCK-iTTM RNAi
Designer. It comprised of XhoI overhang (5′ TCGA 3′) on
the 5′ end of the antisense strand and a short hairpin loop
(5′ TTCAAGAGA 3′). Targeting sequence used for scramble is
5′ TGCCCTACCACCGAGGTCAA 3′, for Tfap2A knockdown
is 5′ TGACAACATTCCGATCCCAATG 3′ and for Tfap2B
knockdown is 5′ TGCATGGACAAGATGTTCTTGA 3′. Forty
micromolar of sense and antisense oligonucleotides diluted
in 1X T4 DNA ligase buffer (New England Biolabs) were
annealed by boiling at 100◦C for 10 min and cooled to
room temperature. Subsequently, both the pLL3.7 and annealed
oligonucleotides were digested, separately, with XhoI and HpaI
(New England Biolabs). Ligation was carried out similar
to the OE construct. Cloned vectors were sequenced by
Institute of Molecular and Cellular Biology, DNA Sequencing
Facility.

Western Blot
Human embryonic kidney 293T (HEK-293T) cells were seeded at
a density of 500,000 cells per well in a 6-well tissue culture plate
a day before transfection. OPTI-MEM reduced serum media
(Gibco) was used to dilute 1 µg of DNA as well as Lipofectamine
2000 reagent (Invitrogen). Lipid-DNA mixture was introduced
into the cells and was incubated for 48 h before protein isolation.

Cells were washed once with PBS before proteins were
isolated using M-PER mammalian protein extraction reagent
(Pierce) which is supplemented with phosphatase inhibitor
tablet (Pierce) and protease inhibitor cocktail (Sigma). Proteins
were subsequently quantified via colorimetric assay (Bio-Rad)
according to manufacturer’s protocol. Twenty microgram of
proteins were used for fractionation by SDS-PAGE and
transferred to a PVDF membrane using iBlotr Dry Blotting
System (Invitrogen). After incubation with 2% Bovine Serum
Albumin (BSA) diluted in TBS-T (10 mM Tris [pH 8.0], 150 mM
NaCl, 0.5% Tween 20) for an hour, this blocking buffer was
decanted and primary antibodies were incubated overnight
at 4◦C.

The primary antibodies used were as follows: rabbit
anti-Tfap2A (1:500; Santa Cruz Bio Technology), rabbit
anti-Tfap2B (1:500; Santa Cruz Bio Technology), and mouse
anti-GAPDH (0.05 µg/mL; Sigma). On the next day, membranes
were washed with TBS-T thrice, for 10 min each before being
incubated with appropriate secondary antibodies. The secondary
antibodies used were diluted in blocking buffer as follows:
anti-mouse IgG fragment-peroxidase antibody produced in
goat (1:3000; Sigma) and anti-rabbit IgG fragment-peroxidase
antibody produced in goat (1:3000; Sigma). Membrane was
washed again, similarly, before being developed with the ECL
system (Cell Signaling) according to manufacturer’s protocol.

In Utero Electroporation
C57BL/6J pregnant mice were anesthetized with 2% isoflurane
throughout the procedure and were kept warm using a
homeothermic blanket. Hair on the abdomen area was shaved
and skin cleaned with cotton swabs soaked in 70% ethanol. A
small incision (5–10 mm) on the abdomen through the midline
was done and gauze moistened with 42◦C 0.9% saline was placed
around the incision. Another incision on the muscle was made
and both of the uterine horns were carefully placed on the
gauze. From time to time, the exposed embryos were moistened
with warm saline. 2–5 µL of purified plasmids (1 µg/µL) with
Fastgreen Dye (0.1 mg/mL) were delivered into the fourth
ventricle using a glass capillary. Electrodes were positioned in
between the ventricles and five pulses of 250 mV for 50 ms
each, were delivered. Uterine horns were returned into the
peritoneal cavity and warm saline was added before the lining of
cavity and the skin was sutured. Mice were given Meloxicam for
post-operative pain management.

Image and Cell Count Analysis
Confocal images from immunohistochemistry were captured
using Zeiss LSM-710 Confocal Microscope System (Axio Imager
Z2 Stand) on ZEN2011. All images were processed with ImageJ
(National Institute of Health).

For the Tfap2-Pax2 cell count analysis, two sagittal sections
were obtained from the vermis region of each of the three
brains and cells were counted, Using ImageJ, specific regions
of interest were manually drawn around all nuclei positive
for Tfap2A, Tfap2B and Pax2 and were subsequently scored.
Immuno-positive neurons were then grouped and percentages
were calculated.
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Analysis for in utero electroporation experiments was assessed
by counting all, transfected cells in the WM layer from multiple
sagittal sections (approximately 10–25 sections, 100–500 cells)
were counted for three brains. Cells were scored for the
respective molecular markers and percentages were calculated.
Experimental groups were compared against control groups.

Statistical Analysis
A non-parametric student’s t-test was carried out in all the
experiments that require statistical analysis. Data represents
mean± SEM. All data was analyzed with GraphPad Prism 6. The
statistical data are described in each figure legend.

RESULTS

Analysis of the Spatial Expression Pattern
of Tfap2A and Tfap2B in the Developing
and Mature Cerebellum
In order to uncover the involvement of Tfap2 transcription
factors in the development of GABAergic neurons and determine
their functional relevance, we analyzed the expression of Tfap2A
and Tfap2B in the developing mouse cerebellum. We first
assessed whether Tfap2A and Tfap2B are expressed in the
rhombic lip (RL) and the intermediate domain of rhombomere
(r)1, where the first cerebellar neurons such as glutamatergic
DCN neurons and GABAergic Purkinje cells are generated at
embryonic day (E) 10.5 (Hoshino et al., 2005; Machold and
Fishell, 2005; Wang et al., 2005). The expression of both Tfap2A
and Tfap2B was not detected in either of these regions at
this stage (Figures 1A,B). At E12.5, we observed expression of
Tfap2A and Tfap2B in the WM layer of the cerebellum, located
superior to the VZ where GABAergic neurons are produced
(Figures 1C,D; Hoshino et al., 2005). The expression of Tfap2B
appears to be more widespread than Tfap2A at this stage which
may reflect the expression of Tfap2B in non-cerebellar cell
types (Figures 1C–F). Since GABAergic neurons transit in the
WM before they reassemble to specific layers in the cerebellar
cortex (Zhang and Goldman, 1996; Maricich and Herrup,
1999; Leto et al., 2009), our results suggest that Tfap2A+ and
Tfap2B+ cells partake a GABAergic neuron migratory pathway
and are expressed by GABAergic precursors in the embryonic
cerebellum.

To determine whether the expression of Tfap2A and Tfap2B
is maintained during late embryogenesis through postnatal
stages, we analyzed their expression in perinatal and postnatal
cerebellar tissues. The spatial expression pattern of Tfap2A
and Tfap2B at E15.5 and P0 supports our earlier observations
that Tfap2A and Tfap2B are expressed by GABAergic neurons
(Figures 1E–H). In P10 and adult cerebellum, we found
Tfap2A+ neurons in the molecular layer (ML), Purkinje cell
layer (PCL) and internal granular layer (IGL; Figures 1I,K).
Tfap2A is expressed by a subset of calbindin+ Purkinje
cells in the developing cerebellum suggesting that it could
mark early-onset Purkinje cell clusters which disperse after
birth (Figure 1G, Supplementary Figures S1A–D). However,
colocalization analysis in the coronal orientation in the adult

FIGURE 1 | Spatiotemporal expression pattern of Tfap2A and Tfap2B in the
cerebellum. (A,B) Expression of both Tfap2A (green, A) and Tfap2B
(magenta, B) is not detected in the cerebellar derivatives in r1 at E10.5.
(C–H) Expression of Tfap2A and Tfap2B is detected in the underlying WM at
E12.5 (C,D) and E15.5 (E,F) where inhibitory neurons transit after exiting the
VZ. At early postnatal stages, P0 and P10, Tfap2A, but not Tfap2B, is
expressed in the PCL (G,I). In addition, by P10 both Tfap2A+ (I) and Tfap2B+

cells (J) have entered the lower half of the ML and the IGL. (K,L) In the mature
cerebellum at P150, Tfap2A expression (K) is detected in the ML, PCL and
IGL whereas Tfap2B expression (L) is restricted to the ML and IGL. Analysis
performed on cerebellar vermal region of sagittal sections. Abbreviations: EGL,
external germinal layer; IGL, internal granular layer; ML, molecular layer; NTZ,
nuclear transitory zone; PCL, Purkinje cell layer; RL, rhombic lip; r1,
rhombomere 1; VZ, ventricular zone; WM, white matter. Scale bar = 100 µm.

cerebellum revealed that Tfap2A is uniformly expressed in
parvalbumin+ Purkinje cells (Supplementary Figures S1E–H).
These results indicate Tfap2A is expressed in a subset of Purkinje
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FIGURE 2 | Expression of Tfap2A and Tfap2B is restricted to GABAergic
neuronal subtypes in the adult cerebellum. (A–R) Analysis of the expression of
Tfap2A and Tfap2B with cell type-specific molecular markers in the adult
cerebellar cortex. At P60, Tfap2A (green) is coexpressed with PVA (red) in the
ML and PCL (A–C) and with mGluR2 (red) in the IGL (D–F). Tfap2B (green) is
coexpressed with PVA (red) only observed in the ML (J–L) and with mGluR2
(red) in the IGL (M–O). No Tfap2A (G–I) or Tfap2B (P–R) expression (green) is
detected in NeuN+ granule cells (red) in the IGL. Analysis performed on
cerebellar vermal region of sagittal sections. Broken circles indicate cells with
colocalized expression, continuous circles indicate no colocalization.
Abbreviations: IGL, internal granular layer; ML, molecular layer; PCL, Purkinje
cell layer. Scale bar = 10 µm.

cells during development, but is expressed by all Purkinje
cells in the adult cerebellum. Tfap2B+ neurons, on the other
hand, are only detected in the ML and IGL (Figures 1J,L).

Thus, due to their overlapping expression pattern, we compared
the expression of Tfap2A and Tfap2B with cell-type specific
molecular markers in the adult cerebellum.We show that Tfap2A
is found in stellate, basket and Purkinje cells, which are all labeled
by parvalbumin (Figures 2A–C). Tfap2A is also found in Golgi
cells, which are labeled by mGluR2 (Figures 2D–F). Tfap2B, on
the other hand, is expressed only by stellate, basket and Golgi
cells (Figures 2J–O). Neither Tfap2A nor Tfap2B is observed in
NeuN+ granule cells (Figures 2G–I,P–R). Additionally, analysis
of the DCN also shows that Tfap2A, but not Tfap2B, labels
small GABAergic neurons in all three nuclei (Supplementary
Figure S2). Thus, analysis of the temporal and spatial expression
pattern of Tfap2A and Tfap2B indicates that they are expressed
as early as E12.5 in the cerebellum when GABAergic neurons are
produced, and that their expression persists into adulthood.

Molecular Distinctions between Tfap2A+

and Tfap2B+ Neurons in the Developing
Cerebellum
To define the identity of Tfap2A+ and Tfap2B+ cells in
the early developing cerebellum, we differentiated regions of
the embryonic cerebellum with relevant molecular markers of
GABAergic lineage at E12.5. The VZ can be demarcated by Ptf1a,
a transcription factor responsible for differentiation of neural
precursors into GABAergic neuron precursors (Hoshino et al.,
2005; Yamada et al., 2014). The cerebellar VZ can also be marked
by two other transcription factors namely Olig2 and Pax2 which
contribute to Purkinje cell and interneuron development (Seto
et al., 2014a,b; Ju et al., 2016). We observed an overlap in the
expression of Ptf1a and Olig2 which demonstrates that Olig2-
expressing cells are GABAergic precursors (Figures 3A–C).
Therefore, Tfap2A and Tfap2B are primarily expressed by cells
in the VZ and WM (Figures 3D–F). However, we observed
some Tfap2B+ cells which do not express Tfap2A in the VZ
(Figures 3D–F). Thus, the expression pattern at E12.5 indicates
that Tfap2A+ cells consist of a subset of Tfap2B+ cells
and suggests that their expression defines distinct neuronal
subpopulations.

To determine whether Tfap2A and Tfap2B are expressed by
mitotic or postmitotic GABAergic neurons, we assessed whether
these cells express transcription factors Lhx1/5 (postmitotic),
Olig2 and Pax2 (both mitotic and postmitotic; Maricich and
Herrup, 1999; Chizhikov et al., 2006; Morales and Hatten, 2006;
Zhao et al., 2007). In the VZ, most Tfap2A+ cells express
both Olig2 and Lhx1/5, indicating that these cells in the VZ
are early postmitotic GABAergic neurons (Figures 3G–J). In
contrast, some Tfap2B+ cells in the VZ express Olig2 while others
express both Olig2 and Lhx1/5 (Figures 3K–N). Thus, ∼50% of
Olig2-expressing cells express Tfap2A while ∼100% of Olig2-
expressing cells express Tfap2B (Figures 3G–N; data not shown).
Together, these numbers suggest that Tfap2B+ cells in the VZ
consist of both mitotic as well as early postmitotic GABAergic
cells. Tfap2A+ and Tfap2B+ cells in the WM only express
Lhx1/5 indicating that they are postmitotic GABAergic neurons
(Figures 3G–N). These results show that Tfap2A+ and Tfap2B+
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FIGURE 3 | Tfap2A and Tfap2B are expressed in GABAergic precursors.
(A–C) At E12.5, Ptf1a (red, A) and Olig2 (green, B) expression is
predominantly localized in the VZ. Overlapping Ptf1a and Olig2 expression is
observed in the intermediary region of the VZ (broken circle). (D–F) Tfap2A
(red, D) and Tfap2B (green, E) are coexpressed in the VZ and WM.
(G–J) Expression of Tfap2A (red) colocalizes with Olig2 (green) and Lhx1/5
(blue) in the VZ (broken circle). However, not all Olig2-expressing cells in the
VZ express Tfap2A (continuous circle, J). (K–N) The expression of Tfap2B
also colocalizes with Olig2 and Lhx1/5 (broken circle). In addition, all
Olig2-expressing cells express Tfap2B (circle). Analysis performed on
cerebellar vermal region of sagittal sections. Broken circles indicate cells with
colocalized expression, continuous circles indicate no colocalization.
Abbreviations: VZ, ventricular zone; WM, white matter. Scale bar = 10 µm.

cells at E12.5 are GABAergic, and Tfap2A labels postmitotic cells
while Tfap2B labels both mitotic and postmitotic cells in the VZ.

Hierarchical Expression of Ptf1a, Tfap2A/B
and Pax2 in the Developing Cerebellum
The expression of Tfap2A and Tfap2B is not observed in
the VZ delineated by Ptf1a, but is expressed together with
Olig2, suggesting Ptf1a expression precedes Tfap2A and Tfap2B
(Figures 3G–N; Hoshino et al., 2005). In addition, Tfap2A+ and
Tfap2B+ cells also overlap with Pax2 indicating that these cells
identify for interneuron precursors (Supplementary Figure S3).
To determine the temporal expression pattern of Tfap2A and
Tfap2B in relation to cerebellar neuronal markers, we compared
their expression at E15.5 and E18.5 with Pax2 and RORα,
molecular markers for GABAergic interneuron precursors and
postmitotic Purkinje cells, respectively (Nakagawa et al., 1997;
Maricich and Herrup, 1999; Ino, 2004; Weisheit et al., 2006).
Purkinje cells are specified in the VZ while interneurons
diversifies later in the WM (Miale and Sidman, 1961; Palay
and Chan-Palay, 1974; Leto et al., 2006, 2009). At E15.5,
RORα expression is localized in the dorsal region and spreads
under the external germinal layer (EGL; Figures 4A,C,D,F).
On the other hand, Pax2 expression is more limited to the

FIGURE 4 | Tfap2A and Tfap2B expression precedes Pax2 in the developing
cerebellum. (A–F

′′′
) At E15.5, Tfap2A is expressed by a subset of RORα+

Purkinje cells (green) and Pax2+ interneurons (blue) (A) while Tfap2B is
expressed by only Pax2+ interneurons (D). Expression of RORα is localized
mostly at the dorsal region of the cerebellum (B

′
–B

′′′
, E

′
–E

′′′
) while the

expression of Pax2 is localized near the ventral region (C
′
–C

′′′
,F

′
–F

′′′
).

(G–L
′′′

) At E18.5, the same Tfap2A+ and Tfap2B+ subpopulations persist,
but with different distributions. (M) Quantification of three Tfap2A+ neuronal
subpopulations (E15.5: Tfap2A+/RORα+ = 43 ± 3%,
Tfap2A+/Pax2+ = 37 ± 2%, Tfap2A+-alone = 20 ± 5%; E18.5:
Tfap2A+/RORα+ = 35 ± 1%, Tfap2A+/Pax2+ = 42 ± 3%,
Tfap2A+-alone = 23 ± 4%). (N) Quantification of two Tfap2B+ neuronal

(Continued)
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FIGURE 4 | Continued
subpopulations (E15.5: Tfap2B+/Pax2+ = 54 ± 3%,
Tfap2B+-alone = 42 ± 3%; E18.5: Tfap2B+/Pax2+ = 86 ± 3%,
Tfap2B+-alone = 14 ± 3%). (O,P) Analysis of Pax2+ neuronal population
indicates that most Pax2+ interneurons express Tfap2A (E15.5: 97 ± 1%,
E18.5: 89 ± 4%) and Tfap2B (E15.5: 88 ± 4%, E18.5: 90 ± 2%) at both
E15.5 and E18.5. Analysis performed on cerebellar vermal region of sagittal
sections. Continuous circles indicate colocalization of Tfap2 with RORα and
broken circles indicate colocalization of Tfap2 with Pax2. Values represent
mean ± SEM, n = 3 mice, 2 sections per mouse, ∗p ≤ 0.05, ∗∗p ≤ 0.01.
Scale bar = 100 µm (A,D,G,J), 10 µm (cropped images).

ventral region (Figures 4A,B,D,E). In E18.5 cerebellum, RORα

is expressed in the PCL while Pax2 expression is restricted to the
WM (Figures 4H,I,K,L). This pattern of expression defines the
migrating status of Purkinje cells and GABAergic interneuron
precursors from the VZ to the WM and finally to the cerebellar
cortex providing us with the basis for analysis of Tfap2A and
Tfap2B expression during this process.

At both E15.5 and E18.5, we identified three Tfap2A
subpopulations (Tfap2A+/Pax2+, Tfap2A+/RORα+ and
Tfap2A+-alone) consisting of Purkinje cells and interneurons
(Figures 4A–C,G–I). At these stages, we also identified
two Tfap2B subpopulations (Tfap2B+/Pax2+ and Tfap2B+-
alone) made up of only interneurons, but not Purkinje cells,
consistent with the lack of Tfap2B expression in Purkinje
cells in the adult cerebellum (Figures 4D–F,J–L, see also
Figures 2J–L). To examine the expression dynamics of Tfap2A
and Tfap2B subpopulations, we analyzed sagittal sections of
the cerebellum and examined the changes in the distribution
of each subpopulation. Between E15.5 to E18.5, we detected
a 5% increase in Tfap2A+/Pax2+ cells and a 3% increase in
cells expressing only Tfap2A, although these changes are not
statistically significant (p = 0.394; Figure 4M). We observed an
increase in Tfap2B+/Pax2+ cells from 54% to 86% and a decrease
in cells expressing only Tfap2B from 42% to 14% (p ≤ 0.01;
Figure 4N). These changes suggests that cells previously
expressing only Tfap2A or Tfap2B are now also expressing
Pax2, and that, perhaps, Tfap2A+ and Tfap2B+ cells become
GABAergic interneurons expressing Pax2 as they mature in
the WM. Analysis of changes in Pax2 expression between
E15.8 and E18.5 revealed that ∼92% of Pax2+ cells express
Tfap2A and ∼89% express Tfap2B, indicating majority of
Pax2+ interneurons express Tfap2A and Tfap2B (Figures 4O,P).
Together, these results provide evidence that the expression of
Tfap2A and Tfap2B precedes the expression of Pax2 and raise
the possibility that Tfap2A and Tfap2B regulate the expression
of Pax2.

Manipulation of the Expression of Tfap2A
and Tfap2B in GABAergic Precursors
To investigate the functional relevance of Tfap2A and Tfap2B
during the development of GABAergic neuronal subtypes, we
set out to manipulate the expression of Tfap2A and Tfap2B
via IUE. We first generated knockdown constructs containing
short hairpin RNA (shRNA) under mouseU6 promoter and GFP
under CMV promoter (pU6-shRNA-CMV-GFP; Figure 5A).

We also generated cDNA constructs expressing either Tfap2A
or Tfap2B and red fluorescent protein (RFP) separated by
Internal Ribosomal Entry Site (IRES) sequence under the
elongation factor 1 (EF1) promoter (pEF1-cDNA-IRES-RFP;
Figure 5B). To determine the efficiency and specificity of these
constructs, knockdown and OE plasmids were co-transfected
into HEK-293T cells which do not normally express either of
these transcription factors. Following that, western blot was
carried out to identify the most efficient and specific shRNA
that targets the respective member of Tfap2. We found that
pU6-2Ash2 and pU6-2Bsh2 to be most efficient and specific in
targeting Tfap2A and Tfap2B expression, respectively, so they
were subsequently used for in vivo experiments (Figures 5C,D).

For IUE experiments, plasmid constructs were delivered into
the fourth ventricle (4v) of E12.5 wild-type (WT) embryos.
Cells lining the 4v, which includes the VZ and RL with
sparse Tfap2A and Tfap2B expression, were transfected via
electroporation (Figures 5E,F, Supplementary Figure S4). After
3 days, transfected neurons from the VZ migrate anteriorly
into the WM while neurons originating from the RL migrate
tangentially over the cerebellar surface before descending into
the WM (Figure 5G). Therefore, we analyzed the identity of
transfected cells which have migrated into the WM. In control
or scrambled experiments, ∼33% of GFP+ cells express Tfap2A
while ∼22% express Tfap2B (Figures 5H,J,N,P). In knockdown
experiments, Tfap2A knockdown reduces the percentage of
transfected cells expressing Tfap2A by 10-fold while Tfap2B
knockdown reduces the percentage of transfected cells expressing
Tfap2B by 20-fold (Figures 5H–J,N–P). In the OE experiments,
we observed a ∼three-fold and five-fold increase in the
number of transfected cells expressing Tfap2A and Tfap2B,
respectively (Figures 5K–M,Q–S). This strategy provides means
to manipulate Tfap2 expression in vivo through suppression and
induction of their expression.

Consequences of Manipulating Tfap2A and
Tfap2B Expression on Specification of
GABAergic Interneurons
Ptf1a is a major determinant of specification of GABAergic
neuronal fate (Pascual et al., 2007; Hori and Hoshino,
2012; Yamada et al., 2014), but determinants of GABAergic
interneurons vs. GABAergic projection neurons are limited.
To assess the capability of Tfap2A and Tfap2B in directing
the specification of GABAergic neuronal subtypes, we analyzed
consequences of misexpressing each transcription factor on the
expression of neuronal markers, Pax2, Pax6 and CBP which
correspond to GABAergic interneurons, glutamatergic neurons
and Purkinje cells, respectively. We first examined whether
misexpression of Tfap2A or Tfap2B is sufficient to regulate
Pax2 expression. We did not observe any changes in the number
of Pax2+ interneurons in Tfap2B-misexpressed cells compared
to control (Figures 6A,C,D). Interestingly, we observed a ∼16%
decrease in the number of Pax6+ excitatory cells within Tfap2B-
misexpressed cells compared to control (Figures 6E,G,H). Next,
we assessed consequences of misexpressing Tfap2A. Despite
the inability of Tfap2B to change the number of Pax2+

Frontiers in Molecular Neuroscience | www.frontiersin.org August 2017 | Volume 10 | Article 28191

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Zainolabidin et al. Tfap2A/B and GABAergic Interneuron Specification

FIGURE 5 | Manipulating the expression of Tfap2A and Tfap2B. (A,B) Plasmid constructs used to manipulate the expression of Tfap2A and Tfap2B. (C,D) Testing
OE and knockdown constructs in vitro in human embryonic kidney 293T (HEK-293T) cells. Co-transfection revealed that 2Ash2 and 2Bsh2 are the most efficient (left)
and specific (right) in knocking down Tfap2A (C) and Tfap2B (D) expression respectively. (E–G) Strategy for manipulating Tfap2A and Tfap2B expression in utero and
experimental timeline. Transfected cells originating from the VZ migrate into the WM (yellow arrow, G) while cells originating from the RL migrate tangentially along the
external germinal layer (EGL) before descending into the WM (red arrow, G). (H–M) Tfap2A-knockdown abolishes Tfap2A expression (3 ± 2% vs. 33 ± 3% in

(Continued)
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FIGURE 5 | Continued
controls, p ≤ 0.01; (H–J) control: n = 3 mice, 115 cells in 11 sections; 2A k/d:
n = 3 mice, 187 cells in 14 sections) while ectopic expression of Tfap2A results
in an increase in Tfap2A+ cells (84 ± 6% vs. 30 ± 4% in controls, p ≤ 0.01;
(K–M) control: n = 3 mice, 372 cells in 17 sections; 2A OE: n = 3 mice,
276 cells in 12 sections). (N–S) Similarly Tfap2B-knockdown abolishes Tfap2B
expression (1 ± 1% vs. 22 ± 6% in controls, p ≤ 0.01; (N–P) control:
n = 3 mice, 121 cells in 11 sections; 2B k/d: n = 3 mice, 192 cells in
12 sections) while ectopic expression of Tfap2B results in an increase in
Tfap2B+ cells (82 ± 5% vs. 18 ± 3% in controls, p ≤ 0.01; (Q–S) control:
n = 3 mice, 276 cells in 12 sections; 2B OE: n = 3 mice, 366 cells in
13 sections). Continuous circles indicate a lack of colocalization and broken
circles indicate colocalization of transfected cells with respective markers.
Abbreviations: 4v, 4th ventricle; EGL, external germinal layer; EV, empty
vector; k/d, knockdown; OE, overexpression; RL, rhombic lip; WM, scr,
scramble; white matter; VZ, ventricle zone. Values represent the mean ± SEM,
∗p ≤ 0.05, ∗∗p ≤ 0.01. Scale bar = 100 µm (G), 10 µm (H,I,K,L,N,O,Q,R).

interneurons, we found a two-fold increase in the number of
Pax2+ interneurons in Tfap2A-misexpressed cells relative to
control in the WM (Figures 6A,B,D). No change was observed
in the number of Pax6+ RL-derived cells within Tfap2A-
misexpressed cells (Figures 6E,F,H). Additionally, misexpression
of Tfap2A or Tfap2B had no impact on the expression of CBP
(Figures 6I–L). Together we show that the expression of Tfap2A,
but not Tfap2B, has the ability to direct specification of Pax2+

GABAergic interneurons. Conversely, the expression of Tfap2B,
but not Tfap2A can suppress the expression of Pax6.

To determine the requirements of Tfap2 for specification of
GABAergic neurons, we assessed the effects of knocking down
the expression of Tfap2A or Tfap2B on the expression of Pax2,
Pax6 and CBP at E15.5. We found a ∼15% reduction in the
number of Pax2+ interneurons in Tfap2B-knockdown cells in
the WM (Figures 7A,C,D). In contrast, no change in number of
Pax2+ interneurons were observed in Tfap2A-knockdown cells
(Figures 7A,B,D). Knockdown of Tfap2A or Tfap2B had no
impact on the expression of Pax6 as predicted (Figures 7E–H).
Knockdown of Tfap2B results in a modest reduction in the
number of CBP+ Purkinje cells, although Purkinje cells do
not typically express Tfap2B (Figures 2, 7J–L). No change
in number of CBP+ cells was detected following Tfap2A
knockdown (Figures 7I,K,L). Moreover, because Purkinje cells
are scarcely transfected at E12.5 (Figure 7L), our results suggest
that Tfap2A and Tfap2B are unable to influence CBP expression.
Knockdown of Tfap2B in the VZ of the developing cerebellum
at E12.5 results in a decrease of Pax2 expression, indicating
that Tfap2B is necessary for the specification of cerebellar
GABAergic interneurons. Together, our results demonstrate that
Tfap2A and Tfap2B have independent roles in directing the
diversification of cerebellar GABAergic neuronal subtypes in
the cerebellum. Moreover, our results indicate that only Tfap2B
is indispensable for the specification of cerebellar GABAergic
interneurons.

DISCUSSION

GABAergic neurons in the cerebellar cortex are subdivided
into projection neurons and interneurons, consisting of at
least four subtypes derived from the same pool of multipotent

FIGURE 6 | Tfap2A misexpression results in an increase in Pax2 expression,
while Tfap2B misexpression results in a decrease in the expression of Pax6.
(A–L) Consequences of Tfap2A and Tfap2B misexpression on generation of
cerebellar neuronal subpopulations. Misexpression of Tfap2A results in an
increase in the number of Pax2+ cells (54 ± 11% vs. 26 ± 5% in controls,
p ≤ 0.01; (A,B,D) control: n = 3 mice, 347 cells in 13 sections; 2A OE:
n = 3 mice, 130 cells in 14 sections), but misexpression of Tfap2B did not
change the number of Pax2+ cells compared to controls (24 ± 6% vs.
26 ± 5% in controls, p = 0.88; (B–D) control: n = 3 mice, 347 cells in
12 sections; 2B OE: n = 3 mice, 212 cells in 12 sections). Misexpression of
Tfap2B, but not Tfap2A, results in a decrease in the number of Pax6+ cells
(Tfap2B: 1 ± 1% vs. 16 ± 3% in controls, p ≤ 0.01; (F–H) Tfap2A: 19 ± 8%
vs. 16 ± 3% in controls, p = 0.66; (E,G,H) control: n = 3 mice, 542 cells in
14 sections; 2A OE: n = 3 mice, 65 cells in 8 sections; 2B OE: n = 3 mice,
337 cells in 13 sections). Misexpression of Tfap2A and Tfap2B has no impact
on the number of CBP+ Purkinje cells (Tfap2A: 6 ± 2% vs. 9 ± 3% in
controls, p = 0.85; (I,K,L) Tfap2B: 20 ± 6% vs. 9 ± 3% in controls, p = 0.063;
(J–L) control: n = 3 mice, 365 cells in 15 sections; 2A OE: n = 3 mice
160 cells in 10 sections; 2B OE: n = 261 cells in 9 sections). Continuous
circles indicate lack of colocalization and broken circles indicate colocalization
of transfected cells with respective markers. Abbreviations: VZ, ventricular
zone; WM, white matter. Values represent the mean ± SEM, ∗p ≤ 0.05,
∗∗p ≤ 0.01. Scale bar = 10 µm.

progenitors (Hoshino et al., 2005; Pascual et al., 2007; Yamada
et al., 2014), but the transcriptional program that directs this
diversification is not well defined. To explore determinants of the
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FIGURE 7 | Knockdown of the expression of Tfap2B, but not Tfap2A, results
in a reduction in Pax2 expression. (A–H) Knockdown of Tfap2A expression in
the VZ does not affect the number of Pax2+ cells (22 ± 6% vs. 27 ± 4% in
controls, p = 0.53; (A,B,D) control: n = 3 mice, 153 cells in 12 sections; 2A
k/d: n = 3 mice, 87 cells in 14 sections) or number of Pax6+ cells compared
to controls (27 ± 8% vs. 34 ± 4% in controls, p = 0.29; (E,F,H) control:
n = 3 mice, 241 cells in 13 sections; 2A k/d: n = 3 mice, 188 cells in
13 sections). However, knockdown of Tfap2B expression results in a
significant decrease in number of Pax2+ cells (13 ± 3% vs. 27 ± 4% in
controls, p ≤ 0.01; (A,C,D) control: n = 3 mice, 153 cells in 12 sections; 2B
k/d: n = 3 mice, 391 cells in 26 sections), without affecting the number of
Pax6+ cells (22 ± 4% vs. 34 ± 4% in controls, p = 0.054; (E,G,H) control:
n = 3 mice, 241 cells in 13 sections; 2B k/d: n = 3 mice, 211 cells in
12 sections). (I–L) A scant percentage of CBP+ Purkinje cells are transfected,
although knockdown of Tfap2B, but not Tfap2A, slightly decreased this
subpopulation (Tfap2B: 0.5 ± 0.5% vs. 4 ± 1% in controls, p = 0.0064; (J–L)
Tfap2A: 2 ± 1% vs. 4 ± 1% in controls, p = 0.067; (I,J,L) control: n = 3 mice,
307 cells in 13 sections; 2A k/d: n = 3 mice, 206 cells in 14 sections; 2B k/d:
n = 3 mice, 253 cells in 13 sections). Continuous circles indicate lack of
colocalization and broken circles indicate colocalization of transfected cells
with respective markers. Abbreviations: VZ, ventricular zone; WM, white
matter. Values represent the mean ± SEM, ∗p ≤ 0.05, ∗∗p ≤ 0.01. Scale
bar = 10 µm.

specification of GABAergic neuron progenitors into GABAergic
neuronal subtypes, we examined the expression and function of
Tfap2 family of transcription factors (summarized in Figure 8).

We discuss how the differential expression of Tfap2A and Tfap2B
defines GABAergic neuronal subtypes and their contribution
to the generation and specification of cerebellar GABAergic
neurons.

Combinatorial Expression of
Tfap2 Transcription Factors and Cerebellar
GABAergic Neuronal Subtypes
There is emerging evidence that GABAergic neuronal subtypes
are defined by their unique expression of transcription factors
(Helms and Johnson, 2003; Wonders and Anderson, 2006;
Hoshino, 2012; Achim et al., 2014). In the cortex, for instance,
GABAergic interneurons are derived from Nkx2.1 domain of
the medial ganglionic eminence and ventral caudal ganglionic
eminence (Cobos et al., 2006; Wonders and Anderson,
2006). Subsequently, GABAergic neuronal subtypes can be
differentiated by their distinct combinatorial expression of
Dlx1/2, Dlx5/6 and Lhx6 (Cobos et al., 2006; Wonders and
Anderson, 2006). In more caudal regions of the nervous system,
the differential expression of Lbx1, Lhx1/5, Pax2, Gsh1/2,
Dbx2 and GATA2/3 defines GABAergic interneuron subtypes
in the spinal cord; Lhx1/5 is expressed by all GABAergic
neurons and Pax2 is expressed only by interneurons in the
cerebellum (Helms and Johnson, 2003; Hori and Hoshino,
2012). Additionally, Ptf1a is expressed by all early GABAergic
precursors in both the cerebellum and spinal cord (Hori
and Hoshino, 2012). Thus, in comparison to the cortex and
spinal cord, there are less distinguishing molecular features for
labeling and monitoring of GABAergic neuronal subtypes in the
cerebellum.

We show in this study that the combinatorial expression
of Tfap2A and Tfap2B may distinguish GABAergic projection
neurons from interneurons in the developing cerebellum. In the
adult cerebellum, Tfap2A is expressed in all GABAergic neurons,
whereas Tfap2B is selectively expressed in the interneuronal
population (Figure 2). In contrast to Ptf1a and Olig2, whose
expression is extinguished by E13.5 (Pascual et al., 2007; Seto
et al., 2014a; Ju et al., 2016), the expression of Tfap2 transcription
factors persists into adulthood. However, Tfap2B might be
transiently expressed in early Purkinje cells during embryonic
development (Figure 3). Our discovery that Tfap2 transcription
factors are dynamically and, perhaps, differentially expressed
by GABAergic neuronal subtypes in the cerebellum, provides a
novel set of molecular markers that can complement a growing
list of genetic tools for future characterization and lineage
analysis of these neurons. There is now a number of mouse
lines for the tagging and monitoring of cerebellar GABAergic
neurons: Gad67::GFP and Ptf1a::Cre label all GABAergic
neurons (Yamanaka et al., 2004; Pascual et al., 2007; Yamada
et al., 2014), Corl2::GFP and Olig2::Cre mark projection neurons
(Nakatani et al., 2014; Seto et al., 2014b; Ju et al., 2016) and
Pax2::GFP selectively labels GABAergic interneurons (Leto et al.,
2006; Weisheit et al., 2006). The emergence of these tools will
permit a systematic examination of the development, function
as well as molecular profile of cerebellar GABAergic neuronal
subtypes.
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FIGURE 8 | Summary of the activities of Tfap2A and Tfap2B in GABAergic interneuron specification. (A) Summary of results from knocking down and ectopic
expression of Tfap2A and Tfap2B. (Ai) In a wild-type, expression of Tfap2A and Tfap2B occur in an overlapping manner in the ventricular zone at E12.5 which is
observed superior to Ptf1a territory. Some expression of Pax6 and Pax2 is observed in the white matter of the developing cerebellum at E15.5. Knockdown of
Tfap2A does not show any changes in the expression of Pax2 or Pax6 (Aii). Knockdown of Tfap2B results in a decrease in Pax2 expression (Aiii). Ectopic
expression of Tfap2A results in an increase in Pax2 expression (Aiv), while ectopic expression of Tfap2B results in a decrease in Pax6 expression (Av). (B) Proposed
activities of Tfap2A and Tfap2B in the development of cerebellar neurons. Expression of Tfap2A and Tfap2B downstream of Ptf1a play distinct roles to ensure
generation of Pax2+ interneurons. Tfap2A may also function to produce Purkinje cells, but at earlier developmental stages. In addition to generation of GABAergic
interneurons, Tfap2B plays a role in the suppression of Pax6 expression. Abbreviations: IUE, in utero electroporation; k/d, knockdown; OE, overexpression; RL,
rhombic lip; VZ, ventricular zone; WT, wild-type.
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Distinct Roles of Tfap2A and Tfap2B in
Establishment of GABAergic Neuronal
Subtype Identity
Tfap2 family of transcription factors regulates a myriad of
developmental processes in the nervous system, kidney, skeleton,
limbs, skin and eye (Schorle et al., 1996; Zhang et al., 1996;
Moser et al., 1997; Nottoli et al., 1998; West-Mays et al., 1999;
Eckert et al., 2005; Seberg et al., 2017). Members of this family
exhibit functional redundancy in zebrafish. For instance, Tfap2A
and Tfap2E are redundant in their regulation of melanophore
development (Van Otterloo et al., 2010). Additionally, Tfap2A
and Tfap2C are redundant in their induction of neural crest
development (Hoffman et al., 2007; Li and Cornell, 2007). In the
mouse, however, members of this family appear to play more
discrete roles in developmental processes. For example, Tfap2A
is indispensable for craniofacial, eye, and limb development
(Schorle et al., 1996; Nottoli et al., 1998); and, Tfap2B is
indispensable for kidney development (Moser et al., 1997).
Consistently, our results indicate that Tfap2A and Tfap2B
play independent roles in the specification of GABAergic
interneurons during mouse cerebellar development.

There is growing evidence that, in addition to Ptf1a,
Tfap2A and Tfap2B play a crucial role in the specification of
GABAergic neuronal subtypes (Figures 6, 7). The expression
of Ptf1a in neural precursors directs generation of GABAergic
neurons and suppresses generation of glutamatergic neurons
in the cerebellum, spinal cord and retina (Glasgow et al.,
2005; Hoshino et al., 2005; Nakhai et al., 2007; Pascual et al.,
2007). Tfap2A and Tfap2B expression is dependent on Ptf1a
in the retina (Jin et al., 2015). Both transcription factors have
the ability to promote generation of GABAergic/glycinergic
amacrine cells and concomitantly suppress the generation of
excitatory photoreceptors and bipolar cells (Jin et al., 2015). In
this study, we show that following determination of GABAergic
fate of neural precursors in the VZ by Ptf1a, Tfap2A and
Tfap2B subsequently serve to ensure generation of GABAergic
neurons and suppression of excitatory neurons. Tfap2A alone
has the ability to promote generation of GABAergic interneurons
while Tfap2B, but not Tfap2A, can suppress the generation of
excitatory cells. Thus, Tfap2A and Tfap2B appear to have distinct
roles in the specification of GABAergic/glycinergic neurons in
the cerebellum, and may serve to delegate the activities of Ptf1a
similar to the function of Tfap2A/B in the retina (Figure 8B).

Distinguishing molecular features of GABAergic
interneurons vs. GABAergic projection neurons in the
cerebellum have not be well defined. A set of bHLH transcription
factors Ascl1 and Ngn1 may be involved in specification of
interneurons and projection neurons, respectively. Ascl1 is
required for generation of Pax2+ interneurons, but not Purkinje
cells, whereas Ngn1 is required for generation of Purkinje cells,
but not Pax2+ interneurons (Grimaldi et al., 2009; Lundell
et al., 2009). Lim homeodomain transcription factors Lhx1 and
Lhx5 and their cofactor Ldb1 are required for production of
Purkinje cells, but not Pax2+ interneurons (Zordan et al., 2008).
Additionally, the transcription factor Corl2 plays a role in
maturation of Purkinje cells (Wang et al., 2011). Besides Ascl1,

cerebellar GABAergic interneurons are dependent on cyclin
D2 and cell-cycle dynamics (Huard et al., 1999; Leto et al.,
2011). In this study, we add to this list members of Tfap2 family
of transcription factors whose expression defines cerebellar
GABAergic projection vs. interneurons, and acts to ensure
specification of GABAergic interneurons, but not projection
neurons.
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FIGURE S1 | Tfap2A is selectively expressed in the Purkinje cell layer during
development but is uniformly expressed in the adult cerebellum.
(A–D) Colocalization of Tfap2A (red, B

′
,C

′
,D

′
,B

′′′
,C

′′′
,D

′′′
) and CBP (green,

B
′′

,C
′′

,D
′′

,B
′′′

,C
′′′

,D
′′′

) at early post-natal day 7 show selective Purkinje cell
expression in the developing cerebellum. (E–H) The expression of Tfap2A (red,
F

′
,G

′
,H

′
,F

′′′
,G

′′′
,H

′′′
) and PVA (green, F

′′
,G

′′
,H

′′
,F

′′′
,G

′′′
,H

′′′
) in Purkinje cells

from different regions of the cerebellum does not show a medio-lateral
distribution pattern. Analysis was performed on coronal sections of the
cerebellum from P60 mice. Broken circles indicate cells with colocalized
expression, continuous circles indicate no colocalization. Abbreviations: CBP,
calbindin; DCN, deep cerebellar nuclei; IGL, internal granular layer ML,
molecular layer; PCL, Purkinje cell layer; PVA, parvalbumin.
Scale bar = 1000 µm (A,E), 20 µm (B

′
–D

′′′
,F

′
–H

′′′
).

FIGURE S2 | Tfap2A, but not Tfap2B, is expressed in GABAergic neurons in
the DCN. (A–F) Expression of Tfap2A (green, A–C) is restricted to small
GABAergic neurons of the DCN, marked by MAP2 (red) and Gad67 (blue).
Tfap2B expression, on the other hand, is absent in all three nuclei in the DCN.
Scale bar = 10 µm.

FIGURE S3 | Tfap2A and Tfap2B are expressed by GABAergic interneuron
precursors in the embryonic cerebellum. (A–C) Delineation of the
E12.5 cerebellum with Ptf1a (red, A), a molecular marker that labels the
ventricular zone, and Pax2 (green, B), a GABAergic interneuron precursor
marker. (D–I) A subset of Tfap2A (D) and Tfap2B (G) colocalizes with
Pax2 interneuron marker in the embryonic cerebellum. Abbreviations: VZ,
ventricular zone; WM, white matter. Scale bar = 10 µm.
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FIGURE S4 | In utero electroporation of the cerebellum at E12.5 transfects
cells of the ventricular zone and rhombic lip. (A,B) Summary of targeted
regions and strategy for in utero electroporation. (C–I) Schematic diagram
of the expression of respective molecular markers in the embryonic
cerebellum at E13.5. (C

′
–E

′′
) GABAergic molecular markers, Ptf1a and

Olig2, label the ventricular zone while Pax2 labels the white matter layer.
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Jian Zhang1, Feng Shao5, Desheng Zhu1, Yunbo Liu6, Guiquan Chen7, Jing Liang4*,
Qiang Sun3*, Zilong Qiu3* and Chen Zhang1,8*

1 State Key Laboratory of Membrane Biology, School of Life Sciences, Peking University-IDG/McGovern Institute for Brain
Research, Peking University, Beijing, China, 2 Peking-Tsinghua Center for Life Sciences, Academy for Advanced
Interdisciplinary Studies, Peking University, Beijing, China, 3 CAS Key Laboratory of Primate Neurobiology, Institute of
Neuroscience, Chinese Academy of Sciences, Shanghai, China, 4 Key Laboratory of Mental Health, Institute of Psychology,
Chinese Academy of Sciences, Beijing, China, 5 Department of Psychology, Peking University, Beijing, China, 6 Institute of
Laboratory Animal Science, Peking Union Medical College/Chinese Academy of Medical Sciences, Beijing, China, 7 MOE
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8 Key Laboratory for Neuroscience, Ministry of Education/National Health and Family Planning Commission, Peking
University, Beijing, China

Fragile X syndrome (FXS) is a neurodevelopmental disorder caused by mutations in
the FMR1 gene that inactivate expression of the gene product, the fragile X mental
retardation 1 protein (FMRP). In this study, we used clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technology
to generate Fmr1 knockout (KO) rats by disruption of the fourth exon of the Fmr1 gene.
Western blotting analysis confirmed that the FMRP was absent from the brains of the
Fmr1 KO rats (Fmr1exon4−KO). Electrophysiological analysis revealed that the theta-burst
stimulation (TBS)–induced long-term potentiation (LTP) and the low-frequency stimulus
(LFS)–induced long-term depression (LTD) were decreased in the hippocampal Schaffer
collateral pathway of the Fmr1exon4−KO rats. Short-term plasticity, measured as the
paired-pulse ratio, remained normal in the KO rats. The synaptic strength mediated
by the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) was
also impaired. Consistent with previous reports, the Fmr1exon4−KO rats demonstrated
an enhanced 3,5-dihydroxyphenylglycine (DHPG)–induced LTD in the present study,
and this enhancement is insensitive to protein translation. In addition, the Fmr1exon4−KO

rats showed deficits in the probe trial in the Morris water maze test. These results
demonstrate that deletion of the Fmr1 gene in rats specifically impairs long-term
synaptic plasticity and hippocampus-dependent learning in a manner resembling
the key symptoms of FXS. Furthermore, the Fmr1exon4−KO rats displayed impaired
social interaction and macroorchidism, the results consistent with those observed in
patients with FXS. Thus, Fmr1exon4−KO rats constitute a novel rat model of FXS that
complements existing mouse models.
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INTRODUCTION

Fragile X syndrome (FXS) is the most common heritable cause of
mental retardation and intellectual disability in humans (Pieretti
et al., 1991). The prevalence of FXS is about 1 in 4,000 men and 1
in 6,000–8,000 women (de Vries et al., 1997). Approximately 85%
of male and 25% of female patients with FXS show significant
intellectual and developmental disability (Lozano et al., 2016).
Fragile X mental retardation protein (FMRP) is enriched in
the brain and testes (Devys et al., 1993; Bakker et al., 2000),
in accordance with the mental retardation and macroorchidism
exhibited by most patients with FXS (Hagerman, 1987; Martin
and Arici, 2008; Saldarriaga et al., 2014).

The most studied FXS animal model is the Fmr1 knockout
(KO) mouse, which is generated by disrupting either exon 5
(The Dutch-Belgian Fragile X Consortium, 1994) or exon 1
and the promoter region (Mientjes et al., 2006) of the Fmr1
gene. Both Fmr1 KO mouse lines lack FMRP in the brain and
show diverse behavioral phenotypes and synaptic physiology
deficits, some of which recapitulate the clinical symptoms of
patients with FXS [reviewed in (Kazdoba et al., 2014)]. Fmr1
KO mice with transgenic expression of the human FMR1 gene
have demonstrated reduced anxiety and increased exploratory
behavior in addition to the correction of some KO behavior
phenotypes (Peier et al., 2000; Spencer et al., 2008). Mouse models
with expansion of the CGG trinucleotide repeat in the Fmr1
gene have also been developed to mimic the genetic changes
observed in humans with FXS (Bontekoe et al., 2001). However,
mouse FXS models have yielded mixed results or failed to
reproduce several core FXS clinical phenotypes, including global
cognitive dysfunction. For example, Fmr1 KO mice showed
normal behavior in the probe trial in the Morris water maze
test, with the exception of a subtle change during the reversal
trial when the platform was changed to the opposite position
(The Dutch-Belgian Fragile X Consortium, 1994; Kooy et al.,
1996). In the radial arm maze test, Fmr1 KO mice exhibited
a normal working memory in comparison with that of the
wild-type (WT) mice (Yan et al., 2004). Long-term potentiation
(LTP) is a major type of long-lasting synaptic plasticity and
is associated with learning and memory. Protein synthesis-
dependent late-phase LTP in the hippocampus of Fmr1 KO mice
is still controversial (Hu et al., 2008; Shang et al., 2009; Koga et al.,
2015).

Rats are genetically more similar than mice to humans. The
usage of rats in scientific research began in the middle of the 19th
century (Baker et al., 1979). Rats are widely used in studies of
neurological disorders, such as epilepsy, depression, Parkinson’s
disease, stroke, and vascular brain disorders (Kerkerian-Le
Goff et al., 2009; Melani et al., 2010; Bailey et al., 2011;
Nabika et al., 2012; Tayebati et al., 2012; Liao et al., 2013;
Russo et al., 2013). Inactivation of the Fmr1 gene in rats via
zinc finger nuclease (ZFN) technology targeting of the junction
region between intron 7 and exon 8 was recently reported
(Hamilton et al., 2014) in a three-chamber test in which 21
amino acids were deleted from the FMRP. This line of KO
rats (Fmr1exon8−KO) displayed social dysfunction, an autism-
related phenotype. Further studies of Fmr1exon8−KO rats revealed

abnormal neuronal morphology in the superior olivary complex
and impaired sound processing (Engineer et al., 2014; Ruby
et al., 2015), as well as increased metabotropic glutamate receptor
(mGluR)-dependent hippocampal long-term depression (Till
et al., 2015). Juvenile Fmr1exon8−KO rats showed dysfunction in
regulating the circuit state in the visual cortex (Berzhanskaya
et al., 2016, 2017).

Fragile X mental retardation 1 protein is highly expressed
in neurons, and dysregulation of FMRP causes impairment
of synaptic strength and neural circuit development. In the
present study, a KO rat model was generated by specifically
targeting exon 4 using clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) technology, ensuring that regions downstream of exon 4,
including the full RNA binding sequence, were not translated. We
examine the physiology in hippocampal CA1 pyramidal neurons
of the Fmr1exon4−KO rat. Loss of FMRP can lead to deficits in
basal synaptic transmission and long-term synaptic plasticity,
including theta burst stimulation (TBS)–induced LTP, a low-
frequency stimulus (LFS)–induced long-term depression (LTD),
and a 3,5-dihydroxyphenylglycine (DHPG)–induced LTD in the
Fmr1exon4−KO rat. The knockout (KO) Fmr1 gene in rats also
contributes to abnormal cognitive behaviors.

MATERIALS AND METHODS

Animals
Fmr1 KO rats were produced by the CRISPR/Cas9 method
and maintained in the laboratory animal center of Peking
University. This line was created via the outbred Sprague-
Dawley background. The KO rat lines were maintained with
heterozygous female and WT male breeding pairs. The genotypes
of the animals were identified. KO and WT rats aged 8–12 weeks
were used in the study. The rats were kept in a temperature- and
relative-humidity-controlled environment (22 ± 2◦C, 40–70%)
with a 12-h light/dark cycle and free access to food and water.
All animal studies were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals (8th edition) and
approved by the Institutional Animal Care and Use Committee
of Peking University. All tests were performed using WT and
KO littermates derived from breeding heterozygous female rats
with Sprague-Dawley WT male rats. All behavioral tests were
conducted in a temperature-controlled (24 ± 2◦C) test room
between 14:00 and 18:00. After each test, the apparatus and the
test area were cleaned with 75% ethanol to remove olfactory cues.
In all the behavioral assays, the light intensity was 15–20 lx, and
the sound intensity was less than 60 dB. All the behavior tests and
electrophysiological measurements were performed in a blinded
manner.

DNA Analysis and Genotyping
DNA was obtained from rat-toe tissue samples by incubation
with 500 µg/mL proteinase K (Amresco, Solon, OH,
United States) in 400 µL lysis buffer [10 mM Tris–HCl,
5 mM EDTA, 0.2% sodium dodecyl sulfate (SDS), 200 mM NaCl]
for 6–8 h at 55◦C. After incubation, 400 µL isopropyl alcohol
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was added to precipitate DNA. The suspensions were centrifuged
at 13,000 rpm for 10 min, after which the supernatant was
removed. Next, 1 mL of 70% ethanol was added to the sample,
which was centrifuged at 13,000 rpm for 10 min, after which all
ethanol was removed, and the tube was dried. The DNA was
dissolved in 100 µL 5 mM Tris buffer (pH 8.0) for 30 min at
55◦C. PCR genotyping was performed using 2× Taq PCR Mix
(Aidlab, Beijing, China), Fmr1 forward primer (5′-CCG TGA
GTT CTC AAG TTG TTT CCA-3′), and Fmr1 reverse primer
(5′-GGG ATT AAG AGC ATG CAT CAC CAT-3′). Polymerase
chain reaction (PCR) was performed with the following protocol
on a MyCycler Thermal CyclerTM (Bio-Rad, Hercules, CA,
United States): 95◦C for 4 min, 95◦C for 30 s, 60◦C for 30 s
(lowered 0.5◦C per cycle), 72◦C for 30 min (30 cycles); 95◦C for
30 s, 45 ◦C for 30 s, 72◦C for 30 min (30 cycles); 72◦C for 7 min,
and a final hold at 4◦C. PCR products were run on 1% agarose
gel. The amplicon was approximately 500 bp. The amplicon was
sequenced to determine the genotypes of the rats.

Western Blot Analysis
The brains of the WT and Fmr1 KO rats were homogenized in
phosphate-buffered saline (PBS) containing 0.1 mM ethylene
glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
(EGTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 µg/mL
pepstatin, 1 µg/mL leupeptin, 2 µg/mL protinin, and 1%
Triton X-100. Proteins in the homogenate were extracted for
2 h at 4◦C, after which insoluble material was removed with
centrifugation (1 h at 100,000 × g). Protein concentrations were
determined using a BCA Protein Assay Kit (Thermo Scientific,
Carlsbad, CA, United States). Each protein sample (100 µg)
was boiled in sodium dodecyl sulfate (SDS)-loading buffer,
subjected to electrophoresis on a 10% SDS-polyacrylamide
gel, and electroblotted onto a nitrocellulose membrane as
described previously (Wei et al., 2017). FMRP was detected using
a rabbit antibody (Cell Signaling Technology, Danvers, MA,
United States, #4317, 1:1,000) as the primary antibody. GAPDH
was detected using a rabbit antibody (Abmart, Shanghai, China,
P30008, 1:1,000) as the primary antibody. IRDye 800CW-labeled
anti-rabbit IgG was used as the secondary antibody and was
detected with an Odyssey Infrared Imager System (LI-COR,
Lincoln, NE, United States).

RNA Isolation and Quantitative RT-PCR
Total RNA was isolated from the hippocampus and cortex
samples that were collected from three WT rats and three
Fmr1 KO rats at approximately 8–12 weeks of age. The
samples were homogenized in a glass-Teflon R© homogenizer
according to the protocol supplied with TRIzol R© Reagent (Life
Technologies, Carlsbad, CA, United States). The concentration
of RNA was measured with spectrophotometry. The reaction
volume consisted of 2 µg of total RNA, 5× buffer (Takara,
Kusatsu, Japan), Rt enzyme mix (Takara), oligo (dT) (Takara),
Random6 primer (Takara), and RNase-free H2O (to a final
volume of 20 µL). The amplification program was as follows:
37◦C for 15 min, 85◦C for 5 s, and a final hold at 4◦C. Quantitative
PCR was carried out in an MX 3000PTM (Agilent Stratagene, Palo
Alto, CA, United States) real-time PCR system with 2× SYBR

Green qPCR Mix (Aidlab, PC3302) using designed primers.
Three primer pairs were designed for the Fmr1 amplicon: a pair
crossing exons 1, 2, and 3 (forward primer: 5′-GGC TCC AAT
GGC GCT TTC TA-3′; reverse primer: 5′-TAA CCT ACA GGT
GGT GGG-3′); a pair crossing exons 4 and 5 (forward primer:
5′-TAA CCT ACA GGT GGT GGG-3′); reverse primer: 5′-TGT
GAC AAT TTC ATT GTA TG-3′); and a pair crossing exons
7 and 8 (forward primer: 5′-GAA ATG AAG AAG CCA GTA
A-3′; reverse primer: 5′-AAT CAA TAG CAG TGA CCC-3′).
GAPDH was used as an internal control (forward primer: 5′-CCT
GGA GAA ACC TGC CAA GTA T-3′; reverse primer: 5′-CCC
TCA GAT GCC TGC TTC A-3′) (Mientjes et al., 2006). Relative
expression levels were calculated using the 2−11CT method.

Three-Chamber Sociability Test
The experiment was executed as described previously (Chung
et al., 2015; Xu et al., 2015; Lo et al., 2016). WT (n = 8)
and KO (n = 11) male rats aged 8–12 weeks were tested in a
three-chamber apparatus (40 cm × 34 cm × 24 cm) with each
side chamber connected to the middle chamber by a corridor
(10 cm × 10 cm × 15 cm). Before the test day, the animals
were allowed to habituate the environment for 60 min. At the
beginning of the test, each rat was placed into the middle chamber
and allowed to move freely through all three chambers for 5 min.
For the sociability tested, a novel rat (stranger1) locked in a
small cage was placed in one of the side chambers, and an empty
cage of the same size and design was placed in the other side
chamber. The test animal was monitored and allowed to explore
both chambers for 10 min, and the total time spent in each
chamber was measured. The intruder was randomly assigned to
one of the side chambers to avoid a side bias. In the social novelty
tested, a new unfamiliar rat (stranger2) was enclosed in the cage
that had been empty during the sociability test. All model rats
were male and were the same age as the testing rat but had no
previous contact with each other. Data were analyzed with one-
way analysis of variance (ANOVA), and a two-sided Student’s
t-test was used to perform the preference index analysis.

Assessment of Motor Activity Using a
Force-Plate Actometer
A force-plate actometer (Bioanalytical Systems, West Lafayette,
IN, United States) was used as an open field to evaluate
hyperactivity and motor function. The actometer consisted of a
Plexiglas R© enclosure (33 cm high), a 44 cm × 44 cm plate, four
force transducers, and a recording and analysis system. The area
was defined as the center point to 11.64 cm, and the outer area
was defined as the zone from 11.64 to 44.00 cm. The animals
were placed in a force-plate actometer chamber (44 cm× 44 cm)
in a dark and sound-attenuating cabinet for 60 min. Data were
collected and stored during time units of 40.96 frames, with a
sampling frequency of 100 points/s. The distance traveled, the
tremor index, focused stereotypy, bouts of low mobility (BLM;
10 s within a 20 mm radius), and time spent in the center field
were recorded. The temperature of the test room was controlled
(24 ± 2◦C). Before the test, rats were allowed to adapt to the
environment for 1 h.
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Morris Water Maze Assay
Tests were conducted in a circular black tank 150 cm in diameter
containing 22 cm of water (24 ± 2◦C). A circular platform
(8 cm in diameter) was placed 2 cm beneath the water level. The
swim paths of the rats were tracked, digitized, and stored for
later behavioral analysis using Ethovision (Noldus, Wageningen,
Netherlands). The water maze was divided into four quadrants (I,
II, III, and IV). The rats were given four trials per day (30 min
inter-trial intervals, ITIs) for four consecutive days during the
spatial learning phase. During the learning phase, each animal
was randomly placed in a different quadrant, with the exception
of the quadrant where the platform was placed in each trial. The
maximum trial length was 60 s. When a rat did not find the
platform within 60 s, the latency time was calculated as 60 s. After
the rats were taken out of the pool, they were dried with towels
and returned to their cages. The platform was removed during
the probe test. During the reverse training phase, the platform
was placed in the third quadrant, which was opposite that used
during the learning phase.

Elevated Plus Maze
The elevated plus maze (EPM) was used to assess anxiety-like
behavior. The black-painted maze consisted of four arms (50 cm
length × 10 cm width). Two opposite open arms without walls
and two opposite closed arms with 35 cm high walls formed a “+”
shape. The maze was elevated 76 cm above the floor by four metal
legs under each arm. Each rat was placed at the junction of the
open and closed arms, facing an open arm. The rat was allowed
to freely explore the entire maze for 5 min. The time spent in the
open arms and closed arms were recorded using the Xeye Aba
V3.2 tracking system.

Slice Physiology
Hippocampal slices (400 µm) were produced from 8-week-old
male WT and Fmr1 KO rats as previously (Wei et al., 2016).
Animals were anesthetized using pentobarbital (10 mg/mL,
0.1 mL/10 g) and euthanized via decapitation. The brain was
quickly removed to an ice-cold dissection solution with a pH
of 7.3–7.4. The solution contained 213 mM sucrose, 10 mM
glucose, 3 mM KCl, 1 mM NaH2PO4, 0.5 mM CaCl2, 5 mM
MgCl2, and 26 mM NaHCO3. Transverse slices were cut in ice-
cold dissection solution on a vibrating blade microtome (Leica
VT-1200s, Wetzlar, Germany). Slices were maintained for 1 h
at room temperature in artificial cerebrospinal fluid (ACSF)
containing the following: 10 mM glucose, 125 mM NaCl, 5 mM
KCl, 2 mM NaH2PO4, 2.6 mM CaCl2, 1.3 mM MgCl2, and
26 mM NaHCO3 (pH 7.3–7.4). The ACSF and dissection solution
were gassed with 95% O2 and 5% CO2. For the recordings,
slices were individually transferred to the recording chamber
and mounted on the stage of an upright microscope (Olympus
BX51WI, Tokyo, Japan). The bathing solution was kept at room
temperature and constantly exchanged through a gravity-driven
perfusion system with a flow rate of approximately 2 mL/min
during the experiment. Stimuli was delivered to the slice via
a concentric bipolar electrode (CBBEB75, FHC, Bowdoin, ME,
United States). Microelectrodes filled with ACSF (4–7 M�) were

used to record field excitatory postsynaptic potentials (fEPSPs)
from the stratum radiatum of the CA1 region. An EPC10 Patch
Clamp Amplifier (HEKA, Lambrecht, Germany) was used to
record fEPSPs, the values of which were calculated by measuring
the onset (a 30–70% rising phase) slope of the fEPSP. TBSs
were used to induce LTP as described previously (Zhang C.
et al., 2009; Zhang et al., 2010). Each TBS was composed of
five episodes of stimulation delivered at 0.1 Hz, whereas each
episode contained 10 stimuli trains of five pulses (100 Hz)
delivered at 5 Hz. The average response was expressed as a
percentage of the pre-TBS response. A LTD was induced with
low-frequency stimulation (1 Hz, 900 pulses) or DHPG (100 µM,
10 min, Tocris, Bristol, United Kingdom). Anisomycin (20 µM,
MedChemExpress, Monmouth Junction, NJ, United States) was
added to the ACSF 1 h before recording and throughout the
recordings. The synaptic ratio was calculated as the percentage
of the second fEPSP slope vs. the first slope in individual slices.

Histology
Cresyl violet (Nissl) staining was used to evaluate the
cytoarchitecture in the hippocampal regions. The rats were
deeply anesthetized with tribromoethanol (240 mg/kg, Sigma–
Aldrich, St. Louis, MO, United States) and transcardially with
4% paraformaldehyde (PFA) (w/v) in PBS. The brains were
removed and dipped into fresh 4% PFA for an additional 48 to
72 h to be post-fixed at room temperature. Then the samples
were embedded in paraffin and sectioned. Four-micron-thick
sections were used for staining. The tissue slides were dried for
30 min at 55◦C and then rewarmed at room temperature. The
sections were washed at the time for distilled water and stained
with a 0.5% Cresyl violet solution for 10 min. Then, the sections
were washed again with distilled water, dehydrated in a graded
ethanol series (95%, 1 min; 95%, 30 s; 100%, 1 min; and 100%,
1 min), and subsequently soaked three times in xylene, 5 min per
time. Using the mounting medium, the sections were covered
with a coverslip. Finally, an Axio Scan.Z1 (Zeiss, Oberkochen,
Germany) digital slide scanner with an X20 objective was used
for image acquisition.

RESULTS

Generation of Fmr1 KO Rats with
CRISPR/Cas9-Mediated Genome Editing
In the present study, the CRISPR/Cas9 system was used to
introduce deletions or mutations in exon 4 of the Fmr1 gene
in rats (Figure 1A). Sanger sequencing showed that one of the
offspring lines carried a deletion of five amino acids and a G-A
mutation in the Fmr1 gene (Figure 1B). This genetic modification
resulted in a frame-shift starting from the second Agenet-like 2
domain in FMRP (Figure 1C). RT-PCR analyses of the expression
of the Fmr1 transcript in the hippocampus and the cortex were
conducted using three pairs of primers: one pair upstream of
exon 4 of the Fmr1 gene in rats and two pairs downstream of
the gene. Similar to the expression of the Fmr1 transcript in KO
mice (Mientjes et al., 2006), expression of the Fmr1 transcript
in Fmr1exon4−KO rats was approximately 18.58–33.78% of that of
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FIGURE 1 | Generation of Fmr1 knockout (KO) rats using the CRISPR/Cas9 method. (A) Targeting of the Fmr1 gene. (B) Genotypes of the Fmr1 KO rats were
determined with sequencing of polymerase chain reaction (PCR) products amplified from tail DNA. (C) Localization of the deletion in FMRP. Domains in FMRP:
Agenet-like 1 (no. 1, yellow), Agenet-like 2 (no. 2, yellow), KH 1 (no. 3, green), and KH 2 (no. 4, green), interaction with RANBP9 (no. 5, red) and RNA-binding RGG
box (no. 6, blue). (D,E) Relative expression levels of Fmr1 transcripts in the cerebral cortex (D) and hippocampus (E) were measured. Student’s t-test was used to
compare the expression levels of the two groups. (F) Fmr1 KO brain lacking expression of the fragile X mental retardation 1 protein (FMRP). Brain homogenates
(100 µg) were subjected to western blot analysis (left). Normalized expression levels of FMRP in rat brain homogenate (right). (G) Fmr1 KO rats showed a normal
developmental curve. (H) Hippocampal regions stained with Nissl staining and the cellular layer in CA1, CA3, and DG region of the hippocampus of the WT and KO
rats. (I) Neuron densities were calculated in the CA1, CA3, and DG region of hippocampus. All data are presented as mean ± standard error of the mean (SEM).
(∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05; ns., not significant, two-sided Student’s t-test was used).
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the WT rats (Figures 1D,E). The primers targeting the sequence
upstream of exon 4 yielded statistically significant increases in the
transcript expression levels in the hippocampus that were slightly
higher than those of the two primer pairs targeting regions
downstream of exon 4 (Figure 1E). Western blotting, using
specific anti-FMRP antibodies, confirmed the presence of FMRP
in the cortex and hippocampus lysate of the WT [XFmr1(+)Y]
rats but not in that of the KO rats [XFmr1(−)Y] (Figure 1F
and Supplementary Figure S1, cortex: WT, 0.21 ± 0.02, KO,
0.06 ± 0.01, n = 3, p < 0.01; hippocampus: WT, 0.29 ± 0.03,
KO, 0.03 ± 0.02, n = 3, p < 0.01). When XFmr1(+)Y rats were
crossed with XFmr1(+)XFmr1(−) rats, 50.24% of the male offspring
were KO rats (109 of 211 male animals from eight breeding pairs),
which is consistent with the expected Mendelian ratio. The male
KO rats showed normal development curves (Figure 1G). The
brains of the KO rats exhibited normal histology of hippocampal
and neuron densities (Figures 1H,I, CA1: WT, 2533 ± 163.3,
KO, 2578 ± 164.8, n = 3, p > 0.05; CA3: WT, 1711 ± 145.7,

KO, 1644 ± 104.2, n = 3, p > 0.05; DG: WT, 5289 ± 185.9, KO,
5467± 312.7, n= 3, p> 0.05), suggesting that FMRP deletion did
not cause prenatal lethality or pervasive developmental deficits.

Impaired Basal Synaptic Transmission
and Synaptic Plasticity in Fmr1 KO Rats
Patients with FXS exhibit severe mental retardation that is
caused by synaptic dysfunction. We first examined synaptic
transmission and plasticity in the hippocampal Schaffer collateral
pathway in acute slice preparation. Extracellular recordings were
performed to monitor the fEPSP elicited by the stimulation
of Schaffer collateral/CA1 glutamatergic fibers. The slope of
the input-output curve of the α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR)–mediated fEPSP
was statistically significantly decreased in the Fmr1 KO rats
compared with that of the WT littermate controls (Figure 2A,
slopeWT = 0.015 ± 0.001, slopeKO = 0.009 ± 0.001, p < 0.001),
demonstrating impairment of the basal synaptic transmission

FIGURE 2 | Impaired basic synaptic transmission and long-term plasticity in hippocampal CA3–CA1 synapses in Fmr1 KO rats. (A) The
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor(AMPAR)–mediated field excitatory postsynaptic potential (fEPSP) and the input-output curve were
reduced in 8-week-old Fmr1 knockout (KO) rats. The initial slopes of the evoked fEPSP were plotted as a function of the stimulus intensity. (B) Left: Representative
fEPSP traces from the control and Fmr1 KO rats evoked by two consecutive stimuli with a 20-ms ISI. Right: Paired-pulse facilitation was normal in the 8-week-old
KO rats. (C) The theta-burst stimulation (TBS)–induced long-term potentiation (LTP) was impaired in the 8-week-old KO rats. The inset (left panel) shows
representative traces before and after LTP induction. The mean fEPSP slopes averaged 50–60 min after LTP induction in the wild-type (WT) and KO rats (Student’s
t-test; right). (D) The low-frequency stimulus (LFS)–induced long-term depression (LTD) was impaired in the 8-week-old KO rats. (E) Fmr1 KO rats showed an
enhanced 3,5-dihydroxyphenylglycine (DHPG)–induced LTD (left: represented traces of WT and KO rats). (F) The protein synthesis inhibitor anisomycin blocks the
DHPG-induced LTD of the WT rats but has no effect on the Fmr1 KO rats. All data are presented as mean ± standard error of the mean (SEM). The scale bars
represent 10 ms, 1 mV (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; ns., not significant. The number of hippocampal slices (left) and rats (right) used in each experiment is
indicated in parentheses).
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at the CA3–CA1 excitatory synapses. Next, we measured the
synaptic facilitation induced by two identical stimuli separated by
various intervals, which is an indicator of short-term plasticity.
As shown in Figure 2B, paired-pulse facilitation was normal
in the Fmr1 KO rats when compared with that of the control
rats. We next examined the effect of FMRP inactivation in
CA3 neurons on TBS-induced LTP in the Schaffer collateral
pathway. The amplitude of TBS-induced LTP (slope averaged
50–60 min post-TBS stimulation) was markedly impaired in
the Fmr1 KO rats (Figure 2C, WT: 277.8 ± 30.3%; KO:
183.4 ± 18.5%, t = 2.770, df = 18, p < 0.01), demonstrating a
critical role of FMRP in regulating LTP at CA3–CA1 synapses.
Therefore, we next asked whether the loss of FMRP in rats
alters the maintenance of long-term depression. The LFS-induced
LTD was statistically significantly reduced in Fmr1exon4−KO rats
(Figure 2D, WT: 73.5 ± 7.2%; KO: 116.2 ± 13.7%, t = 2.752,
df= 18, p< 0.05). The magnitude of the mGluRs-dependent LTD
elicited by directly activating group I mGluRs with the agonist

DHPG was statistically significantly greater in slices from the
Fmr1KO rats compared with their control littermates (Figure 2E,
WT: 71.7± 5.7%; KO: 42.7± 8.1%, t = 2.948, df= 14, p < 0.05).
Moreover, treating the slice with anisomycin (20 µM), a protein
synthesis inhibitor, prevented the maintenance of the mGluR-
dependent LTD of the WT rats (98.38 ± 7.602%) but not that of
the KO rats (49.49 ± 7.954%, Figure 2F). This result suggested
that a DHPG-induced LTD does not require protein synthesis
in Fmr1exon4−KO rats. Thus, FMRP differentially regulates the
LTP and LTD in the hippocampal CA3-CA1 synapses in an
induction-specific manner.

Fmr1 KO Rats Exhibit Altered Learning in
the Morris Water Maze Test
Altered Fmr1 gene function is the major cause of mental
retardation in patients with FXS. To test whether deletion of the
Fmr1 gene affects the spatial learning ability of KO rats, their

FIGURE 3 | Impaired spatial learning and memory in Fmr1 KO rats in the Morris water maze. (A) Schematic diagram of the apparatus. (B) Plot of escape latency.
(C) Plot of travel distance. (D) Plot of swimming speed required for the rats to find the visible platform during the learning phase. (E) Representative movement
traces. The empty red circles (left) indicate the location of the former platform, which was removed in the probe test. (F) Summary of the number of crosses of the
former platform area. (G) Swimming speed in the probe test. (H) Time in each quadrant during the probe test (p < 0.001 target quadrant vs. Q2, Q3, or Q4).
(I) Schematic diagram of the apparatus. The visible platform was placed in the third quadrant, which was opposite to that used during the learning phase (the first
quadrant). (J) Plot of escape latency. (K) Plot of travel distance. (L) Plot of swimming speed required for the rats to find the visible platform during the reverse
learning phase. All data are presented as mean ± SEM. Repeated-measures analysis of variance (RM ANOVA) was used to evaluate the difference between the two
curves in (A–D) and (J–L). Student’s t-test was used to compare the two groups (F,G). Post hoc analysis was used to analyze the statistically significant ANOVA
results (H) (∗∗∗p < 0.001; ns., not significant).
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performance was evaluated in a Morris water maze. The training
time comprised 1-min periods over 4 days (Figure 3A). The
escape latency and the travel distance of the WT and KO rats
were statistically significantly reduced on days 1–4 (the training
period) compared with these measurements on the test days
[Figures 3B–D; escape latency: F(3,48) = 64.655, p < 0.001;
distance traveled: F(3,48) = 64.941, p < 0.001; swimming speed:
F(3,48) = 45.650, p < 0.001]. Furthermore, in the KO rats, the
escape latency was lengthened in comparison with that of the
WT animals [Figure 3B, genotype F(1,16) = 3.435, p = 0.082],
the distance traveled before finding the hidden platform was
longer [Figure 3C, genotype F(1,16) = 6.083, p = 0.025],
and swimming speed was statistically significantly increased
[Figure 3D, genotype F(1,16) = 7.186, p = 0.016]. After 4 days
of training, the rats were tested in the same maze but without
the platform (the probe test phase of memory; Figure 3E).
As shown in Figure 3F, the KO rats crossed the target area
statistically significantly less often than did the WT controls (WT:
9.43 ± 0.48, n = 7; KO: 6.55 ± 0.39, n = 11, p < 0.001);
this difference was not due to impaired motor function, as the
swimming speeds of the rats of each genotype did not differ
statistically significantly (Figure 3G, WT: 16.38 ± 0.39, n = 7;
KO: 16.55 ± 0.52, n = 11, p > 0.05). The time in each quadrant
of the KO and WT littermate controls was not statistically
significantly different (Figures 3H,I: WT: 38.17 ± 2.42, n = 7,
KO: 35.99 ± 2.40, n = 11, p > 0.05; II: WT: 24.31 ± 3.60, n = 7,
KO: 21.63 ± 2.64, n = 11, p > 0.05; III: WT: 19.25 ± 2.07,
n = 7, KO: 20.46 ± 2.12, n = 11, p > 0.05; IV: WT: 18.26 ± 2.38,
n = 7; KO: 21.92 ± 2.83, n = 11, p > 0.05). The WT and KO
rats spent more time in the target quadrant. After the probe
test phase, the rats were subjected to reverse learning, and the
hidden platform was switched to the opposite quadrant to test
behavioral flexibility (Figure 3I). The WT rats consistently found
the new hidden platform more quickly than did the KO rats,
but there was no statistically significant difference between the
two groups [Figures 3J–L; escape latency: reversal training day,
F(3,48) = 24.566, p < 0.001; genotype, F(1,16) = 2.605, p = 0.126;
distance traveled: reversal training day, F(3,48) = 27.113,
p < 0.001; genotype, F(1,16) = 3.160, p= 0.094; swimming speed:
reversal training day, F(3,48) = 60.115, p < 0.001; genotype,
F(1,16) = 1.089, p = 0.312]. These results show that deletion of
FMRP in rats impaired their ability to obtain spatial learning and
memory and to maintain a normal ability to retain memories.

Fmr1 KO Rats Display Impaired Social
Interaction
Social dysfunction has been observed in patients with FXS and
the animal models of FXS. To determine whether Fmr1 KO rats
display social deficits, we monitored the behavior of the rats in
the three-chamber apparatus (Nadler et al., 2004), in which the
social approach of a rat toward a stranger rat trapped in a wire
cage can be measured. We first tested the WT and KO rats in
three empty chambers; the two genotypes showed no difference
(Figures 4A,B, WT: left: 98.86 ± 7.4, center: 93.9 ± 4.5, right:
107.2 ± 4.8, p > 0.05; KO: left: 93.7 ± 6.5, center: 96.2 ± 6.1,
right: 110.1 ± 9.5, p > 0.05). In the sociability test, a novel

object was placed in one side chamber, and a novel, same-sex
rat (stranger1) was placed in the other side of the chamber. The
WT and KO rats showed normal performance as measured by
the amount of time spent in each chamber (Figure 4C, WT:
stranger1: 346.3 ± 46.5 s, object: 177.9 ± 36.2 s, p < 0.05; KO:
stranger1: 391.8 ± 41.7 s, object: 147.4 ± 35.5 s, p < 0.001), the
preference index derived from these parameters (Figure 4D, WT:
28.06 ± 13.7, KO: 40.72 ± 12.8, p > 0.05), and the frequency of
subject entry into each side chamber from the center chamber
(Figure 4E, WT: stranger1: 6.4 ± 1.5, object: 5.8 ± 1.5, p > 0.05;
KO: stranger1: 5.5 ± 0.9, object: 4.6 ± 0.9 s, p > 0.05). However,
in the social novelty test, when the inanimate object was replaced
with another stranger rat (stranger2), stranger1 was observed
to be a familiar stimulus. The Fmr1 KO rats spent less time
with stranger2 compared to the amount of time spent with
stranger1 (Figure 4F, WT: stranger1: 168.7.3 ± 34.0 s, stranger2:
356.0± 44.0 s, p < 0.05; KO: stranger1: 336.3± 53.2 s, stranger2:
183.5 ± 41.1 s, p < 0.05). The preference index derived from
these parameters was also different (Figure 4G, WT: 31.23± 12.9,
KO: −25.46 ± 15.4, p < 0.05), but the frequency of subject
entry into each side chamber from the center chamber of the KO
rats was similar to that obtained from the WT rats (Figure 4H,
WT: stranger1: 4.4 ± 1.3, stranger2: 4.1 ± 1.0, p > 0.05; KO:
stranger1: 4.3± 0.9, stranger2: 4.1± 1.0, p > 0.05). These results
suggest that Fmr1 KO rats are impaired in terms of social novelty
recognition but display normal sociability or social anxiety.

Fmr1 KO Rats Demonstrate Normal
Locomotor Activity and Normal Anxiety
Levels
To test whether motor dysfunction might contribute to the
learning deficits observed in the Morris water maze test, the
locomotor activity of Fmr1 KO rats was measured on a force-
plate actometer (Fowler et al., 2001). The travel distances and
the number of BLM of the KO and WT littermate controls were
not statistically significantly different (Figures 5A,B, distance:
WT: 133.25 ± 8.93 m, n = 7; KO: 136.64 ± 15.25 m,
n = 11, p > 0.05; BLM: WT: 197.25 ± 20.45, n = 7; KO:
199.33 ± 19.9, n = 11, p > 0.05). Furthermore, the KO rats
spent essentially the same percentage of time in the center
area (23.2 cm × 23.2 cm; Figure 5C left, WT: 18.82 ± 2.83,
n = 7; KO: 17.39 ± 6.26, n = 11, p > 0.05) and made a
similar number of leaps over the center (Figure 5C right, WT:
830.43 ± 141.42, n = 7; KO: 601.64 ± 136.52, n = 11, p > 0.05).
The tremor index of the KO and WT rats (calculated from
the power spectra data using Fourier analysis) was also not
statistically significantly different (Figure 5D, tremor index 1:
WT: 0.18 ± 0.03, n = 7; KO: 0.17 ± 0.03, n = 11, p > 0.05;
tremor index 2: WT: −0.41 ± 0.08, n = 7; KO: −0.30 ± 0.10,
n = 11, p > 0.05). The frequency of stereotypical behavior
declined over time after the WT and KO rats were placed
on the force plate, but there were no genotypic differences
[Figure 5E, genotype, F(1,160) = 0.1110, p = 0.7395; time block,
F(9,160) = 1.310, p = 0.2354]. These results demonstrate that
deletion of FMRP in rats had no detectable effects on motor
function.
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FIGURE 4 | Fmr1 KO rats display impaired social interaction in the three-chamber test. (A) Diagram of the testing apparatus with two outer side chambers, each
housing a novel object or stranger rat behind perforated Plexiglas, and the center chamber where the subject was started. Two doorways allowed the subject to
move freely between all chambers. (B) A WT or KO subject was allowed to explore the apparatus. The mean total duration each subject spent per chamber
(including time at partitions within side chambers) is shown, WT: n = 8; KO: n = 12. (C–E) Quantification of the results in (A) (middle), as shown by the amount of time
spent in chamber (C) with a novel rat (stranger1, S1) vs. an inanimate object (O), or the preference index derived from the numerical difference between the time
spent in chamber (D) with S1 and O divided by total time spent × 100. Frequency of subject entry into each side chamber from the center chamber is shown (E).
(F–H) Quantification of the results in (A) (bottom). S2 (stranger2) and S1 (stranger1). All data are presented mean ± SEM. [∗p < 0.05, ∗∗∗p < 0.001; ns., not
significant; one-way analysis of variance (ANOVA) and two-sided Student’s t-test were used].

To explore whether the KO rats showed anxiety and
hyperactivity, we performed the EPM test. The time spent in
open arms and close arms were not different between genotypes
(Figures 5F,G, open arms: WT vs. KO, 23.25 ± 4.85 s vs.
20.93 ± 3.83 s; close arms: WT vs. KO, 193.50 ± 21.09 s vs.
218.50 ± 16.09 s, WT: n = 13, KO: n = 12). These results
indicated that the Fmr1KO rats showed normal anxiety level with
the WT rats.

Fmr1 KO Rats Show Macroorchidism
Macroorchidism, one of the hallmark symptoms experienced by
patients with FXS, is also observed in several FXS animal models
(Hamilton et al., 2014). Therefore, we examined the weight of
the testes from 5-week-old to 5-month-old rats. As mentioned
above, there were no differences in the average body weights
of the WT and KO rats (Figure 6A left: WT 152.92 ± 6.10 g,
n = 5; KO 147.26 ± 3.41 g, n = 5, p > 0.05; Figure 6B left:
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FIGURE 5 | Normal locomotor activity and anxiety of Fmr1 KO rats in force plate actometer and elevated plus maze test. (A,B) Fmr1 KO rats showed normal
exploratory behavior (A) and bouts of low mobility (BLM) (B) on the force plate. Rats were allowed to move freely on the force plate actometer for 60 min. Distance
traveled and BLM were quantified every 10 min (left) and for the total 60 min period (right). The inset shows the representative movement trajectories of the WT and
KO rats. (C) The percentage of time spent in the center field of the force plate and the number of crosses of the center field were measured. (D) KO rats showed
normal whole-body tremor, which was quantified from the force variation data. (E) The focused stereotypy scores of the KO rats were similar to those of their WT
littermate controls. The focused stereotypy scores were calculated from the intense rhythmic movement data of the rats on the force plate. (F) Diagram of the
elevated plus maze test apparatus. (G) The distance the rats moved, in open and close arm time; there was no statistically significant difference in the open and
close arm entries between the WT and KO rats. All data are presented as mean ± standard error of the mean (SEM). (ns., not significant, two-way ANOVA and
two-sided Student’s t-test were used).

WT 511.26 ± 9.79 g, n = 9; KO 519.39 ± 8.89 g, n = 10,
p > 0.05). No differences were observed in the testes of KO
rats at the age of 5 weeks, in either net weight (Figure 6A
middle: total: WT 1.4 ± 0.04 g, KO 1.4 ± 0.05 g, p > 0.05;
left: WT 0.72 ± 0.04 g, KO 0.72 ± 0.04 g, p > 0.05; right:
WT 0.68 ± 0.02 g, KO 0.70 ± 0.03 g, p > 0.05) or organ
relative weight (Figure 6A right: total: WT 0.92 ± 0.02%, KO
0.97± 0.04%, p > 0.05; left: WT 0.47± 0.01%, KO 0.49± 0.02%,
p > 0.05; right: WT 0.45 ± 0.02%, KO 0.48 ± 0.03%, p > 0.05).
However, the net weight of the 5-month-old Fmr1 KO rats’ testes
was statistically significantly heavier than that of the WT rats
(Figure 6B middle: total: WT 3.77 ± 0.12 g, KO 4.37 ± 0.11 g,
p < 0.01; left: WT 1.85 ± 0.07 g, KO 2.17 ± 0.06 g, p < 0.01;
right: WT 1.92 ± 0.06 g, KO 2.20 ± 0.06 g, p < 0.01), and the
organ relative weight was also heavier than that of the WT rats

(Figure 6B right: total: WT 0.74 ± 0.02%, KO 0.84 ± 0.02%,
p< 0.01; left: WT 0.36± 0.01%, KO 0.42± 0.01%, p< 0.01; right:
WT 0.38 ± 0.01%, KO 0.42 ± 0.01%, p < 0.01). These results
demonstrate that Fmr1 KO rats display macroorchidism at the
age of 5 months.

DISCUSSION

In this study, we identified hippocampal physiology,
hippocampal-dependent, and social behavior of Fmr1 KO
rats, which were generated by creating a five amino acid deletion
in exon 4 of the Fmr1 gene of a rat using the CRISPR/CAS9
method. FMRP consists of several protein domains: nuclear
localization signal (NLS), two hnRNP-K-homology (KH)
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FIGURE 6 | Fmr1 KO rats exhibit macroorchidism. (A) Fmr1 KO rats’ body weight, testis weight and testis ratio of body in 5-week-old Fmr1 KO rats. (B) Fmr1 KO
rats’ body weight, testis weight and testis ratio of body in 5-month-old Fmr1 KO rats. All data are presented as mean ± SEM (∗∗p < 0.01, two-sided Student’s t-test
was used).

domains (KH1 and KH2), nuclear export signal (NES), and
arginine-glycine-glycine (RGG box). FMRP regulates protein
translation by binding to approximately 4% of the mRNA in
the mammalian brain through the two KH domains and the
RGG box (Ashley et al., 1993; Siomi et al., 1993). In the present
study, the genomic modification caused a frame-shift, but not
an in-frame deletion in exon 4, ensuring that the remaining
transcript, if any, would not generate a truncated FMRP with
functional domains (Figures 1A–C). Western blotting analysis
confirmed the absence of FMRP in the brains of KO rats
(Figure 1F). The Fmr1exon4−KO rats exhibited grossly normal
development (Figure 1G) and normal locomotor activity, as
reflected by normal activity in the open field test and the force
plate tests and a normal anxiety level in the EPM test (Figure 5).
These observations demonstrate that inactivation of the Fmr1
gene in rats does not cause global motor dysfunction.

The normal function of the hippocampus, including LTP
at the hippocampal Schaffer collateral pathway, is essential for
learning during the Morris water maze test (Nosten-Bertrand
et al., 1996; Lu et al., 1997; Moser et al., 1998; Jia et al.,
2001). In Fmr1 KO mice, LTP induced by either TBS or high-
frequency stimulation remained unaltered at the hippocampal
Schaffer collateral pathway (Godfraind et al., 1996; Zhang J.
et al., 2009; Yun and Trommer, 2011; Bostrom et al., 2015),
while the LTD was consistently enhanced in the Fmr1 KO

mouse and rat models (Godfraind et al., 1996; Huber et al.,
2002; Li et al., 2002; Till et al., 2015). The dependence of
the hippocampal LTP on FMRP had not been investigated in
rats before this study. In the present study, electrophysiological
analysis revealed that the TBS-induced LTP was severely reduced
in hippocampal CA3–CA1 synapses, providing a plausible
explanation for the learning deficits observed in the Fmr1 KO
rats (Figure 2D). Furthermore, basal synaptic transmission, as
measured by the slope of the input–output curve, was statistically
significantly reduced in the Fmr1 KO rats, whereas short-
term plasticity, a presynaptic phenomenon, was unchanged.
These data imply that postsynaptic plasticity might be affected
more severely than presynaptic plasticity at Fmr1 KO synapses.
The Fmr1exon4−KO rats exhibited an enhanced DHPG-induced
LTD (Figure 2E), and this enhancement is independent of
protein synthesis (Figure 2F), similar to previous studies of
KO mice (Nosyreva and Huber, 2006; Till et al., 2015).
Consistent with previous studies with another line of Fmr1
KO rats, which was generated by SAGE Lab using ZFN
technology to target intron 7 and exon 8 of Fmr1 (Hamilton
et al., 2014), both lines exhibited an enhanced DHPG-induced
LTD, and social dysfunction in the three-chamber test (Till
et al., 2015). Interestingly, Fmr1exon4−KO rats exhibited some
distinct disease-related symptoms, including a reduced TBS-
induced LTP (Figure 2C) and an LFS-induced LTD (Figure 2D)
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and learning disability in Morris water maze test (Figure 3).
FMRP regulates the translation of the protein that is necessary
for the induction and expression of synaptic plasticity and can
impact synaptic plasticity through FMRP’s control of protein
translation (Sidorov et al., 2013). Loss of FMRP may to some
extent impact the interaction of the protein with AMPAR
trafficking and then result in a reduced LTP and LTD through
a postsynaptic mechanism.

In the Morris water maze test, an apparatus used to measure
hippocampus-dependent spatial learning and memory (Schenk
and Morris, 1985; Terry, 2009), Fmr1exon4−KO rats demonstrated
slower learning and statistically significantly poorer performance
during the probe test phase and the reversal leaning phase. These
results are consistent with the fact that the majority of patients
with FXS are diagnosed with a learning disability (Skinner
et al., 2005; Hall et al., 2008). The probe trial difference in the
Fmr1exon4−KO rats is intriguing and has not been observed in
most of the Fmr1 KO mouse lines. Studies using Fmr1 KO mice
have consistently revealed normal trial performance, whereas
mixed results have been reported with respect to the memory
acquisition and reversal learning processes (The Dutch-Belgian
Fragile X Consortium, 1994; Kooy et al., 1996; D’Hooge et al.,
1997; Paradee et al., 1999; Baker et al., 2010; Uutela et al., 2012).
Results obtained using Fmr1 KO mice do not correspond well
with clinical observations of the symptoms of patients with FXS.
Another explanation for differences in mouse and rat models
of FXS might be differences in behavior-training paradigms,
which seem to contribute to the performance difference in the
probe trial. The Fmr1exon8−KO rats showed normal performance
in the Morris water maze test when trained with an enhanced
training paradigm (Till et al., 2015), suggesting that Fmr1 KO
rats may maintain spatial learning ability to some extent but
have difficulty with complex spatial learning tasks. In the present
study, we increased the training difficulty by hiding the platform
underneath the water throughout the experiments, instead of
using a visible platform as in the previous report (Till et al.,
2015). Moreover, two FMR1 paralogs, FXR1P and FXR2P, share
a high domain homology with FMRP in mammals (Kaufmann
et al., 2002). Functional compensation by Fxr1p and Fxr2p in
the KO rats may also allow them to perform relatively well
in easy tasks. Cooperation of FMRP and FXR2P in regulating
synaptic plasticity has been observed in comparisons of Fmr1
knockout, Fxr2p knockout, and Fmr1/Fxr2p double-knockout
mice (Zhang J. et al., 2009). Therefore, it might be worthwhile
to examine the cognitive ability and synaptic plasticity of Fmr1-
and Fxrps-compound mutant rats. Thus, based on behavior and
electrophysiological phenotypes, Fmr1exon4−KO rats constitute
an ideal model with which to further explore the mechanisms

underlying cognitive impairment in patients with FXS, which are
directly related to the pathogenesis of FXS.

Patients with FXS exhibit abnormalities in social,
communication, and stereotypic behaviors. In this study,
Fmr1exon4−KO rats displayed normal social recognition but
abnormal social novelty behavior in the three-chamber test.
In the sociability test, the wild-type and Fmr1exon4−KO rats
preferred to explore the first novel rat (stranger1) over an object
relatively, and there was a lack of genotype effect. However, the
Fmr1exon4−KO rats spent less time with the novel rat (stranger 2)
in the social novelty test compared to the control rats, which is
consistent with previous reports (McNaughton et al., 2008; Liu
and Smith, 2009; Mines et al., 2010; Heitzer et al., 2013). These
results are analogous to the abnormalities in individuals with FXS
who display social withdrawal and anxiety (Demark et al., 2003;
Cohen et al., 2005; Hatton et al., 2006). These results indicate that
basal synaptic transmission in the Schaffer collateral pathway of
Fmr1exon4−KO rats is deficit. The loss of long-term plasticity may
constitute an essential mechanism in the Morris water maze test.
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Insulinoma-associated1a (insm1a) is a zinc-finger transcription factor playing a series of

functions in cell formation and differentiation of vertebrate central and peripheral nervous

systems and neuroendocrine system. However, its roles on the development of motor

neuron have still remained uncovered. Here, we provided evidences that insm1a was a

vital regulator of motor neuron development, and provided a mechanistic understanding

of how it contributes to this process. Firstly, we showed the localization of insm1a in spinal

cord, and primary motor neurons (PMNs) of zebrafish embryos by in situ hybridization,

and imaging analysis of transgenic reporter line Tg(insm1a: mCherry)ntu805. Then we

demonstrated that the deficiency of insm1a in zebrafish larvae lead to the defects of

PMNs development, including the reduction of caudal primary motor neurons (CaP),

and middle primary motor neurons (MiP), the excessive branching of motor axons,

and the disorganized distance between adjacent CaPs. Additionally, knockout of insm1

impairedmotor neuron differentiation in the spinal cord. Locomotion analysis showed that

swimming activity was significantly reduced in the insm1a-null zebrafish. Furthermore,

we showed that the insm1a loss of function significantly decreased the transcript levels

of both olig2 and nkx6.1. Microinjection of olig2 and nkx6.1 mRNA rescued the motor

neuron defects in insm1a deficient embryos. Taken together, these data indicated that

insm1a regulated the motor neuron development, at least in part, through modulation of

the expressions of olig2 and nkx6.1.

Keywords: insm1a, motor neuron, differentiation, zebrafish, development

INTRODUCTION

In vertebrates, motor neurons have precise subtype identities that characterized by a number of
morphological criteria, such as soma location, and shape, axon path, and target muscle innervation
(Shirasaki and Pfaff, 2002; Lewis and Eisen, 2003). Meanwhile, motor neurons generally extend
their axonal trajectory with a highly stereotyped manner during the nervous system development
(Eisen, 1991; Palaisa and Granato, 2007). It has been reported that in chick and bullfrog, their
motor neuron axons always followed the conservative pathways in order to project to appropriate
regions of target musculatures (Landmesser, 1980; Farel and Bemelmans, 1985). In the embryo and
larva of zebrafish, there are two different kinds of spinal motor neurons, which are called primary
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motor neurons (PMNs), and secondary motor neuron (SMNs)
(Myers, 1985; Myers et al., 1986). The PMNs can be further
classified into three groups, caudal primary motor neurons
(CaP), middle primarymotor neurons (MiP), and rostral primary
motor neurons (RoP), by the positions of somata in the spinal
cord, and the trajectory of neuron axons (Myers et al., 1986;
Westerfield et al., 1986). CaPs, whose somata locate in the
middle of each spinal cord hemisegment, can innervate ventral
axial muscle, and have been well-studied because of their
easy observation and distinct axon projection (Myers et al.,
1986; Rodino-Klapac and Beattie, 2004). MiPs project axons to
innervate the dorsal axial muscle, while RoPs project axons to
control the middle muscle (Rodino-Klapac and Beattie, 2004).
Although the somata of the three identifiable PMNs are localized
in different position in the spinal cord, their axons pioneer to the
myoseptum through a mutual exit point (Eisen et al., 1986). Due
to the identifiability of the three kinds of PMNs, they have already
become an excellent system to study motor axon guidance and
their intraspinal navigation (Beattie et al., 2002).

The insulinoma-associated 1 (insm1) gene, which is first
isolated from an subtraction cDNA library of insulinoma tumor
cells, encodes a DNA-binding zinc finger transcription factor
with SNAG repressor motifs in N-terminal as well as Cys2-
His2 Zn finger motifs in C-terminal, and widely expresses in
the developing nervous system, endocrine cells, pancreatic cells,
and related neuroendocrine tumor cells (Goto et al., 1992;
Xie et al., 2002; Jacob et al., 2009; Lan and Breslin, 2009;
Jia et al., 2015b). Consequently, extensive studies focused on
the biological function of insm1 in nervous, and endocrine
cell proliferation, differentiation, and transformation have been
reported in the model organisms (Farkas et al., 2008; Wildner
et al., 2008; Lan and Breslin, 2009; Ramachandran et al.,
2012; Jia et al., 2015a,b). For example, in the insm1 knockout
mice, its endocrine progenitor in the developing pancreas were
less differentiated, meanwhile hormone production, and cell
migration also exhibited seriously defects (Osipovich et al.,
2014). Farkas et al. reported that compared to the wild type
and heterozygous mice, the number of basal progenitors in the
insm1 null dorsal telencephalon (dTel) was decreased almost
half, and the radial thickness of dTel cortical plate as well as the
neurogenesis in the neocortex were also predominantly reduced
after lacking insm1 gene (Farkas et al., 2008). In the zebrafish,
insm1a can regulate a series of related genes, which are necessary
for the Müller glia (MG) formation, and differentiation as well
as the zone definition of injury-responsive MG to participate
in the retina regeneration (Ramachandran et al., 2012).
Moreover, it was also reported that during the development
of zebrafish retina, insm1 could regulate cell cycle kinetics and
differentiation of the progenitor cells by acting the upstream
of the basic helix-loop-helix (bHLH) transcription factors, and
the photoreceptor specification genes (Forbes-Osborne et al.,
2013). Although insm1a is widely detected in the nervous
system and its necessity in the brain and retina development
have been also illuminated well, little is known about the
function and molecular mechanisms of insm1a on the formation
and development of other neuronal types, especially in the
zebrafish.

The zebrafish has become an excellent model system to
investigate the mechanisms of the neuron formation and
its axonal pathfinding due to the accessible observation of
motor neurons from the initial stages of embryo development
(Zelenchuk and Bruses, 2011). Here, we examined the function of
insm1a in the primary motor neurons development by CRISPR/
Cas9-mediated knockout in the Tg(mnx1:GFP)ml2 transgenic
zebrafish and investigated the possible transcriptional network
during this process.

MATERIALS AND METHODS

Zebrafish Line and Breeding
The zebrafish embryos and adults were maintained in zebrafish
Center of Nantong University under conditions in accordance
with our previous protocols (Xu et al., 2014; Wang et al.,
2016). The transgenic zebrafish line, Tg(mnx1:GFP)ml2, has been
described in the previous work (Zelenchuk and Bruses, 2011).

RNA Isolation, Reverse Transcription and
Quantitative PCR
Total RNA was extracted from zebrafish embryos by TRIzol
reagent according to the manufacturer’s instructions (Invitrogen,
USA). Genomic contaminations were removed by DNaseI, and
then 2 µg total RNA was reversely transcribed using a reversed
first strand cDNA synthesis kit (Fermentas, USA) and stored
at −20◦C. qRT-PCR was performed using the corresponding
primers (Supplementary Table 1) in a 20 µl reaction volume with
10µl SYBR premix (Takara, Japan) and elongation factor 1a (ef1a)
was used as the internal control. All samples were analyzed in
triplicate.

Whole Mount In situ Hybridization
A 501 bp cDNA fragment of insm1a was amplified from
the cDNA library that established from wild type (WT) AB
embryos using the specific primers of insm1a F1 and insm1a
R1 (Supplementary Table 1). Digoxigenin-labeled sense and
antisense probes were synthesized using linearized pGEM-T-
easy vector subcloned with this insm1a fragment by in vitro
transcription with DIG-RNA labeling Kit (Roche, Switzerland).
Zebrafish embryos and larvae were collected and fixed with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for
one night. The fixed samples were then dehydrated through
a series of increasing concentrations of methanol and stored
at −20◦C in 100% methanol eventually. Whole mount in situ
hybridization was subsequently performed as described in the
previous study (Huang et al., 2013).

Establishment of Tg(insm1a: EGFP)ntu804

and Tg(insm1a: mCherry)ntu805 Transgenic
Line
Transgenic zebrafish were created using the Tol2kit transgenesis
system and Gateway vectors. The insm1a promoter was
cloned and insert into the p5E-MCS entry vector. A multiSite
Gateway vector construction reaction (Invitrogen, USA) was
conducted with the resulting p5E-insm1a together with pME-
EGFP (or mCherry) and p3E-polyA subcloned into the
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pDestTol2pA2 to produce insm1a: EGFP or insm1a: mCherry
construct. Subsequently, this construct was co-injected with
tol2-transposase mRNAs into zebrafish one to two-cell-stage
embryos to create the Tg(insm1a: EGFP)ntu804 and Tg(insm1a:
mCherry)ntu805 transgenic line.

sgRNA/ Cas9 mRNA Synthesis and
Injection
Cas9 mRNA was obtained by in vitro transcription with the
linearized plasmid pXT7-Cas9 according to the procedure
previously described. The sgRNAs were transcribed from the
DNA templates that amplified by PCR with a pT7 plasmid as
the template, a specific forward primer and a universal reverse
primer (Supplementary Table 1) (Chang et al., 2013; Qi et al.,
2016). Transgenic zebrafish lines Tg(mnx1:GFP)ml2, were natural
mated to obtain embryos for microinjection. One to two-cell
stage zebrafish embryos were injected with 2–3 nl of a solution
containing 250 ng/µl Cas9 mRNA and 15 ng/µl sgRNA. At
24 h post fertilization (hpf), zebrafish embryos were randomly
sampled for genomic DNA extraction according to the previous
methods to determine the indel mutations by sequencing.

Morpholino and mRNAs Injections
Translation blocking antisense Morpholino (MOs; Gene Tools)
against the ATG-containing sequence was designed (5′-AAA
TCCTCTGGGCATCTTCGCCAGC-3′) to target the translation
start site according to the manufacturer’s instruction and the
other MO oligo (5′-CCTCTTACCTCAGTTACAATTTATA-3′)
was used as standard control. The MOs were diluted to 0.3
mM with RNase-free water and injected into the yolk of one to
two-cell stage embryos and then raised in E3 medium at 28.5◦C.

The cDNAs containing the open reading frame of the target
genes were cloned into PCS2+ vector respectively and then
were transcribed in vitro using the mMESSAGE mMACHIN Kit
(Ambion, USA) after the recombinant plasmids linearized with
NotI Restriction Enzyme (NEB, England), and then the capped
mRNAs were purified by RNeasy Mini Kit (Qiagen, Germany). 2
nl target genes and mCherry mRNA mixture (1:1) were injected
at 20 ng/µl into 1/2-cell stage embryos.

Locomotion Analysis in Zebrafish Larvae
To determine whether the deficiency of insm1a affect
spontaneous movement, knockout, and normal larvae were
raised in a 24-well-culture plate with one larva in each well-
filled with 1 ml E3 medium. The 24-well-culture plate was
transferred to the Zebralab Video-Track system (Zebrabox,
France) equipped with a sealed opaque plastic box that kept
insulated from laboratory environment, an infrared filter and
a monochrome camera. After adapting for 30 min, traveled
distances of the larvae were videotaped with every 5 mins
forming a movement distance and trajectory by the linked
software.

Microscopy and Statistical Analysis
Zebrafish embryos were anesthetized with E3/0.16 mg/mL
tricaine/1% 1-phenyl-2-thiourea (Sigma, USA) and embedded in
0.8% low melt agarose, and then were examined with a Leica

TCS-SP5 LSM confocal imaging system. For the results of in
situ hybridization, Photographs were taken using an Olympus
stereomicroscope MVX10. Statistical comparisons of the data
were carried out by student’s t-test or one-way analysis of
variance (ANOVA) followed by Duncan’s test, and P < 0.05
were considered statistically significant. All statistical analysis
was performed using the SPSS 13.0 software (SPSS, USA).

RESULT

Insm1a is Expressed in Spinal Cord and
PMNs of Zebrafish
To analyze the expression of insm1a in zebrafish nervous system,
we performed the whole amount in situ hybridization (WISH)
analysis with a digoxigenin-labeled insm1a probe. Similar to the
previous study (Lukowski et al., 2006), at late somitogenesis (24
hpf) insm1a transcripts were apparently localized in ventral part
of the neurons in the spinal cord, where most of the motor
neurons located at this stage (Figure 1A).

To further determine the localization of insm1a, we generated
the Tg(insm1a: EGFP)ntu804 and Tg(insm1a: mCherry)ntu805

transgenic zebrafish lines, in which the insm1a promoter

directed expression of EGFP or mCherry respectively. It was
shown that at 30 hpf the insm1a:mCherry and insm1a:EGFP
expression was observed in the spinal cord, retina and brain,
which was similar with the results of in situ hybridization
(Figures 1B,B’; Supplementary Figures 1A,A’) (Lukowski et al.,
2006). In addition, we found that insm1a:EGFP expression was
highly activated in Müller glia of injury sites in adult zebrafish
retina (Supplementary Figure 1B), which was consistent with the
ISH data carried out by other researchers (Ramachandran et al.,
2012). These results suggested that the transgenes recapitulated
the endogenous insm1a expression.

To investigate whether insm1a is expressed in motor neurons,
we outcrossed Tg(insm1a: mCherry)ntu805 transgenic line with
Tg(mnx1:GFP)ml2 line, in whichmotor neurons were labeled with
GFP (Zelenchuk and Bruses, 2011). We found that the GFP+

motor neurons were also labeled with mCherry fluorescence
(Figures 1C–C”), suggesting insm1a was expressed in motor
neurons.

Knockout of insm1a Caused Primary Motor
Neurons Developmental Defect
In order to examine whether insm1a is required for the
development of motor neuron, the CRISPR/Cas9 system was
utilized to knockout insm1a in Tg(mnx1:GFP)ml2 transgenic
zebrafish line. To ensure complete disruption of functional
proteins, we chose the target sites near the translation start
codon (ATG) in the exon1 of zebrafish insm1a (Supplementary
Figure 2A). The selected gRNA-Cas9 system efficiently induced
mutations in the targeting site with four types of mutations
were identified (Supplementary Figure 2B). The mutated alleles
included a 5-bp deletion, an 8-bp deletion and two 10-bp
deletions, which all resulted in reading frame shift and premature
translation termination (Supplementary Figure 2C). In addition,
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FIGURE 1 | Insm1a expression in embryonic zebrafish spinal cord and primary motor neurons. (A) At 24 hpf, the in situ hybridization signal of insm1a is localized in

the spinal cord., Scale bar = 200 µm. (B) The confocal imaging analysis of the transgene insm1a:mCherry expression at 30 hpf. Square in dash line indicates the

magnified region in (B’) Scale bar = 50 µm. (C,C’,C”). Confocal imaging analysis of Tg(mnx1:GFP)ml2 × Tg(insm1a: mCherry)ntu805 transgenic line.

these lines showed the same phenotypes and the 8-bp deletion
mutant line was used for the following experiments.

It was observed that insm1a knockout caused obvious
developmental defect of motor neurons (Figure 2). Firstly, the
number of MiPs and CaPs were significantly reduced in the
insm1a mutants (Figure 2A). We counted the number of Caps
and classified the zebrafish embryo into three categories by
its defective degree: severe group with over 80% loss of Caps,
moderate group with <80% loss and normal group with <20%
loss (In the following statistical analysis, the zebrafish with <20%
loss was defined as normal, whereas, it was abnormal). These
results revealed that 48.1% severe and 32.1% moderate defect
were found in the insm1a mutants, while there was only 7.9%
moderate defect in the control group (Figure 2B). Similarly, the
MiPs were also obviously impaired in insm1a knockout embryos
(Figures 2A,F). Importantly, we found that these abnormal
phenotypes of motor neurons could not recover at later stages
we checked (Supplementary Figure 3).

Moreover, the morphology of motor neurons was significantly
affected in the insm1a mutants (Figures 2A,D,E). The axons of

Caps in insm1a mutants were shorter and failed to reach the
ventral musculatures. The branches density of the Caps in insm1a
mutants was higher than that in control. For example, in the
insm1a mutants, there were around 34 branch points of per
1 mm CaP axon at 48 hpf, while only 31 in control embryos
(Figure 2E). With the larvae development, the excess branching
became more, and more pronounced (Supplementary Figure 3).
In addition, statistical analysis revealed that the average length of
each CaP anon in the insm1a mutants was 707.9 µm at 48 hpf,
while in control embryos it increased to 1367.9 µm (Figure 2D).
Interestingly, we also found that the distances between adjacent
CaPs were significantly variant in insm1amutants (Figure 2C).

In order to validate the developmental defects of motor
neuron was specifically caused by the insm1a inactivation,
further experiments were carried out. The embryos that injected
with an insm1a translation blocking morpholino displayed the
similar motor neuron with that observed in the insm1a mutants
(Supplementary Figure 4). To confirm phenotypic specificity
induced by the insm1a MO injection, we performed rescue
experiment by co-injection of 50 ng of insm1a mRNA with
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FIGURE 2 | Primary motor neuron morphogenesis defects in the insm1a mutant zebrafish embryos. (A) Confocal imaging analysis of primary motor neuron in control

group and insm1a mutant groups at 30 hpf and 48 hpf Tg(mnx1:GFP)ml2. Caps in dash line are showed in diagrams. Scale bar = 50 µm. (B) Quantification of

zebrafish embryos with abnormal Caps. The zebrafish embryos are classified into three categories according to its loss degree: severe group with over 80% loss of

(Continued)
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FIGURE 2 | Continued

Cap primary motor neuron, moderate group with <80% loss, and normal group with <20% loss. (C) Quantification of distance between adjacent motor neurons (µm)

in control group and insm1a mutant groups at 30 hpf (n = 33 and 41 respectively) and 48 hpf (n = 27 and 76 respectively). (D,E) The length and branching number of

Cap axons in control group and insm1a mutant groups at 30 and 48 hpf. Asterisks above the bars indicate significant differences (**P < 0.01). (F) Quantification of

zebrafish embryos with abnormal Caps at 30 and 48 hpf.

insm1a MO into zebrafish embryos, and the results showed that
the co-injection significantly decreased the loss, and premature
branching of PMNs (Supplementary Figure 4E). Taken together,
these results indicated thosemotor neuron developmental defects
were caused by loss of insm1a.

Insm1a Deficiency Suppressed Neuronal
Cells Differentiation
The confocal imaging analysis discovered that there were a
number of round and not well-differentiated GFP positive cells
in Tg(mnx1:GFP)ml2 insm1a mutants (Figure 3A). Statistical
analysis showed that at 30 and 48 hpf the number of these
undifferentiated cell in the insm1a deficiency zebrafish was
significantly higher than that in the control fish (Figure 3B).
We also observed these undifferentiated cells in insm1a
morphants, however the number was less than that in mutants
(Figures 3A,B).

To further investigate the cellular mechanism underlying
the motor neuronal defects in insm1a deficient embryos, we
performed confocal time-lapse imaging analysis. It was found
that in control embryos the axon of CaP sprouted from the spinal
cord, and extended toward to the ventral muscle (Figure 3C). In
control embryos the axon of CaP started to branch when it passed
through the midline, while in insm1a mutants the axon initiated
to branch once it came out from the spinal cord (Figures 3A,C,
Supplementary Movies 1, 2). In addition, we found that those
round GFP positive cells did not develop neuronal projections
(Figures 3A,C, Supplementary Movie 1).

Knockout of insm1a Reduced the
Zebrafish Swimming Activity
In order to investigate whether the motor neuron defects affects
the motor ability, insm1a mutant zebrafish larvae were further
performed for 40-min free-swimming activity test independent
of any stimuli at 7 and 10 dpf. It demonstrated that themovement
trajectory and swimming distance per 5 mins, which could
reflect the swimming speed, of insm1a mutant zebrafish larvae
were significantly decreased compared to that in the control
(Figure 4). The movie in the Supplementary Material showed
that swimming behavior could be easily discovered in the control
group, while the zebrafish inmutant group kept involuntomotory
(Supplementary Movie 3). Additionally, we also discovered that
under the stereoscopic microscope the mutant zebrafish became
insensitive to the touch stimuli (data not shown).

The insm1a Deficiency Caused Alteration
of Gene Expression Involved in Motor
Neuron Development
Since insm1a is a transcription factor, we supposed that motor
neuron developmental defects in insm1a deficient embryos

were associated with altered expression of downstream genes
of insm1a or the genes participating in the motor neuron
development. Based on the previous studies, NNR2a, NNR2b,
islet2, Asci1a, Asci1b, shh, Ngn2, Nkx6.1, and olig2 were selected
to do the qRT-PCR analysis in wild-type (WT) and insm1a
deficiency zebrafish embryos (Park et al., 2002; Hutchinson et al.,
2007; Davis-Dusenbery et al., 2014; Barreiro-Iglesias et al., 2015).
The results showed that expressions of NNR2a, NNR2b, islet2,
Asci1a, and Asci1b were significantly influenced in the insm1a

deficiency zebrafish compared to the control (Supplementary
Figure 5). We also found that the expression of shh was obviously
elevated in insm1amutants at 19, 24, and 36 hpf (Supplementary
Figure 5). Interestingly, olig2 and nkx6.1 transcripts dramatically
decreased in insm1a deficient embryos (Figures 5A,B).

Olig2 and nkx6.1 Over Expression Rescued
the Motor Neuron Defects in insm1a

Deficient Embryos
As the downregulation of olig2 and nkx6.1 in insm1a loss of
function embryos, we reasoned that insm1a might bind the
transcriptional regulatory elements of these two genes. Based
on the JASPAR 2016 database (Mathelier et al., 2016) analysis,
we found that both olig2 and nkx6.1 contained the putative
binding sites of Insm1a, suggesting Insm1a directly regulates
the expression of olig2, and nkx6.1 during PMNs development.
To investigate whether the motor neuronal defects in insm1a
deficient embryos were caused by reduced expression of olig2 and
nkx6.1, we tried to rescue the phenotype with olig2 and nkx6.1
gain of function in insm1a deficient embryos. It was shown
that co-injection both olig2 and nkx6.1 mRNA respectively
with insm1a MO significantly reduced the motor neuronal
defects caused by loss of insm1a (Figures 5C,D). 69.6% zebrafish
embryos injected with insm1a MO at 48 hpf had the motor
neuron developmental defects, while only 42.1% had the motor
neuronal phenotype in the olig2 mRNA and insm1a MO co-
injection group (Figure 5D). Similarly, after nkx6.1 mRNA and
insm1aMO co-injection, the ratio of motor neuronal phenotype
decreased to 38.6% (Figure 5D).

DISCUSSION

As one of the most conserved zinc-finger transcriptional
factor, insm1a plays important roles in various biological
processes in vertebrates (Wildner et al., 2008; Jacob et al., 2009;
Forbes-Osborne et al., 2013; Osipovich et al., 2014; Jia et al.,
2015b; Lorenzen et al., 2015). Previous studies have identified its
role in regulating the endocrine cells divisions of the pancreas,
the neuroendocrine development, the differentiation of retina
progenitors and neurogenesis of nervous system (Gierl et al.,
2006; Duggan et al., 2008; Farkas et al., 2008; Jacob et al., 2009;
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FIGURE 3 | Insm1a deficiency suppressed neuronal cells differentiation. (A) Confocal imaging analysis of primary motor neuron in control group, insm1a mutant group

and morphant group at 30 and 48 hpf Tg(mnx1:GFP)ml2. Phenotypes of neuronal cells in the spinal cord in control group, morphant group, and insm1a mutant

groups at 30 hpf and 48 hpf. Asterisks indicate undifferentiated neuronal cells. Scale bar = 50 µm. (B) Quantification of the undifferentiated neuronal cell in the insm1a

different treatment zebrafish. Asterisks above the bars indicate significant differences (*P < 0.05, **P < 0.01). (C) Time-lapse imaging analysis of the primary motor

neuron in control group and insm1a mutant groups. Asterisks represent undifferentiated neuronal cells. Scale bar = 50 µm

Lan and Breslin, 2009; Ramachandran et al., 2012). Currently,
our data in this study provided with new insights into the role
of insm1a in motor neuron development.

Our WISH data and previous study (Ramachandran et al.,
2012) demonstrated that insm1a transcripts were detected in
retina and spinal cord at 24 hpf. Furthermore, imaging analysis of
our established transgenic reporter line Tg(insm1a: EGFP)ntu804

and Tg(insm1a: mCherry)ntu805 verified the results of in situ
hybridization, and revealed the expression of EGFP or mCherry
that were driven by insm1a promoter in the PMNs. It is well-
known that the spinal cord contains PMNs which project their
axons out of the spinal cord to the terminal musculature with
the embryo development (Davis-Dusenbery et al., 2014). Taken
together, the localization data of insm1a from both in situ
hybridization analysis and the study based on transgenic reporter
line suggested that insm1a might participate in the regulation of
PMNs development.

To test whether insm1a was required for formation of
PMNs, we generated CRISPR/Cas9-mediated insm1a mutants,

and showed that obvious motor neuron loss and defects of the
PMNs axons. Moreover, we also performed insm1a knockdown,
and the results showed similar PMNs defects as the ones
produced by the insm1a knockout. In wild embryos, exuberant
side branches developed at around 72 hpf, and then invaded
into myotome to form distributed neuromuscular synapses
(Liu and Westerfield, 1990; Downes and Granato, 2004). These
results suggested that insm1a was pivotal for the primary
motor axon development to block precociously extending into
muscle territories. Additionally, locomotion analysis displayed
a typical low activity swimming behavior in insm1a mutant
zebrafish. It was known motor neuron was a major kind of
cell type that regulated swimming behavior in zebrafish during
early development (Brustein et al., 2003). Previous studies also
showed a significant involvement of motor neuron in the overall
locomotor behavior (Flanagan-Steet et al., 2005; Levin et al.,
2009). Currently, the decrease of swimming activity in this study
was consistent with the motor neuron defects in the insm1a
knockout zebrafish.
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FIGURE 4 | The swimming behavior analysis of control and insm1a mutant zebrafish embryos at 7 and 10 dpf. (A,C). The swimming trajectory of the control and

insm1a mutant zebrafish embryos at 7 and 10 dpf. (B,D). Quantification of the swimming distance of control and insm1a mutant zebrafish embryos at 7 and 10 dpf

per 5 mins (n = 36 in each group). Asterisks indicate the significant difference (*P < 0.05, **P < 0.01).

Another prominent phenotype in the insm1a deficiency
zebrafish was the disorganized distance between adjacent Caps,
which might be caused by the ectopic departure of motor
axons from the spinal cord (Palaisa and Granato, 2007).
During the zebrafish PMNs development, the three kinds of
PMN axons firstly longitudinally migrated toward a segmental
spinal cord exit point, and then diverged to individual-
specific trajectories (Eisen et al., 1986; Myers et al., 1986).
It has been reported that axonal exit sites at the spinal
cord might be restricted and conserved (Niederlander and
Lumsden, 1996). However, the change of distance between
adjacent motor axon and the formation of abnormal axons
in our study suggested that the motor axons could form
exit points at any positions along entire length of spinal
cord in insm1a mutants. The similar phenotypes were also
showed in plexin A3 and semaphorin 3A morphants (Feldner
et al., 2007; Palaisa and Granato, 2007; Tanaka et al., 2007).
Additionally, Birely et al. reported the phenotype that motor
axons departed from the spinal cord at the ectopic points
accompanied with defects in slow muscle fiber development
(Birely et al., 2005). These studies suggested that the low
activity swimming behavior in insm1a mutant zebrafish might
be involved in the ectopic departure of motor axons from the
spinal cord.

In this study we also found that loss function of Insm1a
obviously impaired the motor neuronal differentiation. Similarly,
It was shown that Insm1a regulated cell differentiation and

migration in zebrafish retinal development and regeneration
(Ramachandran et al., 2012; Forbes-Osborne et al., 2013). In
vertebrates, Insm1 stimulates cell cycle exit by suppressing
expression of cell proliferation related genes and relieving
repression of p57kip2, a cyclin kinase inhibitor that along
with p27kip1 drives cell cycle exit (Dyer and Cepko, 2001).
One consequence of insm1a driven cell cycle exit is progenitor
differentiation (Ramachandran et al., 2012). The undifferentiated
cells in the spinal cord of insm1a mutants confirmed the role of
this transcriptional factor in cell differentiation inmore cell types.

A series of genes have been identified to contribute to motor
neuron formation and development (Park et al., 2002; Cheesman
et al., 2004). It has been reported that nkx6.1 and olig2 were
dynamically expressed in zebrafih motor neuron and required
formotor neuron development. Downregulation of the two genes
lead to developmental defect of motor neuron, which was similar
with that in insm1a mutant (Park et al., 2002; Cheesman et al.,
2004; Hutchinson et al., 2007). Conversely, overexpression of
nkx6.1 or olig2 by mRNA injection could significantly promote
the development of the PMNs (Park et al., 2002; Hutchinson et al.,
2007). Current study revealed that the inactivation of insm1a
resulted in the significant decrease of nkx6.1 and olig2 expression
levels. Furthermore, olig2, and nkx6.1 overexpression rescued the
motor neuron defects in insm1a deficient embryos. These data
suggested that insm1a regulated the motor neuron development,
at least in part, by regulating the expressions of olig2, and
nkx6.1.
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FIGURE 5 | Over expressions of nkx6.1 and olig2 rescued the motor neuron defects in insm1a deficient embryos. (A,B). Effects of insm1a knockdown on the

expressions of nkx6.1 and olig2 at 19, 24, 36, and 48 hpf. Asterisks indicate significant differences (*P < 0.05). (C) Abnormal Caps in insm1a knockdown zebrafish

embryos were restored by co-injection of nkx6.1 or olig2 mRNA. Diagrams of Caps in dash line are displayed near the corresponding confocal image. Scale bar = 50

µm. (D) Quantification of zebrafish embryos with abnormal Cap primary motor neuron. Asterisks indicate significant differences (**P < 0.01).
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Synapses that are overproduced during histogenesis in the nervous system are
eventually lost and connectivity is refined. Membrane receptor signaling leads to
activity-dependent mutual influence and competition between axons directly or with
the involvement of the postsynaptic cell and the associated glial cell/s. Presynaptic
muscarinic acetylcholine (ACh) receptors (subtypes mAChR; M1, M2 and M4), adenosine
receptors (AR; A1 and A2A) and the tropomyosin-related kinase B receptor (TrkB), among
others, all cooperate in synapse elimination. Between these receptors there are several
synergistic, antagonic and modulatory relations that clearly affect synapse elimination.
Metabotropic receptors converge in a limited repertoire of intracellular effector kinases,
particularly serine protein kinases A and C (PKA and PKC), to phosphorylate protein
targets and bring about structural and functional changes leading to axon loss. In most
cells A1, M1 and TrkB operate mainly by stimulating PKC whereas A2A, M2 and M4

inhibit PKA. We hypothesize that a membrane receptor-induced shifting in the protein
kinases A and C activity (inhibition of PKA and/or stimulation of PKC) in some nerve
endings may play an important role in promoting developmental synapse elimination at
the neuromuscular junction (NMJ). This hypothesis is supported by: (i) the tonic effect
(shown by using selective inhibitors) of several membrane receptors that accelerates
axon loss between postnatal days P5–P9; (ii) the synergistic, antagonic and modulatory
effects (shown by paired inhibition) of the receptors on axonal loss; (iii) the fact that

Abbreviations: AC, adenyl cyclase; ACh, acetylcholine; AR, adenosine receptors; A1adenosine receptor; A2Aadenosine
receptor; βIV5–3, translocation inhibitor peptide, beta I βIV5–3; CaC, calphostin C; Cav, voltage-gated calcium; cPKCα,
alpha protein kinase C isoform; cPKCβI, beta I protein kinase C isoform; DPCPX, 8-Cyclopentyl-1,3-IP3, inositol
triphosphate; IP3, inositol triphosphate; LAL, Levator auris longus muscle; M1, M1-type muscarinic acetylcholine receptor;
M2, M2-type muscarinic acetylcholine receptor; M4, M4-type muscarinic acetylcholine receptor; mAChR, muscarinic
acetylcholine receptor; MET, methoctramine; nAChR, nicotinic acetylcholine receptor; nAChRδ, delta nicotinic acetylcholine
receptor subunit; nAChRε, epsilon nicotinic acetylcholine receptor subunit; NMJ, neuromuscular junction; nPKCε, epsilon
protein kinase C isoform; nPKCθ, theta protein kinase C isoform; NTR, neurotrophin receptor; OXO, oxotremorine;
PIR, pirenzepine; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; SCH58261, 2-(2-Furanyl)-7-
(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine; TrkB, tropomyosin-related kinase B receptor;
TrkB-Fc, inhibitor recombinant human TrkB-Fc Chimera.
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the coupling of these receptors activates/inhibits the intracellular serine kinases; and
(iv) the increase of the PKA activity, the reduction of the PKC activity or, in most cases,
both situations simultaneously that presumably occurs in all the situations of singly and
paired inhibition of the mAChR, AR and TrkB receptors. The use of transgenic animals
and various combinations of selective and specific PKA and PKC inhibitors could help
to elucidate the role of these kinases in synapse maturation.

Keywords: motor end-plate, postnatal synapse elimination, acetylcholine release, muscarinic acetylcholine
receptors, adenosine receptors, neurotrophins, PKC, PKA

DEVELOPMENTAL AXONAL LOSS AND
SYNAPSE ELIMINATION

When the nervous system develops, the neurons and synapses
involved in circuitry wiring and connectivity are overproduced.
However, Hebbian competition between nerve processes and
endings eliminates redundant synapses and refines the specificity
of the functional circuits (Purves and Lichtman, 1980; Jansen
and Fladby, 1990; Sanes and Lichtman, 1999). Synapses are lost
throughout the nervous system during histogenesis (Bourgeois
and Rakic, 1993). In the visual system, thalamocortical axons
disconnect from cortical layer IV cells (Hubel et al., 1977;
Huberman, 2007), in the cerebellum, climbing fibers disconnect
from Purkinje cells (Daniel et al., 1992; Hashimoto and Kano,
2005) and in autonomic ganglia, preganglionic inputs disconnect
from ganglion cells (Lichtman, 1997). Developmental axonal loss
also occurs in neuromuscular junction (NMJ), the paradigmatic
model of neuroscience. Most axonal elimination occurs during
the first 2 weeks after birth. At birth, the NMJs are initially
polyinnervated but, by the end of the axonal competition, the
motor endplates are innervated by a solitary axon (Benoit and
Changeux, 1975; O’Brien et al., 1978; Liu et al., 1994; Ribchester
and Barry, 1994; Nguyen and Lichtman, 1996; Chang and Balice-
Gordon, 1997; Sanes and Lichtman, 1999; Herrera and Zeng,
2003; Nelson et al., 2003;Wyatt and Balice-Gordon, 2003; Buffelli
et al., 2004; Figure 1).

MEMBRANE RECEPTORS IN AXONAL
LOSS

Membrane receptor signaling can play a role in axonal
competition by allowing the various nerve endings to have an
activity-dependent influence on one another directly or with
the involvement of the postsynaptic cell and the associated glial
cell/s (Keller-Peck et al., 2001; Tomàs et al., 2014). We observed
that presynaptic muscarinic acetylcholine receptors (mAChR;
subtypes M1, M2 and M4), adenosine receptors (AR; A1 and
A2A) and the neurotrophin receptor (NTR) tropomyosin-related
kinase B receptor (TrkB) all cooperate in the developmental
synapse elimination process at this synapse [NMJ from the
Levator auris longus—LAL—muscle of the B6.Cg-Tg (Thy1-
YFP)16 Jrs/J mice (hereinafter YFP mice), and from C57BL/6J
P7 mice] by favoring axonal competition and loss (Nadal et al.,
2016a,b, 2017; Tomàs et al., 2017). Other receptors, for example
glutamate receptors at the mice NMJ (Waerhaug and Ottersen,

FIGURE 1 | Confocal immunofluorescence. The image shows mono-
innervated and polyinnervated synapses from C57BL/6J P7 (A) and YFP (B)
control mice. The Levator auris longus muscle (LAL) neuromuscular junctions
(NMJs) (in A) show the axons stained green by 200-kD neurofilament antibody
and the postsynaptic nicotinic acetylcholine receptors (nAChR) clusters (both
in A,B) stained red by TRITC-α-BTX. Scale bar: 10 µm. Image (A) has been
adapted from Figure 1 in the original article (Tomàs et al., 2017). The original
article is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/
by/2.0), which permits unrestricted use, distribution and reproduction in any
medium, provided the original work is properly cited.

1993) may collaborate because developmental synapse loss is
slowed by reducing activation of the glutamate-NMDA receptor
pathway (Personius et al., 2016).

Frontiers in Molecular Neuroscience | www.frontiersin.org August 2017 | Volume 10 | Article 255125

http://creativecommons.org/licenses/by/2.0
http://creativecommons.org/licenses/by/2.0
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Tomàs et al. PKA and PKC in Postnatal Synapse Elimination

FIGURE 2 | Changes in polyneuronal innervation of the NMJ after inhibiting the muscarinic ACh autoreceptors (mAChR), adenosine receptors (AR) and the
tropomyosin-related kinase B receptor (TrkB) signaling in the YFP mice. (Aa–j) shows the percentage of monoinnervated NMJs in controls (PBS, dotted lines) and
after exposure (four applications, one application every day after P5) to one inhibitor or after simultaneous inhibition of two receptors that individually affect axon loss
(all inhibitors but MT3). The associations of MT3 with the other substances are represented in (Ba–e). The symbols indicate: ∗P < 0.05, ∗∗∗P < 0.005 when the
corresponding antagonist or combinations of two substances are compared with control PBS. §§§P < 0.005 when the combination of two substances is compared
with the first substance. ‡P < 0.05, ‡‡‡P < 0.005 when the combination of two substances is compared with the second. The selective inhibitors are:
methoctramine (MET), M2 inhibitor; pirenzepine (PIR), M1 inhibitor; 8-Cyclopentyl-1,3-IP3, inositol triphosphate (DPCPX), A1 inhibitor; SCH58261, A2A inhibitor and
inhibitor recombinant human TrkB-Fc Chimera (TrkB-Fc), TrkB inhibitor: this figure has been adapted and redrawn from Figures 3,4 in the original article by Nadal
et al. (2016a). The original article is an open access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly
cited. The paired inhibition data of the AR and TrkB shown in the histograms i and j have not been previously published.
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We have used the term cooperation above to define the
collaboration between mAChR, AR and TrkB receptor pathways
in controlling axonal loss. Cooperation requires the receptors to
work together: (i) additively or synergistically; or (ii) occlusively
or antagonically. We simultaneously applied two inhibitors (two
selective antagonists from two different receptors) to reveal
the possible additive or occlusive crosstalk effects between the
corresponding pathways. The histograms in Figure 2 show the
individual and the paired effects of these inhibitors on axonal loss
at P9 (percentage of the monoinnervated synapses after exposure
to blockers (data drawn from previous studies: Nadal et al.,
2016a,b, 2017; Tomàs et al., 2017). The paired inhibition data of
the AR and TrkB shown in histograms i and j from Figure 2A
have not been previously published).

SYNERGISTIC AND ANTAGONIC EFFECTS
OF THE mAChR, AR AND TrkB THAT
AFFECT DEVELOPMENTAL SYNAPSE
ELIMINATION

The receptors (Figure 2A) with the exception of the M4
subtype (Figure 2B), directly accelerate axon loss at P9 (when
selectively blocked between P5 and P8, axonal elimination
is reduced and this shows their tonic effect in normal
conditions). All diagrams in Figure 3 (taken from previous
articles, except some unpublished data in Figure 3D, see
below; Nadal et al., 2016b, 2017), show the effect of the
selective inhibitors in order of their ability to finally delay
monoinnervation and keep a high percentage of synapses
innervated by two or more axons (methoctramine (MET), M2
inhibitor; PIR, M1 inhibitor; 8-Cyclopentyl-1,3-IP3, inositol
triphosphate (DPCPX), A1 inhibitor; SCH58261, A2A inhibitor;
inhibitor recombinant human TrkB-Fc Chimera (TrkB-Fc),
TrkB inhibitor). The red arrows show approximately how
effective the selective blockers are at delaying axonal elimination
(the thicker they are, the greater their effect, although their
absolute pharmacological potency cannot be directly compared).
In this case, only the M4 blocker MT3 is unable to significantly
change the percentage of monoinnervation (see the data in
Figure 2B), which shows that there is no direct effect of M4 on
axonal loss at this time (black arrow in Figures 3A–D).

Diagrams also show the cooperation links between the
receptors as judging by the effect of the corresponding paired
inhibitors exposition (gray circles mean there is no change, green
circles mean there is a synergistic effect and red circles mean
there is an antagonic effect).

Synergistic Role of the M1 Subtype
Figure 3A shows the synergistic role of the M1 mAChR, which
potentiates the effect of both AR (A1, 58% and A2A 36%) and
TrkB (25%) on axonal elimination. Only a small antagonic effect
is observed on the potent M2 function and in this case the final
effect is no different from the individual M1 effect on axon loss.

Modulatory Role of the M4 Subtype
This receptor is not directly involved in axonal loss. Figure 3B
shows, however, that it strongly potentiates the effect of AR

FIGURE 3 | Cooperation between mAChR, AR and TrkB receptors. All
diagrams (A–D; redrawn from previous work, except some unpublished data
in diagram (D), Nadal et al., 2016b, 2017), show the effect of the selective
inhibitors in order of their ability to finally delay monoinnervation and keep a
high percentage of synapses innervated by two or more axons (MET, M2

inhibitor; PIR, M1 inhibitor; DPCPX, A1 inhibitor; SCH58261, A2A inhibitor;
TrkB-Fc, TrkB inhibitor). The red arrows show how effective the blockers are at
delaying elimination (the thicker they are, the greater their effect). Only the M4

blocker MT3 is unable to change axonal loss (black arrow in the figures).
Diagrams show the cooperation links between the receptors as judging by the
effect of the corresponding paired inhibition (gray circles mean there is no
change, green circles mean there is a synergistic effect and red circles mean
there is an antagonic effect between the receptors).

(A1, 33% and A2A 32%) and TrkB (23%) and also slightly inhibits
the potent M2 effect. In fact, although M4 does not act directly
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by itself, its regulatory functions are similar to those of the M1
subtype. Therefore, M4 has a modulatory function.We think that
though insufficient to promote an effect by itself, theM4 pathway
may realize some priming action on the other pathways to
facilitate them (the AR and the TrkB pathways) or to obstruct
them (the M2 pathway).

Role of M2 Subtype
M2 has a powerful effect on axon loss and only the
other mAChRs, M1 and M4, can slightly reduce its potency
(Figure 3C).

Antagonic Effects between AR and TrkB
Figure 3D shows that when the inhibitor recombinant human
TrkB-Fc Chimera (TrkB-Fc) is associated with one of the AR
inhibitors DPCPX or SCH58261, the effect is just the same as
the individual effect of one of them on axon loss (in the graph,
we have chosen to represent the position of the red circles only
on the TrkB pathway for purposes of simplicity. These data
have not been previously published). When both AR are blocked
simultaneously, occlusion is complete and the final result is no
different from that of the untreated control.

Thus, several synergistic, antagonic and modulatory relations
are clearly observed between the receptors, which affect synapse
elimination.

SERINE KINASES IN AXONAL LOSS

Metabotropic membrane receptors converge in a limited
repertoire of intracellular effector kinases (mainly serine protein
kinases A and C [PKA and PKC]) to phosphorylate protein
targets and bring about structural and functional changes that
lead to axon loss. The nerve endings that lose the competitive
process progressively weaken by diminishing the quantal content
of the evoked ACh release in parallel with the progressive loss of
nicotinic acetylcholine receptors (nAChR) from the postsynaptic
muscle cell (Caulfield, 1993; Felder, 1995; Caulfield and Birdsall,
1998; Nathanson, 2000; Lanuza et al., 2001, 2002; Santafé et al.,
2004; Garcia et al., 2010; Tomàs et al., 2014). Receptors and
kinases may regulate coordinately these changes.

In the postsynaptic component, the phosphorylation of the
nAChR delta and epsilon (delta nicotinic acetylcholine receptor
subunit (nAChRδ) and epsilon nicotinic acetylcholine receptor
subunit (nAChRε)) subunits may help the nAChR cluster to
mature, which may also affect synapse loss during postnatal
development. nPKCθ produces nAChR instability and loss by
phosphorylating the delta subunit, while PKA reverses this effect
and increases receptor stability by phosphorylating the epsilon
subunit. Moreover, PKA and PKCmay phosphorylate differently
the nAChR in the different axon terminals (with different
activity) that are in competition in the same synaptic site.
PKC-induced dispersion under the weakest nerve terminals and
a PKA-induced catching and stabilization under the more active
axon terminals results in the differentiation of the postsynaptic
gutters (Nelson et al., 2003; Lanuza et al., 2006, 2010, 2014).
Also, protein phosphorylation is an important posttranslational
modification of group I metabotropic glutamate receptors.

Evidences indicate that PKA and PKC directly interact with
mGluR1/5, phosphorylate specific serine or threonine sites
and thereby regulate trafficking, distribution, and function of
phosphorylated receptors (Mao and Wang, 2016).

In the presynaptic component, intracellular serine kinases,
both PKA and PKC in the nerve terminals, could be directly
involved in modulating calcium-dependent ACh release at the
NMJ (Santafé et al., 2006, 2007a,b, 2009b; Tomàs et al., 2011).
Specifically, PKC [alpha protein kinase C isoform (cPKCα), beta
I protein kinase C isoform (cPKCβI) and epsilon protein kinase
C isoform (nPKCε) isoforms are the candidates (Besalduch
et al., 2010; Lanuza et al., 2010; Obis et al., 2015)] is able to
reduce the ACh release capacity of the weak axons in developing
polyinnervated synapses (Santafé et al., 2003, 2004, 2007b,
2009a,b; Tomàs et al., 2011). This effect on transmitter release
may also be related with axonal loss because the competitive force
of these nerve endings decreases.

In other molecular mechanisms PKA and PKC can
phosphorylate the same molecule in different residues. For
instance, SNAP25 is phosphorylated by PKA (in T138) and PKC
(in S187) whereas Munc18 is only phosphorylated by PKC in the
modulation steps of the ACh release (Leenders and Sheng, 2005).

However, not always PKA and PKC cooperate in
phosphorylating the same molecule or different subunits of
the same complex. There are molecules and coupled functions
modulated only by PKA. It seems that only PKA is involved
in the desensitization induced by 5-HT in rat serotonergic
neurons (Yao et al., 2010). Other molecules are modulated
only by PKC. Spinal sigma-1 receptor-induced mechanical
and thermal hypersensitivity are mediated by an increase in
NO-induced PKC-dependent but PKA-independent expression
of the spinal NMDA receptor GluN1 subunit (Roh et al.,
2011). PKC isozymes modulate voltage-gated calcium (Cav)
currents through Cav2.2 and Cav2.3 channels by targeting
serine/threonine (Ser/Thr) phosphorylation sites of Cavα1
subunits. Stimulatory (Thr-422, Ser-2108 and Ser-2132) and
inhibitory (Ser-425) sites were identified in the Cav2.2α1
subunits to PKCs βII and ε. Net PKC effect may be the difference
between the responses of the stimulatory and inhibitory sites
(Rajagopal et al., 2017).

MEMBRANE RECEPTORS AND SERINE
KINASES

In most cells A1, M1 and TrkB operate mainly by stimulating
the phospholipase C gamma (PLCγ) and, therefore, the PKC
pathways and the inositol triphosphate (IP3) pathway, whereas
A2A, M2 and M4 inhibit the adenyl cyclase (AC) and PKA
pathway (Caulfield, 1993; Felder, 1995; Marala and Mustafa,
1995; Caulfield and Birdsall, 1998; Nathanson, 2000; De Lorenzo
et al., 2004; Nishizaki, 2004; Oliveira and Correia-de-Sá, 2005).

In considering the synergistic, antagonic and modulatory
effects of the receptors on axonal loss (Figures 2, 3), we believe
that an inhibition of PKA and/or stimulation of PKC in some
nerve endings may play a leading role in promoting synapse
elimination. Therefore, the left-hand side of Figure 4 shows
how the individual use of selective inhibitors changes PKA
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FIGURE 4 | Membrane receptors and serine kinases. The left-hand side of the
figure shows how the individual use of selective inhibitors changes protein
kinase A (PKA) and protein kinase C (PKC) activity (green arrows mean
stimulation, red arrows mean inhibition). The right-hand side of the figure
shows that when two blockers are associated, PKA activity generally
increases (green characters) or is unaffected in the cases of PIR-DPCPX,
PIR-TrkB and DPCPX-TrkB associations (black characters). However, PKC
activity is generally reduced (red characters) or unaffected in MET-MT3,
MET-SCH58261 and MT3-SCH58261 dual inhibition (black characters also).
Therefore, a higher PKA/PKC ratio can be produced by selective inhibitors
and this coincide with a delay in axonal loss.

and PKC activity in many cells (Caulfield, 1993; Felder, 1995;
Calabresi et al., 1998; Caulfield and Birdsall, 1998; Nathanson,
2000; Santafé et al., 2006, 2007a; Salgado et al., 2007; Ansari et al.,
2009; Tomàs et al., 2011; Rodrigues et al., 2014; Hughes et al.,
2015; Obis et al., 2015). Theoretically, when two inhibitors are
associated (right side of the Figure 4), PKA activity is generally
increased (or unaffected in the cases of PIR-DPCPX, PIR-TrkB
and DPCPX-TrkB associations, black characters). However,
PKC activity is generally reduced (or unaffected in MET-MT3,
MET-SCH58261 and MT3-SCH58261 dual inhibition, black
characters). Therefore, the selective inhibitors would give a
higher PKA/PKC ratio and delay axonal loss, which means
that, in normal conditions without inhibitors, all the considered
receptor pathways join together to give a lower PKA/PKC ratio
and accelerate axonal loss.

However, although PKA and PKC are involved in synapse
elimination, and changes in their respective activity seems
relevant, a specific decrease of the PKA/PKC activity ratio
would be not the best manner to describe their complementary
role. Therefore, we hypothesize that ‘‘a membrane receptor-
induced shifting in the PKA and PKC activity (inhibition of PKA
and/or stimulation of PKC) in some nerve endings may play an
important role in promoting developmental synapse elimination
at the NMJ’’.

In addition, the use of inhibitors show only the tonic effect
of the molecule that is inhibited in basal conditions but the
supposition that without the presence of the inhibitor the
molecule play in all cases this tonic effect is a further deduction
that will be considered as forming part of the hypothesis and
analyzed with caution.

FIGURE 5 | Pathways resulting in increased PKA and decreased PKC activity.
The figure represents the two groups of receptor inhibitors: those that reduce
PKC activity (right-hand side of the figure, red arrows) and those that increase
PKA activity (left-hand side, green arrows). In terms of PKC, the effect of PIR is
synergistic with the DPCPX and the TrkB-Fc effects although these last two
substances are mutually occlusive. This suggests that PKC activity can be
reduced by two parallel pathways (paths 1 and 2). In terms of PKA, the effects
of MET and SCH58261 seem to converge on the final path A through the
respective paths B and C, which cannot be summed even though they are in
turn respectively modulated negatively (dotted red arrow) and positively
(dotted green arrow) by MT3.

Although in 12 out of 15 simultaneous inhibitions with
two drugs PKC activity is reduced and remains unchanged in
only three (the same numbers applie for PKA activity increase
and maintenance respectively, see Figure 4), it seems that a
higher PKA/PKC ratio is the main factor in the paired receptors
signaling inhibition. In this regard, there is no clear difference
between the situations in which PKA presumably increases or
is unchanged or when PKC decreases or remains unchanged
in relation to axonal loss. This means that in paired inhibition
conditions (two different receptors are blocked), the presumed
relevant fact to influence axon loss seems to be the increase of the
PKA activity only, the reduction of the PKC activity only or, in
most cases, both situations simultaneously.

For instance, axon loss is also partially occluded between TrkB
and both AR pathways (A1 and A2A) even when PKA would be
not affected by blocking TrkB and A1 and PKA would increase
by blocking TrkB and A2A. Also, a strong decrease in PKC
while PKA remains stable can result in a synergistic effect of the
inhibitors (PIR and DPCPX) or in an occlusion between them
(DPCPX and TrkB). Therefore, the increase in the PKA/PKC
ratio is the parameter that seems to change after all the direct
and crossed inhibitions of the mAChR, AR and TrkB had been
checked.

Figure 5 shows the two groups of receptor inhibitors
separately: those that reduce PKC activity (right-hand side of
the figure) and those that increase PKA activity (left-hand side).
In terms of PKC, the effect of PIR is synergistic and can be
added to the DPCPX and the TrkB-Fc effects although these last
two substances are mutually occlusive. This suggests that PKC
activity can be reduced by two parallel pathways (path 1 and
2 in the figure). Paths 1 and 2 can be summed but the pathways
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converging on path 2 cannot. In terms of PKA, the effects ofMET
and SCH58261 seem to converge on the final path A through
their respective paths B and C, which cannot be summed even
though they are in turn respectively modulated negatively and
positively by MT3. Interestingly, a reduction in PKC (PIR) and
an increase in PKA (SCH58261) can have a synergistic effect
(Figure 2Ab). However, there is only one situation in which
the inhibitors DPCPX (PKC reduction) and SCH58261 (PKA
increase) fully antagonize each other (Figure 2Af). This suggests
that, downstream of the AR, there is a common link that is
inversely regulated by the two subtypes.

Therefore, in basal conditions, a reduction in PKA activity,
an increase in PKC activity or, in most cases, both situations
simultaneously, would accelerate synapse elimination.

There are manymolecular targets of the membrane receptors-
kinases phosphorylation pathways involved in transmitter release
and nerve terminal stability. Their analysis is out of the scope
here. However, during developmental axonal competition and
loss, the nerve endings achieve differences in ACh release
capacity and in the functional expression of several related
molecules. Specifically, in the weakest endings (those that evoke
small synaptic potentials) in polyinnervated NMJ, M1 receptors
reduce release through the PKC pathway due to an excess of Ca2+

inflow through P-, N- and L-type calcium channels (L channel
is only present in the weak endings). However, in the strongest
and mature endings, the coupling of M1 to PKC activity results
in ACh release potentiation using Ca2+ inflow through the P-
channel. The PKA-linked M2 subtype is also present in the
weakest endings, it is related only to P and N channels to
potentiate release (Santafé et al., 2009a; see also Santafé et al.,
2003, 2004, 2007a,b, 2009a,b; Tomàs et al., 2011). It is tempting to
speculate on the relevance of the PKA and PKC phosphorylation
of the Ca2+ channels in the differential control of transmitter
release during axonal competition and nerve terminal loss.

CONCLUSION AND HYPOTHESIS

We suggest that a membrane receptor-induced shifting in the
PKA and PKC activity may play an important role in promoting
developmental synapse elimination at the NMJ. This hypothesis
is supported by: (i) the tonic effect (shown by using selective
inhibitors) of several membrane receptors that accelerates axon
loss between P5 and P9; (ii) the synergistic, antagonic and
modulatory effects (shown by paired inhibition) of the receptors
on axonal loss; (iii) the fact that the coupling of these receptors
activates/inhibits the intracellular serine kinases; and (iv) the
increase of the PKA activity, the reduction of the PKC activity
or, in most cases, both situations simultaneously that presumably
occurs in all the situations of singly and paired inhibition of the
mAChR, AR and TrkB receptors.

The use of transgenic animals and various combinations of
selective and specific PKA and PKC inhibitors could help to
elucidate the role of these kinases in synapse maturation.

Transgenic Mice
The transgenic mouse B6.Cg-Tg(Camk2a-Prkaca)426Tabe/J has
a 50% reduction in basal cAMP-dependent PKA. Also, we found

that nPKCε and cPKCβI isoforms are exclusively located in the
motor nerve terminals of the adult rat NMJ and are involved in
transmitter release (Besalduch et al., 2010; Lanuza et al., 2010;
Obis et al., 2015). Thus, the use of the B6.129S4-Prkcetm1Msg/J
mouse, homozygous for the Prkcetm1Msg which is a nPKCε

mutant mouse, may be useful.

Selective and Specific PKA and PKC
Modulators
The classic PKA antagonists H-89 and KT-5720 (De Lorenzo
et al., 2006; Martinez-Pena y Valenzuela et al., 2013) and
the agonist Dibutyryl-cAMP (Nelson et al., 2003) together
with the PKC antagonists Calphostin C (CaC) and Go 6976
(Lanuza et al., 2002; Nili et al., 2006) and the PKC agonists
phorbol 12-myristate 13-acetate and Bryostatin 1 (Lanuza
et al., 2002; Sun and Alkon, 2006; Hage-Sleiman et al., 2015),
will be useful tools. More importantly, the use of specific
peptides that affect PKC translocation and activity may help
us to understand what role these kinases play in axonal
loss. For instance, the nPKCε-specific translocation inhibitor
peptide, epsilon V1–2 (εV1–2; [Brandman et al., 2007; Obis
et al., 2015]), the specific agonist peptide εV1–7 (Johnson
et al., 1996), and the cPKCβI-specific translocation inhibitor
peptide, betaI V5–3 (βIV5–3; Liu et al., 1999) together with
the specific cPKCβI agonist dPPA (Rigor et al., 2010) will be
helpful.

Exposure of these substances on the LAL surface during the
synapse elimination period and counting the axons could be a
simple and productive procedure (Nadal et al., 2016a,b, 2017).
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The transcription repressor FOXP2 is a crucial player in nervous system evolution
and development of humans and songbirds. In order to provide an additional insight
into its functional role we compared target gene expression levels between human
neuroblastoma cells (SH-SY5Y) stably overexpressing FOXP2 cDNA of either humans
or the common chimpanzee, Rhesus monkey, and marmoset, respectively. RNA-
seq led to identification of 27 genes with differential regulation under the control of
human FOXP2, which were previously reported to have FOXP2-driven and/or songbird
song-related expression regulation. RT-qPCR and Western blotting indicated differential
regulation of additional 13 new target genes in response to overexpression of human
FOXP2. These genes may be directly regulated by FOXP2 considering numerous
matches of established FOXP2-binding motifs as well as publicly available FOXP2-
ChIP-seq reads within their putative promoters. Ontology analysis of the new and
reproduced targets, along with their interactors in a network, revealed an enrichment
of terms relating to cellular signaling and communication, metabolism and catabolism,
cellular migration and differentiation, and expression regulation. Notably, terms including
the words “neuron” or “axonogenesis” were also enriched. Complementary literature
screening uncovered many connections to human developmental (autism spectrum
disease, schizophrenia, Down syndrome, agenesis of corpus callosum, trismus-
pseudocamptodactyly, ankyloglossia, facial dysmorphology) and neurodegenerative
diseases and disorders (Alzheimer’s, Parkinson’s, and Huntington’s diseases, Lewy
body dementia, amyotrophic lateral sclerosis). Links to deafness and dyslexia
were detected, too. Such relations existed for single proteins (e.g., DCDC2,
NURR1, PHOX2B, MYH8, and MYH13) and groups of proteins which conjointly
function in mRNA processing, ribosomal recruitment, cell–cell adhesion (e.g., CDH4),
cytoskeleton organization, neuro-inflammation, and processing of amyloid precursor
protein. Conspicuously, many links pointed to an involvement of the FOXP2-
driven network in JAK/STAT signaling and the regulation of the ezrin–radixin–moesin
complex. Altogether, the applied phylogenetic perspective substantiated FOXP2’s
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importance for nervous system development, maintenance, and functioning. However,
the study also disclosed new regulatory pathways that might prove to be useful
for understanding the molecular background of the aforementioned developmental
disorders and neurodegenerative diseases.

Keywords: language, speech, brain, schizophrenia, Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease, neuronal circuitry

INTRODUCTION

The high complexity clearly sets apart human verbal
communication from vocalization repertoires of other
primate species. Yet, despite this importance we are still at
the beginning of understanding the molecular pathways behind
the evolutionary and developmental acquisition of speech
and language. Probably, the most advancement was made in
respect to the role of the gene coding for forkhead box P2
(FOXP2; O15409; also CAGH44). The encoded transcription
repressor spans 715 amino acids (aa) in human isoform I,
thereby containing the eponymous forkhead box domain with
DNA-binding ability at the C-terminus, a central expression
suppression domain with zinc finger and leucine zipper motifs,
and a glutamine-enriched N-terminus, with the longest poly-
glutamine stretch spanning 40 aa (Figure 1A; e.g., Vernes and
Fisher, 2009; Enard, 2011).

FOXP2’s relevance for verbal communication became obvious
when a missense mutation in the coding gene (p.R553H)
which lowers the DNA binding capability was recognized to
associate with speech-language disorder 1 (SPCH1, OMIM
#602081), also known as developmental verbal dyspraxia (DVD)
and childhood apraxia of speech (CAS). Affected family
members suffered from deficits in virtually every aspect of
expressive and receptive language. They especially showed
disturbed orofacial motor coordination affecting tongue, lips,
jaw and palate, which together led to impaired lingual
articulation and non-lingual sound-production (e.g., Vernes
and Fisher, 2009). The subsequent recognition of associations
between other FOXP2 mutations and communication disorders
further substantiated the importance of the gene for the
acquisition of full speech and language competence (Vernes
and Fisher, 2009; Palka et al., 2012). FOXP2 has additionally
been implicated in the etiology of mental diseases such
as autism spectrum disorder (ASD; Bowers and Konopka,
2012) and schizophrenia (SCZD; e.g., Jamadar et al., 2011;
Li et al., 2013). Notably, also these disorders are frequently
accompanied by language and speech deficits (e.g., Stephane
et al., 2007; Abrahams and Geschwind, 2010; Kupferberg,
2010) so that studies on FOXP2 hold out the prospect of
elucidating the evolution and development of speech and
language (e.g., Marcus and Fisher, 2003; Bolhuis et al., 2010;
Enard, 2011).

The FOXP2 gene is expressed in multiple tissues including
fetal and adult brain (e.g., Vernes and Fisher, 2009; Enard, 2011)
whereby haploinsufficiency and thus lowered levels of transcript
and protein are commonly assumed to elicit the aforementioned
diseases and disorders (e.g., Enard, 2011). In support of this view,

all documented patients were heterozygous for the etiological
mutation (Vernes and Fisher, 2009) in either the gene itself (point
mutations, deletions, chromosomal rearrangements; e.g., Turner
et al., 2013 and references therein) or downstream regulatory
elements (e.g., Adegbola et al., 2015). Random mono-allelic
expression (RMAE) with some cells having half the FOXP2
dosage and others expressing none at all (Adegbola et al., 2015)
and mosaic deletion with some cells possessing two functional
alleles and others none (Palka et al., 2012) also play a role. Either
way, minimum expression of one functional allele in at least
part of the cells seems indispensable to life, a condition that
is additionally demonstrated by early post-natal death of mice
homozygous for a Foxp2 null allele (French et al., 2007; Vernes
et al., 2007; Rousso et al., 2012).

FOXP2’s influence on human vocalization skills has a stunning
parallel in non-primate vocal-learners. In songbirds, brain
FOXP2 levels positively associate with vocal learning and singing
activity whereas knockdown impairs song learning (see, e.g.,
Bolhuis et al., 2010; Pfenning et al., 2014). In line with this,
FOXP2 belonged to the highly supported genes in a genome-
wide screen for singing-related transcriptional changes in male
zebra finch brains (see Hilliard et al., 2012). Investigation of other
bird and additional mammalian species underlined a general
pattern confirming that normal development of vocal learning
and vocalization skills requires fine-tuned regulation of FOXP2
expression in brain (e.g., Bolhuis et al., 2010; Pfenning et al.,
2014).

The human–bird parallel demonstrates that FOXP2’s origin
predates the split of Mammalia and Sauropsida about 320 million
years ago (timetree.org estimate). Yet, regardless of hundreds of
millions of years of independent evolution zebra finch FOXP2
still shows 98% identity with the human ortholog (Haesler
et al., 2004). Evolutionary conservation of FOXP2 also prevailed
throughout the divergence of primates, though with a notable
exception: Thus, two aa substitutions, p.T303N and p.N325S
(rs753394697 SNP), occurred on the human branch after the
split from the chimpanzee lineage. These two exchanges reside
inside the transcription repression domain (Figure 1A) and
potentially were exposed to positive selection (reviewed in Enard,
2011; also, e.g., Mozzi et al., 2016). However, according to
genome-wide evidence the selective sweep was not complete
(Mallick et al., 2016) so that FOXP2 evolution in primates
and especially in humans was probably more complex than
previously thought. In any case, the two aa exchanges known
from humans seem to be functional. Thus, mice homozygous
for a Foxp2 version mutated for both human exchanges
had reduced dopamine concentration in all investigated brain
regions and their striatal medium spiny neurons showed
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FIGURE 1 | Evolution of FOXP2 in primates (Anthropoidea). (A) Human FOXP2 protein (hsaFOXP2: NP_055306) with two characteristic amino acids at positions 303
and 325 highlighted in red. Underlining broadly defines the transcription repression domain. The FOX domain is shown in gray (domains after Zhang et al., 2002).
Blue labeling highlights the longest poly-glutamine stretch within the glutamine-enriched N-terminus. Dots above the amino acid sequence indicate increments of five
amino acids, each. Numbers on the right give the total number of amino acids. (B) FOXP2 gene tree (Primates, Anthropoidea). Horizontal branch lengths (thick green
lines) correspond to the number of synonymous exchanges. Red labels indicate two non-synonymous exchanges, which occurred on the human branch (dotted
line). The respective amino acid exchanges occured inside the transcription repression domain, as shown in (A). Another non-synonymous exchange took place on
the lineage to the marmoset. A detailed list of the branch-specific exchanges is given in Supplementary Table 1.1. FOXP2 cDNAs (cjaFOXP2 etc.) are designated
according to the Latin species names (cja, Callithrix jacchus etc.).

increased dendrite length, synaptic plasticity, and long term
depression (Enard et al., 2009). A related study substantiated
the relevance of both aa exchanges for dendrite length of
neurons in cortico-basal ganglia circuits (Reimers-Kipping et al.,
2011).

The investigation of how mutations that associate with verbal
dyspraxia affect FOXP2 expression, subcellular localization,
DNA-binding and transactivation properties in human neuron-
related cells (SH-SY5Y) inspired a series of further in vitro

analyses (Vernes et al., 2006). Two of the sequel studies
identified diverse FOXP2 target candidates in SH-SY5Y cells
that were transfected with either human FOXP2 cDNA or
empty vector (Spiteri et al., 2007; Vernes et al., 2007). Based
on the same in vitro approach, one of the follow-up studies
determined retinoic acid signaling as an important pathway in
FOXP2-driven neuronal differentiation (Devanna et al., 2014).
Another investigation addressed potential regulatory changes in
humans by comparing target gene expression levels between
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SH-SY5Y cells overexpressing either human FOXP2 cDNA
or a variant in which both human-specific non-synonymous
substitutions were mutated to acquire the chimpanzee-specific
aa content at the respective sites (FOXP2chimp in Konopka
et al., 2009). The latter study as well as additional ones with a
focus on the effect of both human-specific aa substitutions in
mutated mice (Foxp2hum in Enard et al., 2009 and follow-up
studies) generated valuable data on FOXP2/Foxp2 functioning.
However, the interpretability of the data is fairly challenging
from an evolutionary point of view, due to the following:
Understanding the evolutionary meaning behind differential
target gene expression levels in a pair of models representing
two extant species requires considerable assumptions in regard
to expression levels in an unknown ancestor. Without such
assumptions it is not possible to certainly assign an evolutionary
change to either one or the other lineage. Neither parental cells
nor cells carrying empty vector can appropriately model the
ancestral condition as they rather reflect baseline expression
levels in extant species as do wild-type animals in respective
comparisons. Moreover, the mutated FOXP2/Foxp2 variants
which merge states of two species in a single cDNA (FOXP2chimp,
Foxp2hum) have no counterparts in living species and it is
questionable if they have ever existed in any human ancestor.
This is due to additional synonymous (silent) and non-
synonymous nucleotide substitutions in the human–mouse
and human–chimpanzee comparison (see, e.g., Enard et al.,
2002). Variant lengths of the CAG/CAA repeats coding for the
N-terminal FOXP2 poly-glutamine tracts additionally contribute
to this discrepancy (Figure 1A). Yet, the outlined restraints
in terms of evolutionary interpretability can be overcome in
a broader phylogenetic context which addresses the effect
of human FOXP2 relative to naturally occurring cDNAs of
chimpanzee and at least one further non-human species. In
such a phylogenetic approach unidirectional differences in
target gene expression levels between the human model on
the one hand and the non-human models on the other give
an approximation of potential expressional changes in human
evolution.

Synonymous exchanges might indeed have functional
relevance on FOXP2 expression, namely through nucleotide
(Debatisse et al., 2004) and tRNA availability (Wohlgemuth
et al., 2013). It is also conceivable that extension of the longest
of N-terminal poly-glutamine tracts is functionally relevant.
The respective stretch spans 40 aa in the human reference
(Homo sapiens FOXP2, hsaFOXP2) whereas it has 41, 39, and
38 glutamines in the FOXP2 of common chimpanzee (Pan
troglodytes, ptrFOXP2), Rhesus monkey (Macaca mulatta,
mmuFOXP2), and white-tufted ear marmoset (Callithrix
jacchus, cjaFOXP2), respectively (Figure 1B). Although these
interspecific differences may appear negligible they seem to
evolve under functional constraint as suggested by a general
tendency of repeat length conservation in humans (Bruce
and Margolis, 2002). In support of this view, mutations
decreasing the number of N-terminal glutamines in FOXP2
were found to occur in speech and sound disorder (SSD)
patients. Also, the fact that a deletion of glutamines from
the FOXP2 N-terminus alters expression of the language

gene CNTNAP2 suggests that the extension of the respective
stretches is functionally relevant (Zhao et al., 2015; for language
association, see Abrahams and Geschwind, 2010; Kato et al.,
2014). Functional relevance of poly-glutamine tract extension
could be anticipated given that poly-glutamine tract expansion
in other genes account for several diseases (e.g., Fan et al., 2014).
On that premise, some of FOXP2’s functional implications
in human evolution and development might still await their
discovery.

The present study investigates FOXP2’s role by adopting
a broader phylogenetic perspective. To the best of our
knowledge, this approach takes into account for the first time
the entire spectrum of differences that distinguish human
FOXP2 gene from its non-human primate counterparts. In
detail, we compared expression levels between SH-SY5Y cells
stably overexpressing hsaFOXP2 with corresponding levels
in cells that were alternatively transfected with ptrFOXP2,
mmuFOXP2, and cjaFOXP2. The species sample behind covers
the major lineages inside extant anthropoid primates (New
World monkeys, Old World monkeys, and Hominoidea) and
at the same time allows for the identification of changes
on the human branch (for phylogenetic relationships, see
Figure 1B). We investigated which of the genes with specific
expression regulation under hsaFOXP2 control already showed
FOXP2/Foxp2-driven and/or songbird song-related expression
regulation in previous studies. Additional attention was payed
to the question if the FOXP2-driven network might be more
comprehensive than known so far. We finally addressed which
of the functional implications of the proteins in our network
confirm previous knowledge, and which pathways might have
been not observed before.

MATERIALS AND METHODS

Cell Culture and Transfection
We evaluated pcDNA3-constructs in HEK293 human embryonic
kidney cells (ATCC no. CRL-1573) that were cultivated in
DMEM (Gibco) supplemented with 10% FCS (Biochrom)
and 1% Penicillin–Streptomycin (Gibco) at 37◦C and 5%
CO2. After RT-PCR detected only minimum amount of
endogenous FOXP2 transcript (Supplementary Image 1),
cells (1 × 106 cells, seeded in 8 cm dishes) were transiently
transfected with Nanofectin (PAA) with 8 µg of either empty
pcDNA3 expression vector (Thermo Fisher) or constructs
carrying alternative primate FOXP2 cDNAs. The custom-
synthesized (BlueHeron) cDNAs used for transfection were
species-specific and coded for human FOXP2 isoform I (715
aa; ENST00000350908; Homo sapiens, hsa) and FOXP2s in
common chimpanzee (AY064549; Pan troglodytes, ptr), Rhesus
monkey (ENSMMUT00000011202; Macaca mulatta, mmu), and
white-tufted ear marmoset (XM_002751707; Callithrix jacchus,
cja). Full-length transcription and translation of hsaFOXP2,
ptrFOXP2, mmuFOXP2, and cjaFOXP2 was verified through
specific molecular weights (plus/minus FLAG tag: higher/lower
molecular weight) in Western blots 24 h after transfection
(Supplementary Image 2). For the subsequent generation of
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stable transfectants we used FOXP2-specific expression plasmids
without N-terminal FLAG tag.

Parental SH-SY5Y neuroblastoma cells (ATCC no. CRL-
2266) were grown in DMEM containing 15% FCS and
1% Penicillin–Streptomycin. After RT-PCR (Supplementary
Image 1) detected no endogenous FOXP2 transcript, SH-SY5Y
cells were transfected with 2 µg of either linearized empty
plasmid (pcDNA3) or FOXP2-specific pcDNA3-constructs (see
above), using the Amaxa Cell Line Nucleofector V Kit (Lonza)
according to the manufacturer’s instructions. This was done
three times, thus generating three biological replicates per
condition (designated I-III). Cells were cultivated in selection
medium supplemented with 600 µg/ml geneticin (G-418;
PAA; optimized concentration according to toxicity testing)
to enforce stable transfection. Stable expression of FOXP2
protein was repeatedly monitored by Western blotting (see:
Immunoblotting). Efficiency and persistence of transfection were
additionally monitored in SH-SY5Y cells carrying pcDNA3-
eGFP constructs, by fluorescence microscopy and through
Western blotting using anti-eGFP (mouse monoclonal IgG, cat
11814460001, Roche; peroxidase conjugated sheep anti-mouse
IgG, NA931V, GE Healthcare).

RT-PCR and Sanger Sequencing
Coding DNAs were generated with SuperScript II (Invitrogen;
random primers) from total RNAs extracted with RNeasy
Mini Kit (Qiagen). Subsequent standard PCR (Taq DNA
Polymerase; Invitrogen) used primers hybridizing to
evolutionary conserved sites of FOXP2 cDNA (forward: 5′-
AACAGAGACCACTGCAGGTGCC-3′; reverse: 5′-TCCCT
GACGCTGAAGGCTGAG-3′). For assessing levels of endo-
genous FOXP2 transcription in parental HEK293 and SH-SY5Y
cell lines, PCR reactions were separated on an ethidium bromide-
stained agarose gel, documented under UV light, and evaluated
by eye. For validating transfection of SH-SY5Y cells with the
intended pcDNA3 construct, RT-PCR set the start for subsequent
gel extraction of FOXP2 bands (Gel Extraction Kit, Qiagen),
ligation into TOPO vector (TOPO TA, Invitrogen), cloning
into Escherichia coli XL1-Blue (Stratagene), plasmid preparation
(Wizard Plus, Promega), and Sanger sequencing with vector
primer M13 (Sequiserve).

RNA Sequencing
Barcoded mRNA-seq cDNA libraries were prepared from 600 ng
of total RNA of biological replicates I and II per each condition,
using Illumina’s TruSeq RNA Sample Preparation Kit. mRNA
was isolated using oligo(d)T magnetic beads. Isolated mRNA was
fragmented using divalent cations and heat and converted into
cDNA using random primers and SuperScript II, followed by
second strand synthesis. cDNA was end repaired, 3′ adenylated
and single T-overhang Illumina multiplex specific adapters were
ligated to the cDNA fragments, followed by an enrichment
PCR. All cleanups were done using Agencourt AMPure XP
magnetic beads. The quantity of the resulting cDNA mRNA-
Seq libraries was measured using Qubit. Barcoded mRNA-
Seq libraries were clustered on the cBot using the TruSeq PE
cluster kit V3 (10 pM) and 2 × 50 bp were sequenced on

the Illumina HiSeq 2500 (TruSeq SBS V3 kit; 50 cycles). Raw
and processed data of RNA-seq have been deposited at NCBI’s
Gene Expression Omnibus (GEO) under accession number
GSE100291.

The raw output data of the HiSeq was preprocessed
according to the Illumina standard protocol. This includes
filtering for low quality reads and demultiplexing. Sequence
reads were aligned to the reference genomic sequence (hg19)
using STAR1. The alignment coordinates were compared to
the exon coordinates of the UCSC transcripts2 and for each
transcript the counts of overlapping alignments were recorded.
The read counts were normalized to numbers of bases which
map per kb of exon model per million mapped bases (BPKM;
see Mortazavi et al., 2008) for each transcript. Comparisons
between alternatively transfected cells were conducted on
the basis of BPKM values as averaged over the transcripts
identified.

Reverse Transcription Quantitative PCR
Coding DNA was synthesized from 2 µg total RNA of biological
replicates I and II (per each condition) by reverse transcription
using oligo(d)T and random primers with SuperScript III
(Invitrogen) according to the manufacturer’s instructions.
The cDNA samples were diluted 1:40, and 7.5 µl of the
diluted cDNA was used for reverse transcription quantitative
PCR (RT-qPCR) of the candidate genes (for primers, see
Supplementary Table 1.2) with QuantiTect SYBR Green Master
Mix (Qiagen) on a StepOnePlus Real-Time PCR System (Life
Technologies). Data was first explored with LinRegPCR3 for
calculating PCR efficiency. Subsequently, relative expression was
calculated using the 2−211Ct method (Livak and Schmittgen,
2001). Measurements were carried out thrice per biological
replicate. For data normalization, we measured mRNA levels
of the reference genes GAPDH and RPLP (for primers, see
Supplementary Table 1.2).

Immunoblotting
We focused on proteins for which commercially available
antibodies yielded specific bands of the expected molecular
weight in Western blots. These analyses were carried out on
the basis of all three biological replicates that we prepared
per condition (I-III). Protein isolation, protein quantification,
SDS-PAGE, Western blotting (PVDF, Millipore), blocking and
incubation with antibodies, and Enhanced Chemiluminescence
(ECL, GE Healthcare) followed standard protocols. FOXP2
protein expression in transiently transfected HEK293 cells was
monitored by ECL in Western blots (primary antibody: anti
FOXP2 polyclonal goat anti-human, ab1307, Abcam; secondary
antibody: peroxidase-conjugated rabbit anti-goat IgG, Jackson
ImmunoResearch). Protein levels in stably transfected SH-
SY5Y cells (all without FLAG tag) were assessed by Western
blotting and ECL using the following antibodies: anti-FOXP2
(monoclonal rabbit anti-human IgG, F9050-02C, Biomol,

1https://github.com/alexdobin/STAR/releases
2https://genome.ucsc.edu/
3www.hartfaalcentrum.nl
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secondary antibody: peroxidase-conjugated donkey anti-rabbit
IgG, NA934V, GE Healthcare), anti-BACE2 (mouse monoclonal
IgG, sc271286, Santa Cruz Biotechnology, secondary antibody:
peroxidase-conjugated sheep anti-mouse IgG, NA931V, GE
Healthcare), anti-MSN (monoclonal rabbit IgG, ab52490,
Abcam, secondary antibody: NA934V, GE Healthcare), anti-
CDH4 (polyclonal rabbit IgG, sc7941, Santa Cruz Biotechnology,
secondary antibody: NA934V, GE Healthcare). The anti-
human FOXP2 antibody was raised against a peptide sequence
which is conserved across the species included. Beta-actin
(β-actin) served as a standard for protein loading (anti-β-actin
antibody: mouse monoclonal IgG, A1978, Sigma, secondary
antibody: NA931V). For densitometric analysis, signal intensity
was scanned at least twice (two technical replicates) from
Western blots of three biological replicates using the ImageJ
software4.

Bioinformatics and Statistics
Gene and protein symbols accord to the recommendations of the
Human Gene Nomenclature Committee.

Branch-specific synonymous (silent) and aa altering
exchanges in FOXP2 were inferred by Codeml, as implemented
in the PAML package v. 4.7 (Yang, 2007). For meeting the
demands of PAML, we compiled a species tree with three
equally ranking branches leading to the zebra finch (Taeniopygia
guttata), the European house mouse (Mus musculus), and
the four primate species considered (Anthropoidea). The
relationships amongst the four anthropoid species reflected the
commonly accepted phylogeny (e.g., Perelman et al., 2011).
Codeml analysis additionally used an alignment (ClustalX
implemented in BioEdit; Hall, 1999) of the corresponding four
anthropoid cDNAs (for accession numbers, see above) and
of their murine (ENSMUST00000115477.7) and zebra finch
(AY549148.1) orthologs.

We screened BPKM values from RNA-seq for genes
whose expression levels differed in the same direction (up-
/down) between each of the hsaFOXP2-overexpressing SH-
SY5Y transfectants and every transfectant overexpressing a non-
human primate FOXP2 cDNA or carrying empty vector. This
entry criterion was tightened for new FOXP2 targets which
additionally had to show at least twofold differential expression
levels between the human and every other tested condition
(mean versus mean). Statistical significance of expression levels
in hsaFOXP2-overexpressing versus non-human primate FOXP2-
overexpressing cells was then assessed employing the two-tailed
t-test in SPSS v. 23.0 (IMB). The same test was applied to relative
expression levels (RT-qPCR) and densitometric values (Western
blotting).

Expression analyses included an evaluation of the magnitude
of the effect, which stable overexpression of hsaFOXP2 had on
target gene transcription and translation in SH-SY5Y cells relative
to the alternative treatment with non-human primate FOXP2
cDNAs. In detail, we calculated the correlation coefficient r,
thereby taking into account inhomogeneous variances between
samples and unequal sample sizes (Cohen, 1988). The r-values

4https://imagej.nih.gov/ij/index.html

were also used for post hoc analyses of the power of t-tests, which
were carried out with the aid of G∗Power 3.1.9.2 (Faul et al.,
2009). Following the convention, we regarded r-values of at least
0.5 and power estimates of >80% as approximate benchmarks of
large effect size and acceptable test power, respectively (Cohen,
1988).

As detailed in the legend of present Supplementary Table 2.1,
we matched our RNA-seq data with previously published lists
of potential targets of human FOXP2 and murine Foxp2 as
identified by Spiteri et al. (2007, their Table 1), Vernes et al.
(2007, their Table 1), Enard et al. (2009, their Figures S8A,B,
right panel), Konopka et al. (2009, their Supplementary Table 1),
and Vernes et al. (2011, their Table S1). We additionally checked
our data for matches with genes that showed singing-related
expression regulation in zebra finch brain (Hilliard et al., 2012,
their Table S2: only genes where q-values indicated significant
support).

In addition, we mapped publicly available FOXP2-binding
sequences on putative promoter sequences (5,000 bp upstream
of transcription start) of the newly defined FOXP2 candidate
genes. The down-loaded sequences were generated by chromatin
immunoprecipitation with an antibody against 127 C-terminal aa
of human FOXP2, followed by sequencing (FOXP2-ChIP-seq).
The respective DNA was isolated from human neuroblastoma
SK-N-MC cells (GEO project GSM803353: SRR351544; see also
Nelson et al., 2013). The mapping results were normalized for
the number of hits across the human genome (GRCh38.p7).
The putative promoter sequences of the same genes were also
screened for established FOXP2-binding motifs (see Stroud et al.,
2006; Vernes et al., 2007, 2011; Nelson et al., 2013). This was done
with the aid of SeqMap v. 1.0.3 (Jiang and Wong, 2008), without
allowing for any mismatch.

Following others (e.g., Boeckx and Benítez-Burraco, 2014a,b)
we employed the STRING server (v. 10.05) for the reconstruction
of a protein–protein interaction (PPI) network as well as for
PPI enrichment and gene ontology (GO) enrichment analyses.
Thresholds for the acceptance of a PPI were alternatively set
to low (≥0.15), medium (≥0.4), high (≥0.7), and maximum
combined confidence scores (≥0.9). We inferred node degree
values per protein (= number of direct edges a protein
has) with the aid of Cytoscape v. 3.2.1 and the plugin
NetworkAnalyzer 16.

We consulted brainspan.org for assessing spatiotemporal
gene expression of new FOXP2 target genes in human brain.
Sequences of all target genes (new and reproduced ones) and
the encoded proteins can be retrieved from the ENSEMBL
database via the identifiers (IDs) given in Table 1, amongst
others. The same IDs lead to the rate ratios of synonymous
to non-synonymous substitution rates (dN/dS) of the FOXP2
target genes and genes coding for interactors in the Rhesus
monkey–human and Rhesus monkey–common chimpanzee
comparison, which we retrieved from the ENSEMBL pages.
The sampled dN/dS values were compared with a two-
tailed Mann–Whitney U (MWU) test as implemented in

5http://string-db.org
6www.cytoscape.org
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TABLE 1 | Proteins used for network reconstruction and GO enrichment analysis.

Subsample Symbol ENSEMBL ID Subsample Symbol ENSEMBL ID

Encoded by reproduced ADAP1 ENSP00000265846 Added interactors CFTR ENSP00000003084

FOXP2 targets ALG11 ENSP00000430236 DICER1 ENSP00000343745

APH1A ENSP00000358105 EIF2C1 ENSP00000362300

CDH11 ENSP00000268603 EIF2C2 ENSP00000220592

DNMBP ENSP00000315659 EIF2C3 ENSP00000362287

ERP44 ENSP00000262455 EIF2C4 ENSP00000362306

GPR160 ENSP00000348161 EIF4E ENSP00000425561

HSD17B3 ENSP00000364412 EIF4G1 ENSP00000338020

IFI30 ENSP00000384886 EZR ENSP00000338934

IL4R ENSP00000170630 HSP90AA1 ENSP00000335153

LONRF1 ENSP00000381298 IL13 ENSP00000304915

LRP3 ENSP00000253193 IL13RA1 ENSP00000360730

LRRTM2 ENSP00000274711 IL2RG ENSP00000363318

MAFF ENSP00000345393 IL4 ENSP00000231449

MARVELD1 ENSP00000441365 JAK1 ENSP00000343204

MGST2 ENSP00000265498 JAK2 ENSP00000371067

MRPS6 ENSP00000382250 JAK3 ENSP00000391676

NEU1 ENSP00000364782 KEAP1 ENSP00000171111

PCDHB16 ENSP00000354293 KIF13B ENSP00000427900

PIM1 ENSP00000362608 LRRK2 ENSP00000298910

SEMA6D ENSP00000324857 MRPS10 ENSP00000053468

SERPINH1 ENSP00000350894 MRPS16 ENSP00000362036

SETBP1 ENSP00000282030 MRPS2 ENSP00000241600

TBX22 ENSP00000362390 MRPS5 ENSP00000272418

TMEM5 ENSP00000261234 NFATC1 ENSP00000327850

TNRC6C ENSP00000336783 NFE2L2 ENSP00000380252

ZDHHC3 ENSP00000296127 PABPC1 ENSP00000313007

Encoded by new FOXP2 BACE2 ENSP00000332979 PAIP1 ENSP00000302768

targets CDH4 ENSP00000353656 PAN3 ENSP00000370345

DCDC2 ENSP00000367715 RHOA ENSP00000400175

FOXL1 ENSP00000326272 ROCK1 ENSP00000382697

GABRE ENSP00000359353 SLC9A3R1 ENSP00000262613

MSN ENSP00000353408 SOCS5 ENSP00000305133

MYH13 ENSP00000252172 STAT3 ENSP00000264657

MYH8 ENSP00000384330 STAT5A ENSP00000341208

NURR1 ENSP00000344479 STAT5B ENSP00000293328

PHOX2B ENSP00000226382 STAT6 ENSP00000300134

PTPRQ ENSP00000266688 TARBP2 ENSP00000266987

SEBOX ENSP00000416240 TNRC6A ENSP00000379144

TMEM200A ENSP00000296978 TNRC6B ENSP00000401946

SPSS (see above). P-values from t-tests (expressional analyses)
were transformed into false discovery rates (FDRs), thus
accounting for multiple testing (see, e.g., Vernes et al., 2007).
FDRs in GO enrichment analysis as generated by Cytoscape
were multiplied by the factor of two, thus conservatively
adjusting for parallel testing of two datasets. P-values from
PPI enrichment testing (network analysis) were adjusted in
the same manner. Significance thresholds applied were <0.01
for GO enrichment analysis and <0.05 for all other tests.
Data on sample sizes refer to the numbers of cell lines
overexpressing either hsaFOXP2 (N) or different non-human
FOXP2 cDNAs (M).

RESULTS

Evaluation of the Study System
RT-PCR detected only minimal endogenous FOXP2 transcript
in parental HEK293 cells (Supplementary Image 1). In further
support of their suitability for subsequent validation steps,
no FOXP2 band appeared in lanes loaded with lysate from
parental HEK293 cells (Western blotting). In contrast, anti-
FOXP2 antibody recognized protein bands of two different
molecular weights in transiently transfected HEK293 cells,
which overexpressed either human or one of the non-human
primate FOXP2 cDNAs. These differences correlated with
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FIGURE 2 | FOXP2 protein expression in SH-SY5Y cells. (A) Representative Western blot illustrating that anti-FOXP2 antibody detected no protein in parental cells,
indicative of absent endogenous expression. Moreover, there was no FOXP2 detectable in cells carrying empty vector (pcDNA3). In contrast, bands were recognized
in SH-SY5Y cells stably transfected with pcDNA3-hsaFOXP2, -ptrFOXP2, -mmuFOXP, and -cjaFOXP2 (all without FLAG tag), thereby indicating similar levels of
exogenous FOXP2 expression. Purified lysates were run on an SDS-PAGE gel, transferred to PVDF membrane, and successively hybridized with the respective
antibodies. Lower panel: β-actin served as a standard for protein load. (B) Densitometric analysis of FOXP2 levels. The given measurements refer to biological
replicates I–III (with two technical replicates, each) of the conditions labeled in (A). Maximum (Max.) fold-difference corresponds to the ratio of the most extreme pair
of mean expression levels (m/m) between hsaFOXP2-overexpressing cells and cells expressing non-human FOXP2 (here: mmuFOXP2). cja, marmoset (Callithrix
jacchus); hsa, human (Homo sapiens); mmu, Rhesus monkey (Macaca mulatta); ptr, chimpanzee (Pan troglodytes).

the extension and non-extension of the different FOXP2
sequences with a C-terminal FLAG tag, thus indicating full
length transcription and translation of exogenously expressed
FOXP2 (Supplementary Image 2). After having shown the
functionality of the pcDNA3-FOXP2 constructs we turned to
our actual study system, i.e., SH-SY5Y cells. RT-PCR confirmed
previous notions of absent endogenous FOXP2 transcription
in parental SH-SY5Y cells (Supplementary Image 1; see also,
e.g., Zhao et al., 2015). Consistently, no FOXP2 protein was
contained in lysates prepared from parental and pcDNA3-
transfected SH-SY5Y cells, according to Western blotting
(Figure 2). Thus, detection of FOXP2/FOXP2 in cells stably
transfected with pcDNA3-FOXP2 constructs can be assigned
to exogenous expression. Thereby, we ensured by Sanger
sequencing that the different transfectants overexpressed the
intended human, chimpanzee, Rhesus monkey, and marmoset
FOXP2 cDNA, respectively (not shown). Notably, densitometric
analysis suggested about equal FOXP2 protein amounts in
hsaFOXP2-overexpressing cells on the one hand and SH-
SY5Y cells transfected with ptrFOXP2, mmuFOXP2, and
cjaFOXP2 cDNAs on the other (Figure 2). Consequently,
downstream analyses of target gene expression levels should
not be biased by unequal FOXP2 amounts across the cell lines
compared.

Matching of RNA-seq Data with Results
of Previous Studies
Preliminary analysis of BPKM values from present RNA-
seq (GSE100291) revealed differential expression levels of
altogether 898 genes in hsaFOXP2-overexpressing SH-SY5Y cells
relative to the cells alternatively transfected with ptrFOXP2,
mmuFOXP2, cjaFOXP2 cDNAs, and empty vector (biological
replicates I and II per each condition). As to be expected
from upstream experiments FOXP2 was not amongst these
differentially regulated genes. However, the sample contained 122
genes that were previously reported to be potential FOXP2/Foxp2
targets (Spiteri et al., 2007; Vernes et al., 2007, 2011; Enard

et al., 2009; Konopka et al., 2009) and/or to have singing-
related expression regulation in male zebra finch brain (Hilliard
et al., 2012). In 27 out of these 122 reproduced genes support
for differential BPKM levels under hsaFOXP2 control was
significant according to FDRs <0.05 in the t-tests conducted
(Supplementary Table 2.1). The corresponding r values indicated
a large effect size (>0.5) for all 27 comparisons. Consequently,
the test power estimates by G∗Power constantly overshot the
threshold of acceptability, i.e., 80% (Supplementary Table 2.1).
The detailed power estimates even ranged from 94 to 100%
between the cells overexpressing hsaFOXP2 (N = 2) and
non-human FOXP2 (M = 6). This fact, along with the
appearance of these 27 genes in the reference studies, suggested
that the inclusion of additional replicates should not alter
the results. Consequently, we retained all 27 reproduced
genes for downstream analyses (Supplementary Table 2.1 and
Table 1).

New FOXP2 Targets and Validation by
RT-qPCR
Subsequently, we addressed the question if the significance
testing of RNA-seq data might have led to an underestimation
of the extent of the (hsa)FOXP2-driven network. In order to
get an estimate, we selected 13 additional genes out of the
aforementioned preliminary set of 898 loci (Supplementary
Table 2.2). The genes under scrutiny had low to moderate
expression levels but at the same time showed more than twofold
differential expression under hsaFOXP2 control relative to any
other condition (mean versus mean). Furthermore, they were
protein-coding and displayed expression in brain in at least
some phase of human life7. The 13 genes selected did not
receive significant statistical support for FOXP2/Foxp2-driven
and/or songbird song-related expression regulation in any of
the six reference studies mentioned in the previous paragraph.
Thus, we herein refer to the respective genes as to new FOXP2
targets.

7brainspan.org
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TABLE 2 | Target gene expression levels (RT-qPCR) in SH-SY5Y cells overexpressing human FOXP2 relative to cells overexpressing non-human primate FOXP2.

pcDNA3-

hsaFOXP2 ptrFOXP2 muFOXP2 cjaFOXP2

Symbol I II I II I II I II FDR
t-test

Min. fold-
change (m/m)

r Power

BACE2 0.177 0.211 1.875 1.973 1.598 1.999 0.595 0.497 <0.001 0.355 0.735 0.725

0.177 0.211 1.875 1.973 1.598 1.999 – – <0.05 0.108 0.986 1.000

DCDC2 0.289 0.230 0.562 0.879 0.433 0.474 0.889 0.800 <0.01 0.572 0.767 0.803

CDH4 0.284 0.387 1.128 1.661 3.003 3.565 2.437 2.154 <0.05 0.241 0.808 0.895

FOXL1 0.378 0.308 3.404 2.443 3.140 3.661 2.235 1.790 <0.001 0.170 0.897 0.997

GABRE 0.014 0.012 0.423 0.455 0.606 0.562 0.361 0.348 <0.01 0.037 0.933 1.000

MSN 0.111 0.180 1.217 1.825 0.981 1.237 1.391 1.474 <0.01 0.131 0.931 1.000

MYH8 0.253 0.293 1.369 1.620 1.337 1.285 1.974 2.067 <0.01 0.208 0.923 1.000

MYH13 0.044 0.049 1.011 0.897 0.565 0.536 0.808 0.826 <0.01 0.084 0.922 1.000

NURR1 0.092 0.131 2.742 2.331 3.386 3.915 0.840 1.007 ns 0.121 0.743 0.745

0.092 0.131 2.742 2.331 3.386 3.915 – – 0.01 0.044 0.943 0.999

PHOX2B 0.091 0.083 0.942 0.598 0.877 0.447 2.598 3.094 <0.05 0.131 0.589 0.411

0.091 0.083 0.942 0.598 0.877 0.447 – – <0.05 0.131 0.873 0.899

PTPRQ 0.147 0.131 0.401 0.300 1.357 1.119 0.331 0.377 <0.05 0.397 0.556 0.357

0.147 0.131 0.401 0.300 – – 0.331 0.377 <0.01 0.397 0.950 1.000

SEBOX 4.423 4.172 0.105 0.143 0.143 0.169 0.153 0.182 <0.05 25.657 0.998 1.000

TMEM200A 0.124 0.088 1.110 0.839 1.567 1.207 0.326 0.483 ns 0.262 0.731 0.715

0.124 0.088 1.110 0.839 1.567 1.207 – – <0.05 0.109 0.921 0.987

Two biological replicates (I, II) were measured per condition. Values were corrected for signal intensity of reference genes and normalized for expression levels in cells
carrying empty expression vector. Minimum (Min.) fold-difference refers to the ratio of the least extreme pair of mean expression levels between hsaFOXP2-overexpressing
cell lines and their counterparts overexpressing one of the non-human FOXP2 cDNA. Power estimates according to G∗Power v. 3.1.9.2. FDR, false discovery rate; cja,
marmoset (Callithrix jacchus); hsa, human (Homo sapiens); mmu, Rhesus monkey (Macaca mulatta); ns, not significant; ptr, chimpanzee (Pan troglodytes); r, correlation
coefficient.

RT-qPCR confirmed up- (1 gene) and down-regulation (12
genes) of expression under hsaFOXP2 control in SH-SY5Y
cells for all 13 genes measured (Table 2). The effect of
hsaFOXP2 overexpression on target gene expression was again
large, as indicated by r-values >0.5 in all of the comparisons
between hsaFOXP2 and non-human FOXP2-overexpressing cells
(biological replicates I and II per each condition). In twelve
cases, RT-qPCR corroborated the results of RNA-seq of at least
twofold up- or down-regulation (mean versus mean) under
hsaFOXP2 control relative to any other condition. We noticed
the strongest regulation in SEBOX, whereby the minimum fold-
change between hsaFOXP2 and non-human primate FOXP2-
overexpressing cells was >25 (with N = 2, M = 6), indicating
a strong up-regulation of transcription in response to hsaFOXP2
overexpression (Table 2). The corresponding values for BACE2,
CDH4, FOXL1, GABRE, MSN, MYH8, MYH13, NURR1,
PHOX2B, PTPRQ, and TMEM200A ranged between 0.037 and
0.397, which corresponds to a considerable down-regulation of
transcription for each of these loci. DCDC2 failed the twofold-
threshold in the comparison of the hsaFOXP2-overexpressing
cells with any other condition (0.572) but down-regulation of
expression under hsaFOXP2 control was nonetheless significant
(Table 2). Significant FDRs (<0.05, t-test) were also reached in
the human/non-human comparison of the other new FOXP2
target candidates, except for NURR1 and TMEM200A (all
with N = 2 and M = 6). The latter two genes missed the

5% threshold of significance in the first place, despite their
strong down-regulation in hsaFOXP2-overexpressing cells and
the correspondingly increased r-values (>0.7).

This discrepancy between effect size and significance testing
in NURR1 and TMEM200A apparently reflected an increased
variation across the non-human models due to conspicuous
values under cjaFOXP2 control. However, the inclusion of models
for the Rhesus monkey and marmoset besides the chimpanzee
condition was a rather conservative approach with respect to our
prime goal of detecting expressional changes in the human model
cell lines (compare Figure 1B). In NURR1 and TMEM200A, the
consideration of the complete species sample might even have
obscured actually relevant changes in response to hsaFOXP2
overexpression. Accordingly, we found the expression levels of
NURR1 and TMEM200A to differ significantly under hsaFOXP2
control when the data were re-analyzed under exclusion of the
values measured in the cjaFOXP2-overexpressing cells (thus, with
N = 2 and M = 4; Table 2). The reduction in the species
sample associated with an increase of the corresponding r values
and power estimates for the t-tests carried out on NURR1 and
TMEM200A. Similarly, the power estimates overshot the 80%
threshold of acceptability when the levels of BACE2, PHOX2B,
and PTPRQ transcripts were compared between hsaFOXP2-
overexpressing cells and a reduced sample of non-human primate
models (Table 2). Thus, post hoc analysis of t-tests underlined that
significant support for expressional changes under hsaFOXP2
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FIGURE 3 | Representative Western blots showing expression levels of FOXP2 targets in SH-SY5Y cells. (A) Anti-CDH4 detected significantly less protein quantity in
response to hsaFOXP2 overexpression relative to the cells overexpressing one of the three non-human primate FOXP2 cDNAs (all without FLAG tag). (B) No MSN
was discernible in hsaFOXP2-overexpressing cell lines, whereas protein expression was obvious in cell lines either overexpressing one of the tested non-human
primate FOXP2 cDNAs or carrying empty vector (pcDNA3). (C) Anti-BACE2 recognized one band at about 56 kDa and additional ones at higher molecular weights,
which presumably represent differently glycosylated variants of the membrane protein (Acquati et al., 2000). In particular, the lowest band appeared to be
down-regulated under hsaFOXP2 control relative to the non-human models included, but all the bands were used for densitometric analysis. Purified lysates were
run on an SDS-PAGE gel, transferred to PVDF membrane, and successively hybridized with the respective antibodies. Lower panels: β-actin served as a standard
for protein load in all experiments. Results of densitometric analyses are given in Table 3. cja, marmoset (Callithrix jacchus); hsa, human (Homo sapiens); mmu,
Rhesus monkey (Macaca mulatta); ptr, chimpanzee (Pan troglodytes).

control could be correlated with acceptable power estimates in
all 13 new target genes – at least after obscuring signal was
excluded from the comparison. However, high power estimates
suggest that the alternative hypothesis of unequal means (here:
expression levels) is true. Consequently, additional biological
replicates should reproduce the findings without bringing an
essential gain of new information – a prediction that we tested
on the protein level.

Western Blotting of Proteins Encoded by
New FOXP2 Targets
The three proteins selected for Western blot analyses represented
loci, for which the power of t-tests was >80% when contrasting
transcript amounts (RT-qPCR) in hsaFOXP2-overexpressing SH-
SY5Y cells with the corresponding levels in either the complete
(CDH4, MSN) or a reduced set of non-human models (BACE2).
Densitometric analysis confirmed significant down-regulation

under hsaFOXP2 control for all three tested proteins, when taking
the same two biological replicates per condition as used for
transcriptome measurements (I and II). As in transcriptomic
analyses, the r values exceeded the threshold of large effect size
in all of the three comparisons of densitometric values (Figure 3
and Table 3). Correspondingly, the power estimates for the
conducted t-tests was constantly >80%, so that the inclusion of
additional replicates should not alter the results. In line with this
expectation, t-tests confirmed a significant down-regulation of
protein expression after addition of a third biological replicate
(III), thus increasing sample sizes to N = 3 and M = 9 for
CDH4 and MSN, and to N = 3 and M = 6 for BACE2
(Figure 3 and Table 3). We interpreted these findings as a
confirmation that SH-SY5Y cells translated different transcript
amounts of FOXP2 targets into corresponding protein quantities.
The findings further demonstrated that large effect size and
high power values appeared to be reliable predictors of the
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TABLE 3 | Densitometric analyses of Western blots: CDH4, MSN, and BACE2 abundance in SH-SY5Y cells overexpressing human FOXP2 relative to cells
overexpressing non-human primate FOXP2.

Overexpression of

hsaFOXP2 ptrFOXP2 mmuFOXP2 cjaFOXP2

Protein I II III I II III I II III I II III FDR t-test r Power

CDH4 0.431 0.650 – 0.952 1.171 – 1.018 1.045 – 1.336 1.213 – <0.01 0.861 0.976

0.431 0.650 0.514 0.952 1.171 0.960 1.018 1.045 2.499 1.336 1.213 2.691 <0.05 – –

MSN 0.051 0.116 – 0.695 0.728 – 2.046 1.694 – 2.562 2.228 – <0.05 0.775 0.822

0.051 0.116 0.077 0.695 0.728 0.595 2.046 1.694 1.759 2.562 2.228 2.204 <0.001 – –

BACE2 0.358 0.348 – 0.749 0.731 – 1.071 0.989 – – – – <0.001 0.900 0.958

0.358 0.348 0.344 0.749 0.731 0.974 1.071 0.989 1.164 – – – <0.05 – –

Two and three biological replicates per condition (I–III) were included in t-tests. Values were corrected for β-actin levels and normalized for protein levels of the respective
protein in cells carrying empty vector. See Figure 3 for representative Western blots. cja, marmoset (Callithrix jacchus); hsa, human (Homo sapiens); mmu, Rhesus
monkey (Macaca mulatta); ptr, chimpanzee (Pan troglodytes).

reproducibility of t-test results, even when sample sizes were
comparably small. In retrospect, therefore, the sample sizes in the
transcriptome analyses seemed acceptable.

Mapping of FOXP2-Binding Motifs and
FOXP2-ChIP-seq Reads to Putative
Promoter Sequences of New FOXP2
Targets
After having shown differential expression under hsaFOXP2
control for all 13 new candidate genes we investigated
their regulatory sequences. Screening the 5 kb upstream
the transcription start of the human orthologs we found
numerous matches with publicly available FOXP2-ChIP-seq
reads (SRR351544). The same putative promoter sequences
additionally contained previously published FOXP2-binding
motifs (see Stroud et al., 2006; Vernes et al., 2007; Nelson et al.,
2013). The number of matches further increased when extra
motifs overrepresented in murine Foxp2 target gene promoters
were taken into account (see Vernes et al., 2011). Overall, we
detected between seven and 48 FOXP2/Foxp2-binding motifs
within the putative human promoter sequences (Supplementary
Table 2.3). Furthermore, we observed juxtaposition and overlaps
of motifs and the matching positions of FOXP2-ChIP-seq reads
in the promoter sequences of all 13 new target genes (see
Figure 4 for CDH4, MSN, and BACE2; see Supplementary
Image 3 for the other genes). Thus, the expression of all 13
new candidate genes might be directly regulated by FOXP2.
Whether in terms of a direct or indirect regulation through
FOXP2 we accepted all 13 genes scrutinized for downstream
network reconstruction.

Network Reconstruction, Gene Ontology
Enrichment Analysis, and Evolutionary
Analysis
For network reconstruction, we merged our 13 new with the
27 reproduced target genes, thus generating an initial sample
of 40 genes with empirical evidence for FOXP2/Foxp2-driven
expression regulation. In order to reach a meaningful size for

network and GO analyses, the STRING server was enabled
to add best-supported 40 interactors so that the final dataset
contained 80 proteins (Table 1 and Supplementary Tables 2.4,
2.5). Interestingly, these interactors contained nine additional
proteins whose coding genes were previously shown to be
FOXP2/Foxp2 targets and/or to associate with singing in male
zebra finch brains (Supplementary Table 2.4). Thus, altogether
49 nodes in the network correlated with empirical support for
FOXP2/Foxp2-driven and/or songbird song-related expression
regulation (nodes with rays in Figure 5). Disregarding six genes
with only songbird song-related expression regulation a total of
43 nodes in our network associated with experimental evidence
for FOXP2/Foxp2-driven expression regulation (Table 1 and
Supplementary Tables 2.1, 2.4). For this reason, we further refer
to the network as to the FOXP2-driven network (Figure 5).

The number of PPIs was significantly increased relative to
the expectation whichever confidence threshold was applied
(FDR = 0, each; Supplementary Tables 2.6, 2.7). Fifty-three
percent of the interactions were recognized with at least medium
confidence (≥0.4). Confidence was still high (≥0.7) in 43% and
highest (≥0.9) in 36% of the edges (Figure 5 and Supplementary
Table 2.7). Self-interactions were not detected. Six of the proteins
were not engaged in any interaction. The remaining 74 proteins
were constituents of the largest connected component (LCC),
thereby having 11.342 PPI partners on average (see Figure 5).
With 36 PPIs, the chaperone HSP90AA1 was the most connected
protein in the LCC. Out of the new FOXP2 targets, MSN was the
only one with an above-average node degree (= 15; Figure 5 and
Supplementary Table 2.6).

Kinases with high node degrees such as LRRK2 and Janus
kinases JAK1-3 but also above-average connected PIM1 and
average-connected ROCK1 pointed to a general involvement
of our network in the regulation of protein activity. The
same is true for ROCK1’s highly connected upstream regulator
RHOA, and for the phosphatase PTPRQ. Also the regulation of
conductivity was represented by our network, namely through
CFTR and GABRE (compare Figure 5; see Discussion for
detailed protein functions). Additional functional implications
emerged when testing our 80 protein sample for the enrichment
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FIGURE 4 | Coverage of publicly available FOXP2-ChIP-seq reads (black lines) and FOXP2-binding motifs (red lines) on putative promoter sequences. (A) CDH4,
(B) MSN, and (C) BACE2. Putative promoter sequences of human genes spanned 5 kb upstream of the transcription start sites. FOXP2-ChIP-seq reads were
down-loaded from NCBI’s GEO database (GSM803353: SRR351544). Hits were normalized for the genome-wide background (GRCh38.p7). See Supplementary
Table 2.3 for sequence IDs and motifs. Mapping results for the other eleven new FOXP2 targets are given in Supplementary Image 3.

of GO terms (STRING). Applying a 1% FDR, 153 biological
process GOs were overrepresented in our sample relative to
the genome-wide background (Figure 5 and Supplementary
Table 2.8). When individual terms were combined to larger
entities, cellular signaling and communication appeared as the
largest category (number of GO terms = 59; Figure 6 and
Supplementary Table 2.8). This category contained members of
the JAK/STAT cascade (statins, Janus kinases, and SOCS5) as well
as MSN and EZR as constituents of the ezrin–radixin–moesin
complex (ERM). Also cell–cell adhesion-mediating cadherins
(CDH4, CDH11) were sorted into this category. Twenty-five GOs
demonstrated importance for metabolic and catabolic processes
as illustrated by ZDDH3, KEAP1, and LRRK2. Seventeen
GOs reflected a strong involvement in transcriptional control
(Figure 6). The latter category included transcriptionally active
proteins like MAFF, NFATC1, and TBX22 as well as proteins
encoded by the new FOXP2 targets NURR1, PHOX2B, FOXL1,

and SEBOX. High relevance for post-transcriptional expression
regulation was suggested by altogether eleven respective GOs.
Proteins acting in ribosome recruitment (EIF4E, EIF4G1,
and PABPC1) fell under this category. The same applied to
highly connected DICER1, TARBP2, TRNC6A-C, and four
RISC members (EIF2C1-4) which conjointly function in gene
silencing. Actually, terms relating to gene silencing received the
highest support from GO enrichment analysis (Supplementary
Table 2.8). Five mitochondrial ribosomal proteins pointed
to an engagement in protein synthesis as an additional
layer of post-transcriptional expression regulation. Twenty-
nine GOs indicated increased pertinence for development
and cellular differentiation, migration, and motility. Notably,
10 out of these 29 GOs were directly relating to nervous
system development and to neuron differentiation, projection,
morphogenesis (inclusively axonogenesis and neurotrophin
signaling) and survival (Figure 6). The 26 proteins matching
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FIGURE 5 | FOXP2-driven protein–protein interaction (PPI) network including 80 proteins. Seventy-four nodes are contained in the largest connected component
(LCC). Black rays highlight 49 proteins with empirical evidence for FOXP2/Foxp2-driven and/or songbird-song-related expression regulation from the present and
previous analyses (see Tables 2, 3 as well as Supplementary Tables 2.1, 2.4 for details). Red dots highlight proteins that matched with neuron-related GO terms in
enrichment analysis (see Supplementary Table 2.8). Blue dots indicate nodes whose implication in neuronal and neural functions and/or diseases and disorders is
detailed in the Discussion. This is a conservative estimate as exemplified by ERP44 which might have neural relevance (see Discussion) but is not categorized as
such in this scheme. Green dots refer to an involvement in trismus-pseudocamptodactyly (MYH8) and X-linked cleft palate and ankyloglossia (TBX22). Proteins in the
LCC have 11.342 direct interactors (node degree) on average. Thickness of edges correlates with confidence scores ≥0.90, ≥0.7, ≥0.4, and ≥0.15. The clustering
coefficient varied between 0.616 and 0.831 depending on the confidence threshold applied. The network was constructed with the aid of STRING v. 10.0 and
analyzed with the aid of Cytoscape v. 3.2.1 and the NetworkAnalyzer plugin. For individual node degrees and additional network statistics see Supplementary
Tables 2.6, 2.7.

these “nervous system terms” are highlighted by red dots in
Figure 5 (compare Supplementary Table 2.8).

For assessing the impact of the newly detected FOXP2
targets we repeated network and GO enrichment analyses under
exclusion of the respective 13 proteins, thus starting with the 27
reproduced loci only. After addition of 40 interactors STRING
again detected significantly more nodes than expected, no
matter which confidence threshold was applied (Supplementary
Tables 3.1, 3.2). About 82% of the previously recognized enriched
GO terms were also reproduced. However, with the exception of a
single GO term (neurotrophin TRK receptor signaling pathway)
there was no enrichment of terms literally relating to neuronal
relevance anymore. In particular, terms containing the words
“neuron” or “axonogenesis” were not enriched in the 67 protein
sample (Supplementary Table 3.3). Thus, the inclusion of the new
FOXP2 targets significantly affected the results of GO enrichment
analysis.

Lastly, we analyzed the sequence evolution of the 80 protein
sample on the basis of 59 protein-coding genes for which
the respective values were available at the time of the study
(ENSEMBL). Taking dN/dS as a measure we found overall similar

evolutionary rates in the Rhesus monkey–human and Rhesus
monkey–chimpanzee comparison. This was evidenced at the level
of mean dN/dS values (0.202 versus 0.200, respectively) as well
as medians (0.148 versus 0.141, respectively; P = 0.957, MWU
test). The single dN/dS values were all <1.0 (Supplementary
Table 2.9), thus illustrating that negative selection and hence
selection against aa exchanges prevailed in the evolution of the
present FOXP2-driven network.

DISCUSSION

Comparing human neuronal cells (SH-SY5Y) stably
overexpressing species-specific primate FOXP2 cDNAs, we
detected 40 genes with differential expression levels in response
to hsaFOXP2 overexpression. We refer to 27 of these genes as to
reproduced FOXP2 targets as they have been already reported
to show FOXP2/Foxp2-driven and/or songbird sing-related
expression regulation in several reference studies (Spiteri et al.,
2007; Vernes et al., 2007, 2011; Enard et al., 2009; Konopka
et al., 2009; Hilliard et al., 2012). The remaining 13 genes with
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FIGURE 6 | Abundance of super-ordinate categories of the enriched biological process GOs in our 80 protein sample. GO enrichment analysis was carried out with
STRING v. 10.0 (FDR < 0.01). For detailed results of GO analysis, see Supplementary Table 2.8.

differential expression levels controlled by hsaFOXP2 did not
show significantly differential regulation in any of the references
and hence are termed new FOXP2 targets herein.

In support of the validity of the findings, post hoc analyses
revealed that the recognition of transcriptional changes under
hsaFOXP2 control associated with acceptable power (>80%)
of the conducted t-tests. This might be surprising on the first
sight, considering that mRNA-based measurements involved
comparably few cell lines modeling the human and non-human
conditions, with a total sample size of mostly 8 and exceptionally
6 (Table 2 and Supplementary Table 2.1). However, such high
power estimates fully agree with the results of a simulation
study which demonstrated that t-tests can reach acceptable power
despite small sample sizes (N = 2; M= 5; thus, with a total sample
size of 7), when the corresponding effect sizes are high (de Winter,
2013). The precondition of large effect size was indeed fulfilled
in present transcriptome analyses (Table 2 and Supplementary
Table 2.1). As high power estimates suggest that the alternative
hypothesis of unequal means is true, the inclusion of additional
biological replicates should not have altered the results in
present transcriptome analyses (see Cohen, 1988; Open Science
Collaboration, 2012) – an assessment which we found confirmed
for a selection of proteins encoded by new FOXP2 targets
(Table 3). Therefore, it seemed justifiable to us to take all 40 genes
which showed differential transcription under hsaFOXP2 control
as a starting sample for network reconstruction and evolutionary
analysis.

The resulting FOXP2-driven network contained altogether 80
proteins. Matching the newly added interactors with the reference
studies increased the number of nodes with FOXP2/Foxp2-
driven and/or songbird song-related expression regulation in
the network to a total of 49 (nodes with rays in Figure 5).
Forty-three of them correlated with experimental evidence for

FOXP2/Foxp2-driven expression regulation from the present
and several reference studies (see Results). Considering FOXP2’s
role in impairment of verbal communication (see Introduction),
our FOXP2-driven network might have played a contributory
role in human evolution, potentially even in the acquisition
of speech and language (Figures 1, 5). However, adaptive
aa substitutions were apparently of minor importance in this
context as illustrated by prevalent signatures of negative selection,
i.e., selection disfavoring aa exchanges, in genes coding for
the proteins in our network (Supplementary Table 2.9). The
codons of the respective genes might even evolve under stronger
constraint than it is the case across the entire genome. Thus,
the mean dN/dS of the genes encoding our network members
was 0.202 in the Rhesus monkey-human comparison, while the
genome-wide mean should be in the range of 0.26 or higher
according to the dN and dS values, which Wolf et al. (2009)
reported for the same species pair. This could point to an
increased functional relevance of the FOXP2-driven network in
primate evolution. If true, this seems to be a general principle
as we observed similar evolutionary rates of the genes encoding
our network members, whether the Rhesus monkey orthologs
were compared with their counterparts in humans or common
chimpanzee (Supplementary Table 2.9). On the contrary, our
data do not suggest noteworthy changes in the evolutionary rates
of the members of the FOXP2-driven network on the human
branch (compare Figure 1B). This does not change the fact
that adaptive evolution of some genes influenced hominization
as it is the case for FOXP2 itself (Mallick et al., 2016; also,
e.g., Enard et al., 2002; Mozzi et al., 2016). Still, present results
of RNA-seq, RT-qPCR, and Western blotting rather emphasize
the prominent role of expression regulation changes in human
evolution (Tables 2, 3 and Supplementary Tables 2.1, 2.2), thus
lending support to respective postulates from about 30 years ago
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(e.g., King and Wilson, 1975). The changes in fine-tuning might
have affected cellular signaling and communication, protein and
nucleotide metabolism and catabolism, expression regulation,
development and cellular differentiation and migration, and
especially neuronal differentiation and survival (Figure 6). For
reasons of space limitations we will focus in the following on the
respective implications of the LCC in the present FOXP2-driven
PPI network (Figure 5).

Cytoskeleton: MSN, the ERM Complex,
and the Actin Scaffold
Above-average connected moesin (MSN, also MOE) was
expressed at markedly lower levels in SH-SY5Y cells stably
transfected with hsaFOXP2 relative to cells overexpressing non-
human primate FOXP2 cDNAs (Figures 3B, 5 and Tables 2, 3).
In support of its neuronal relevance, MSN protein levels
were previously reported to be down-regulated in fetal Down
syndrome brains (Lubec et al., 2001) whereas levels of a MSN-
binding non-coding RNA (MSNP1AS) showed up-regulation in
ASD cortices (Kerin et al., 2012). Such associations might reflect
the central role of the protein in the remodeling of the cell cortex
during mitosis and also its activation by the phosphatase PTEN
(see Roubinet et al., 2011; also Georgescu et al., 2014). Hence,
PTEN is a critical regulator of neuron development and survival,
axonal regeneration, and synaptic plasticity and is implicated in
AD, PD, and ALS (Ismail et al., 2012). Recent observations in the
mouse model fit in with the presumed functional association of
the three proteins. Thus, mislocalization of Pten in murine brain
was observed to correlate with down-regulation of Foxp2 and
upregulation of Msn (Tilot et al., 2016).

Although MSN seems to function on its own (e.g., Fehon
et al., 2010; Roubinet et al., 2011), it is also active through
its participation in the ERM complex which additionally
contains RDX and the present LCC member EZR (Figure 5).
The ERM complex bridges the plasma membrane with the
actin cytoskeleton, thus being involved in cell–cell recognition,
signaling, and motility of diverse cell types as well as the
formation and collapse of filopodia, microvilli, and microspikes
(e.g., Fehon et al., 2010; Antoine-Bertrand et al., 2011; Roubinet
et al., 2011; Georgescu et al., 2014). Accordingly, MSN and EZR
matched in the present enrichment analysis with more general
GO terms such as movement of cell or subcellular component
and membrane to membrane docking (Supplementary Table 2.8).
Nonetheless, the functional spectrum of the ERM complex also
covers regulation of neurite outgrowth, neuron motility and
growth cone morphology (e.g., Antoine-Bertrand et al., 2011 and
references therein). These functions obviously substantiate the
neuronal relevance of the present FOXP2-driven network – and
of its LCC.

Activation of the complex through phosphorylation (pERM)
involves three additional members of our LCC (Figure 5), i.e.,
RHOA, RHOA’s downstream effector and regulator ROCK1
(Antoine-Bertrand et al., 2011; Tang et al., 2012), and LRRK2
(Parisiadou et al., 2009). ROCK1 is implicated in neuronal
regeneration and neuritogenesis (Da Silva et al., 2003; Tang et al.,
2012). Moreover, mutations in LRRK2 gene represent the most

frequent genetic cause of late-onset PD (Paisan-Ruiz et al., 2008),
possibly due to negative effects on neuritogenesis and survival of
nigrostriatal dopaminergic neurons (Han et al., 2008; Xiao et al.,
2015). The links between our LCC and neurodegeneration are
even more manifest when considering that pERM is required
for proteolytic processing of amyloid precursor protein (APP)
by α-secretases into the neuroprotective soluble APP ectodomain
(sAPPα) (Darmellah et al., 2012). Yet, the alternative cleavage
of APP into neurotoxic amyloid-β (Aβ) is catalyzed by a
γ-secretase containing present LCC member APH1A (Zhao et al.,
2010) (Figure 5). Another APP processing pathway involves
the aspartic protease encoded by the new FOXP2 target BACE2
(β-site APP-cleaving enzyme 2; also CEAP1, DRAP) which resides
inside the so-called ‘Down critical region’ in 21q22.3 (Acquati
et al., 2000; O’Brien and Wong, 2011) (Figures 3C, 5 and
Table 2). In line with the expectation for BACE2’s ability to
cleave APP, certain variants of the coding gene associate with
neurodegeneration, namely with AD (Myllykangas et al., 2005).
However, the connections of our LCC with APP metabolism are
not confined to the cleaving enzymes. Thus, the present LCC
also contains the chaperone SERPINH1 (also HSP47) which has
been demonstrated to regulate Aβ formation and the growth of
amyloid plaques (Figure 5) (Bianchi et al., 2011).

Cytoskeleton: Myosins and Microtubules
The two myosin heavy chain proteins in the present LCC,
both encoded by new FOXP2 targets (Figure 5 and Table 2),
might have an influence on hard tissue development. Thus,
MYH8 levels were found to be up- and down-regulated in
retrognathia and prognathia patients, respectively (Oukhai et al.,
2011). Furthermore, a recurrent mutation in MYH8 gene
associates with trismus-pseudocamptodactyly syndrome (TPS)
involving joint contracture and the inability of patients to
open the mouth fully (also Dutch-Kentucky or Hecht-Beal
syndrome; e.g., Toydemir et al., 2006). Strikingly, a recent
study demonstrated the expression of Foxp2 (and Foxp1) in the
developing temporomandibular joint of mice (Cesario et al.,
2016). Consequently, disturbed FOXP2-regulated expression of
MYH8 might indeed play a role in the pathogenesis of TPS.
Also MYH13 seems to be important for the development of
the anatomical basis of speaking. The protein might especially
be involved in the acquisition of adult larynx properties as
suggested by cease of laryngeal MYH13 expression during or
after childhood (Périé et al., 2000). MYH13 seems further to be
involved in the pathogenesis of age-related neurodegenerative
disorders (e.g., Cacabelos et al., 2012) and in formal thought
disorder, or disorganized speech (Wang et al., 2012).

Besides, our FOXP2-driven network contributes to the
organization of the microtubule scaffold. In particular, the new
FOXP2 target DCDC2 codes for a protein (Figure 5 and Table 2)
which directs neuronal migration by stabilizing microtubules
(e.g., Meng et al., 2005). This functional implication might
have importance for human communication skills as suggested
by mutations in DCDC2 that associate with a recessive form
of deafness (DFNB66), variation of gray matter volume in
language-related brain regions of schizophrenia patients, reading
disability (RD), and dyslexia (DYX2) (Meng et al., 2005; Jamadar
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et al., 2011; Newbury et al., 2011; Grati et al., 2015). In line
with these associations in humans, DCDC2 is co-expressed in
certain regions of the marmoset brain with other speech- and
language-related genes like FOXP2 itself, but also with ROBO1,
CMIP, KIAA03319, and CNTNAP2. The spatiotemporal overlap
includes thalamus and basal ganglia and, especially, substantia
nigra pars compacta and pars reticulata (Kato et al., 2014; see
also Vernes et al., 2008). Yet, nigrostriatal and thalamocortical-
basal ganglia circuits function in voluntary motor control in
marmoset (Kato et al., 2014) and dysfunction in humans can lead
to oromandibular, lingual, and laryngeal spasms (Colosimo et al.,
2010). Thus, DCDC2 and the co-expressed speech- and language
genes exemplify that the study of marmoset can improve our
understanding of the molecular and neural basis of human
communication. At the same time, DCDC2 exemplifies that the
differences in the communication skills between humans and
marmoset might be due to changes in expression levels, which
occurred on the human branch (compare Figure 1B).

Similar to DCDC2, MARVELD1 has a rather peripheral
position in our LCC. Nonetheless, also this protein has
importance for the organization of microtubules as demonstrated
for the murine ortholog (Zeng et al., 2011). Microtubules are
further the basis for the functioning of present LCC member
KIF13B (Figure 5). The protein moves along microtubules to the
tips of neurites where it promotes neurite outgrowth (Yoshimura
et al., 2010). Notably, the murine protein has been shown to
be a negative regulator of PIK3K/AKT-mediated myelination in
central and peripheral nervous system (Noseda et al., 2016). Yet,
phosphatidylinositol-mediated signaling was one of the enriched
GO terms in our protein sample (Supplementary Table 2.8).
Moreover, PIK3K/AKT signaling could also link the new FOXP2
target PTPRQ (DFNB84A) (Table 2). The gene is another
deafness susceptibility locus in our LCC (Figure 5) and codes
for a phosphatidylinositol phosphatase (e.g., Schraders et al.,
2010) which has been implicated in the organization of the actin
cytoskeleton again (see, e.g., Nayak et al., 2007).

Transcriptional Regulation: Transcription
Factors
A number of proteins in our LCC support FOXP2’s previously
stated influence on neuronal development and maintenance
through downstream transcriptional regulators (Figures 5, 6).
Thereby, the transcription factor encoded by the new FOXP2
target NURR1 (also NR4A2, NOT) (Figure 5 and Table 2) seems
to be of special importance for normal dopaminergic functioning.
Thus, stimulation of NURR1 improves behavioral deficits
associated with the degeneration of dopamine neurons in PD
model mice – an effect which involves enhanced trans-repression
of neurotoxic pro-inflammatory genes in microglia and increased
transcriptional activation of midbrain dopaminergic (mDA)
neurons (Kim et al., 2015). Nurr1 knockout mice even fail
to develop dopamine neurons (e.g., Zetterström et al., 1997).
Therefore, it is not surprising that several mutations in human
NURR1 coincide with dopamine-related diseases, namely SCZD,
Lewy body dementia (LBD), AD, and PD (e.g., Chen et al., 2001;
Zheng et al., 2003; Chu et al., 2006). The involvement of the

present LCC in neuronal maintenance is also reflected by MAFF
(Figure 5), i.e., another transcription factor, which has also been
implicated in PD (reviewed in Kannan et al., 2012).

Four additional proteins further substantiate FOXP2’s
effectivity through downstream regulators of transcription
(Figures 5, 6 and see Tables 2, 3 for new and reproduced FOXP2
targets). Corresponding evidence is particularly strong with
respect to PHOX2B: Murine Phox2b regulates the differentiation
of hindbrain visceral and branchial motor neurons (see Hirsch
et al., 2013). Phox2b knockout mice even lack the facial motor
nucleus which is an important source of Slit ligands for Robo
receptor-expressing pontine neurons in wild-type mice (Geisen
et al., 2008). Yet, the essentiality of SLIT1/ROBO signaling for
neuron migration and axon guidance is well established (see,
e.g., Geisen et al., 2008; Boeckx and Benítez-Burraco, 2014a,b;
Pfenning et al., 2014), and SLIT1 belongs to the already known
FOXP2 targets (Konopka et al., 2009; Devanna et al., 2014). The
second protein out of this group of four, SEBOX is involved
in postnatal brain maturation as suggested by corresponding
evidence in the mouse model (Cinquanta et al., 2000). Seeing the
remarkable up-regulation of SEBOX under hsaFOXP2 control
(Table 2) the encoded protein might indeed have importance for
human brain development and evolution. The third one, FOXL1
could play a role in (mid)brain development as suggested by
respective observations in the zebrafish (Nakada et al., 2006).
Similarly, the functioning of the transcription factor TBX22
has a morphogenetic dimension: Loss-of-function mutations in
the coding gene cause X-linked cleft palate and ankyloglossia,
a developmental disorder which decreases the motility of the
tongue, thus leading to problems with feeding and speech.
The disorder also affects dentition, hearing, and psychological
development (Braybrook et al., 2001) Thus, the transcriptional
cascades controlled by FOXP2 are essential for neural and
neuronal maintenance and development as well as for normal
development of the anatomical underpinning of speech.

Transcriptional Regulation: JAK/STAT
Signaling
JAK/STAT signaling, represented in the present LCC by highly
connected three Janus kinases (JAK1-3) and four statins
(STAT3, STAT5A, STAT5B, STAT6) (Figures 5, 6), is commonly
connoted with immune reaction (see Supplementary Table 2.8).
However, a growing body of data points to a contributory
role of the JAK/STAT cascade in the pathogenesis of Down
syndrome, neuro-inflammatory diseases, and dopaminergic
neurodegeneration (Lee et al., 2016; Qin et al., 2016). In
agreement with the symptoms associated with these pathologies,
present LCC members STAT3, STAT5B, and STAT6 modulate
neuron survival, synaptic plasticity, and neurite outgrowth
(Deboy et al., 2006; Georganta et al., 2013; Tyzack et al., 2014).

The JAK/STAT cascade additionally includes interleukins,
their receptors, and members of the suppressor of cytokine
signaling (SOCS) protein family (also STAT-induced STAT
inhibitor family). For example, interaction of Socs5 with Il4r
inhibits Il4-dependent activation of Stat6 in the mouse model
(Seki et al., 2002), and expression of Il4 can again be induced
by Nfatc1 (Monticelli and Rao, 2002). Yet, the respective human
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proteins belong to our LCC (Figure 5), thereby displaying about
average to high connectivity.

Interestingly, the rodent orthologs of IL4 and of the second
interleukin in our LCC, IL13, have been implicated in neuron
survival, protection, and recovery (Pan et al., 2013; Walsh et al.,
2015). IL4 and IL13 further share anti-inflammatory properties
(Mori et al., 2016) and their common receptor comprises a
subunit, IL13RA1 which has above-average connectivity in our
network (Figure 5). The coding gene IL13RA1 resides in the
PD susceptibility locus PARK12 and its murine counterpart is
expressed in dopaminergic neurons of the ventral tegmental
area and the substantia nigra pars compacta (Morrison et al.,
2012). Thus, also IL13RA1/Il13ra1 relegate to dopaminergic
neurodegeneration.

Confirmation of a JAK/STAT-mediated implication of our
network and especially of the LCC in neuroprotection and
neurodegeneration comes from HSP90AA1 (also HSP90). Not
only that this chaperone had the most direct PIPs in our LCC
but HSP90AA1 also interacts with STAT3 in human cells (Sato
et al., 2003) (Figure 5). This again stabilizes the folding of another
protein in our network, i.e., the phosphatase PIM1 (Shen et al.,
2014), which once more builds the bridge to neuron survival:
Pim1 inhibition rescues Aβ and Tau pathology in murine brain
(Velazquez et al., 2016), and inhibition of human PIM1 induces
the neuroprotective transcription factor NFE2L2 (also NRF2;
McMahon et al., 2014). Yet, NFE2L2 and its inhibitor KEAP1 (see
Yamazaki et al., 2015) are further components of the present LCC
(Figure 5).

Post-transcriptional Expression
Regulation
The present network and its LCC are additionally linked to
gene silencing, namely through average- to highly connected
proteins such as TARBP2, DICER1, and EIF2C1-4 (also AGO1-
4) (Figures 5, 6; see also Vernes et al., 2011). This pathway will
affect the expression of a wide range of indirect FOXP2 targets
but also gene silencing of FOXP2 itself is in the range of possible.
In support of the latter, Foxp2 showed premature expression in
the embryonic neocortex of mice whose Dicer gene was knocked
out (Clovis et al., 2012; but see Haesler et al., 2007). Whether
in the one direction or just the other way around balanced gene
silencing is certainly important for normal development. This is
demonstrated by deletions involving EIF2C1 and EIF2C3 which
were recently reported to associate with facial dysmorphologies,
speech and motor delay, and also with moderate intellectual
disability (Tokita et al., 2015). In addition, DICER1 and EIF2C2
appear to be connected with the pathogenesis of Huntington’s
disease (HD; e.g., Banez-Coronel et al., 2012; see also Batassa
et al., 2010), thus providing an additional link between our LCC
and dopamine imbalance (Chen et al., 2013).

The regulatory subunit PAN3 of the poly(A) nuclease PAN
suggests an influence of our LCC on post-transcriptional
expression regulation through mRNA decay (Figures 5, 6)
(Uchida et al., 2004). The LCC is additionally pertinent to
ribosome recruitment (compare, e.g., Vernes et al., 2011), as
exemplified by PAIP1, PAIP1-binding PABPC1, and the highly
connected eukaryotic translation initiation factors EIF4E and

EIF4G1 (e.g., Craig et al., 1998) (Figure 5). Yet, also ribosome
recruitment is certainly vital for normal neural functioning
as illustrated by late-onset motor incoordination in model
mice upon sequestration of Pabpc1 (Damrath et al., 2012).
Accordingly, mutations in EIF4G1 have been recognized to
associate with PD, and deregulation of EIF4E activity seems to
increase susceptibility to autism (AUTS19) (Neves-Pereira et al.,
2009; Chartier-Harlin et al., 2011).

Five moderately connected mitochondrial ribosomal subunits
(MRPSs) underline that our LCC contributes to mitochondrial
protein synthesis (Figure 5). The significance of this process for
neuronal survival is exhibited by differential MRPS6 levels in
PD patients relative to unaffected individuals (Papapetropoulos
et al., 2006). Moreover, a mutation in the MRPS16 gene
induces respiratory chain dysfunction with fatal consequences
including agenesis of corpus callosum and death (Miller et al.,
2004; Emdadul Haque et al., 2008). In further support of an
effect of FOXP2 upon nervous system development through
mitochondrial translation, murine isoform Foxp2Ex12+ has
been localized to mitochondria in Purkinje cells – especially
in cellular buds giving rise to dendrites (Tanabe et al., 2012).
Yet, Purkinje cells have been reported to show altered synapse
plasticity in mice carrying humanized Foxp2 (Reimers-Kipping
et al., 2011).

Mitochondrial translation also builds the bridge to another
LCC member, namely ERP44 (also ERp44; Figure 5). This
chaperone regulates, along with other proteins, the association
of mitochondria with the endoplasmatic reticulum (ER). The
establishment and maintenance of this interface is pivotal for
cellular survival due to its influence on lipid transport, energy
metabolism, and Ca2+ signaling (Hayashi et al., 2009). In
particular, the latter implication might involve an inhibitory effect
of ERP44 upon inositol-1,4,5-trisphosphate (IP3) receptors as
demonstrated in mouse cerebellar microsomes (Higo et al., 2005).
Yet, the implication of the LCC in phosphatidylinositol-mediated
signaling was already mentioned, and Ca2+ release from the ER
through IP3 receptors is altered in AD, HD, and ASD patients (see
Schmunk et al., 2015 and references therein).

Membrane Conductivity and Cell–Cell
Adhesion
Present evidence for differential regulation of GABRE under
hsaFOXP2 control corroborates previous findings stressing
the importance of GABAergic circuitry for the evolution
of speech and language (e.g., Boeckx and Benítez-Burraco,
2014a,b) (Figure 5 and Table 2). GABRE shows wide tissue
distribution but appropriately spliced mRNA was exclusively
detected in the hypothalamic region and hippocampus and, to
a much lesser degree, in heart tissue (Whiting et al., 1999).
Consequently, GABRE might have more importance for nervous
system functioning than known to date. Besides GABRE, it is
ZDHHC3 (also GODZ) which links our LCC with GABAergic
wiring (Figure 5). The Golgi-specific DHHC zinc finger protein
palmitoylates the γ2 subunit of GABA(A) receptors in neurons
as demonstrated for the murine brain (Keller et al., 2004).
Membrane conductivity is also modulated by present LCC
member CFTR (Figure 5), which regulates chloride (and HCO3-)
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currents (Weyler et al., 1999). Interestingly, CFTR interacts with
the abovementioned pERM and with another LCC member, i.e.,
SLC9A3R1 (also NHERF1) (Figure 5) (Alshafie et al., 2014).
However, binding of SLC9A3R1 stabilizes the ERM complex and
its kinase PTEN (Georgescu et al., 2014), whose neuronal and
neural implications have been discussed above.

Importance for nervous system development through cell–
cell adhesion has been found for diverse cadherins including
CDH4 (also R-cadherin) which is encoded by one of the new
FOXP2 targets (Figures 3A, 5 and Table 2; e.g., Oblander and
Brady-Kalnay, 2010). Supporting the neural relevance of these
Ca2+-dependent proteins, CDH4 along with the gene coding for
LCC member CDH11 (also OB-cadherin; Figure 5) was found to
display differential spatial and temporal expression in developing
marmoset brain (Matsunaga et al., 2015). In accordance, murine
Cdh4 and Cdh11 seem to be essential for the association and
migration of neurons during embryogenesis (Kimura et al., 1995;
Hertel and Redies, 2011). Such relevance might partly reflect
their interaction with other members of the cadherin family
(e.g., Paulson et al., 2014). For instance, murine Cdh4 interacts
with Cdh2 (N-cadherin) whose neuronal relevance is well-
established (Matsunami et al., 1993). Moreover, Cdh11 and Cdh2
at least have overlapping functions including the regulation of
β-catenin abundance and β-catenin-dependent gene expression
(Di Benedetto et al., 2010). Yet, Cdh2 is another Foxp2 target,
whose regulation has been shown to affect the detachment of
differentiating neurons from the neuroepithelium (e.g., Rousso
et al., 2012).

FOXP2’s likely influence on neuronal development is further
reflected by transmembrane LRRTM2, i.e., another member
of the present LCC (Figure 5), which presumably regulates
synapse formation through neurexin binding (Ko et al., 2009).
An involvement in neurite formation and synapse formation is
likewise probable for the transmembrane semaphorin SEMA6D
(Figure 5) as suggested by observations in different model
systems (e.g., Leslie et al., 2011). Congruously, the murine
gene was previously reported to show Foxp2-driven expression
regulation during neurite outgrowth (Vernes et al., 2011). It is
thus unsurprising that SEMA6D matched with all neuron-related
GO terms that were enriched in the present analysis, despite its
peripheral position in our LCC (Figure 5 and Supplementary
Table 2.8).

CONCLUSION

In the present study, we compared expression levels between SH-
SY5Y cell lines stably overexpressing human FOXP2 cDNA with
cell lines stably transfected with FOXP2 cDNAs of marmoset,
macaque, and chimpanzee (Figure 1). Using RNA-seq, RT-qPCR,
and Western blotting, we identified 13 new FOXP2 targets with
differential expression levels under hsaFOXP2 control (Tables 2,
3; also Figure 3). The putative promoter sequences of all new
target genes contained previously published FOXP2/FOXP2-
binding motifs. Multiple matches of publicly available FOXP2-
ChIP-seq reads with fragments inside the same promoter
sequences additionally pointed to a potential direct binding of

FOXP2. Thus, down-regulation of expression might reflect that
hsaFOXP2 represses the respective target genes more efficiently
than any of the non-human FOXP2s studied. The opposite might
be true for transcription of SEBOX, the only gene amongst
the new targets that showed hsaFOXP2-driven up-regulation.
Whether their transcription is directly or indirectly regulated by
FOXP2, the detection of 13 new targets denotes that the extent of
the FOXP2-driven network is greater than currently known. It is
further conceivable that the extent of the FOXP2-driven network
was underestimated so far especially at the expense of target genes
with moderate or even low transcription rates.

The 13 new FOXP2 targets, along with 27 reproduced ones set
the start point for the reconstruction of a PPI network (Figure 5).
The resulting network contained in total 80 proteins, thereof 43
with confirmed experimental evidence for FOXP2/Foxp2-driven
expression regulation. Altogether 49 proteins in the network
showed FOXP2/Foxp2-driven and/or songbird song-related
expression regulation (Figure 3, Tables 2, 3, and Supplementary
Tables 2.1, 2.4; see also Spiteri et al., 2007; Vernes et al.,
2007, 2011; Hilliard et al., 2012). In-depth literature screening
and GO analysis underlined a general pattern showing that
FOXP2 is effective also indirectly through signaling cascades and
other transcriptionally and post-transcriptionally active proteins
(Figure 6 and Supplementary Table 2.8; also, e.g., Marcus
and Fisher, 2003; Konopka et al., 2009). Additional functional
domains whose fine-tuning might have had a considerable effect
on hominization are as follows: regulation of cellular signaling
and communication, protein and nucleotide metabolism and
catabolism, as well as cellular migration, differentiation and
development inclusively neuronal differentiation and survival
(Figure 6). In particular, the neural and neuronal relevance of
FOXP2 was demonstrated before (see, e.g., Enard et al., 2009;
Konopka et al., 2009). However, the present study illustrates that
also less connected proteins with only moderate to low expression
levels can significantly alter our understanding of FOXP2’s
role in neural and neuronal development, maintenance, and
functioning: Thus, GO terms including the words “neuron” or
“axonogenesis” (thus excluding “neurotrophin”) only appeared
to be enriched as long as the 13 new FOXP2 targets were
included (compare Supplementary Tables 2.8, 3.3). Nonetheless,
the numerous connections between the present network and
neuritogenesis, neuron differentiation, etc. were by no means
restricted to the new FOXP2 targets (see Discussion for details).

It is further worthwhile that we identified comparably few
genes (see present Supplementary Table 2.1: genes without
significant support) that were previously reported as differentially
expressed between SH-SY5Y cells overexpressing either human
FOXP2 cDNA or a “chimpanized” variant (FOXP2chimp; see
Konopka et al., 2009, their Supplementary Table 1). The same
applies with respect to an earlier examination of the effect of the
two human-specific aa substitutions in mice carrying humanized
Foxp2 (Foxp2hum; see Enard et al., 2009; their Figures S8A,B,
right panel). On the contrary, the overlap was much higher
between the present protein sample and the lists of targets that
were identified by FOXP2-ChIP-seq in human tissues and in SH-
SY5Y cells stably overexpressing human FOXP2 (Spiteri et al.,
2007, their Table 1; Vernes et al., 2007; their Table 1). The
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overlap increased when expanding the comparison to Foxp2
targets identified by ChIP-seq in wild type murine brain (Vernes
et al., 2011, their Table S1). The number of reproduced loci
further rose when genes with songbird song-related expression
regulation were considered (Hilliard et al., 2012, their Table S2).
These differences in overlap might partially reflect the different
size of the gene lists taken as references. Nonetheless, there
seems to be a trend displaying that we primarily re-identified
genes from the studies that used non-mutated cDNAs rather
than mutated ones combining states of two species. From our
point of view this supports the suitability of species-specific
cDNAs with counterparts in nature for studying FOXP2’s role in
evolution.

The present study differs from others especially with respect to
the phylogenetic concept applied. Yet, this conceptual extension
is not only of theoretical value as illustrated by the special case of
PHOX2B. This gene was already a candidate for FOXP2-mediated
expression regulation in a previous study which compared
expression levels in SH-SY5Y cells overexpressing human
FOXP2 versus cells carrying empty vector (Spiteri et al., 2007).
Although RT-qPCR indicated down-regulation of transcription
in the overexpressing cells the difference was not significant.
In contrast, the present approach yielded significant support
for down-regulation of PHOX2B expression in hsaFOXP2-
overexpressing cells relative to cells overexpressing ptrFOXP2
and mmuFOXP2. In our opinion this illustrates the usefulness
of a phylogenetic approach including at least one additional
non-human model besides human and chimpanzee models in
order to unmask changes in the fine-tuning of target gene
expression that might have importance for human evolution and
health.

In this way, we determined multiple connections of the
FOXP2-driven network and its LCC to developmental (ASD,
SCZD, Down syndrome, agenesis of corpus callosum, trismus-
pseudocamptodactyly, ankyloglossia, facial dysmorphology) and
neurodegenerative disorders and diseases (AD, PD, HD, LBD,
ALS), deafness, and dyslexia (for details, see Discussion). In
particular, the links to AD, PD, and HD pathologies but also
diverse connections to the affected neuron types and brain
regions substantiate the importance of FOXP2 for dopaminergic
wiring and neurodegeneration (see Discussion for details; also,
e.g., Reimers-Kipping et al., 2011; Hilliard et al., 2012; Devanna
et al., 2014; Pfenning et al., 2014; Schreiweis et al., 2014).
Moreover, reported communication deficits in at least some cases
of AD, PD, HD, LBD, ALS, ASD, SCZD, and Down syndrome
(Murray, 2000; Yoder and Warren, 2004; Stephane et al., 2007;
Abrahams and Geschwind, 2010; Kupferberg, 2010; Reilly et al.,
2010; Ferris and Farlow, 2013) confirm the well-established
involvement of FOXP2 in the evolutionary and developmental
acquisition of speech and language (see, e.g., Vernes and Fisher,
2009; Bolhuis et al., 2010; Enard, 2011; but see Mallick et al.,
2016).

However, the present approach did not only confirm
and substantiate previous knowledge. Thus, we were able
to delineate new pathways of how human FOXP2 governs
neurogenesis, neurite outgrowth, synapse plasticity, neuron
migration, and the regulation of conductivity. These involve:

(i) transcription regulation through NURR1, PHOX2B, TBX22,
SEBOX, and FOXL1, (ii) cadherin-mediated cell–cell adhesion
(CDH4, CDH11), (iii) gene silencing through DICER1 and
RISC, (iv) JAK/STAT signaling and neuro-inflammation, and
(v) the organization of the microtubule (DCDC2, KIF13B),
myosin (MYH8, MYH13), and actin cytoskeleton (PTPRQ,
MSN and ERM complex). Single interactors of gene silencing,
the ERM complex and JAK/STAT signaling also appeared
in other FOXP2-directed studies (e.g., RDX in Figure 3 of
Konopka et al., 2009; Dicer1 and Jak1 in Table S1 of Vernes
et al., 2011). Yet, such implications of FOXP2 seemingly
did not emerge with the same clarity before. In this way,
we regard also gene silencing, JAK/STAT signaling, and the
regulation of the ERM complex as novel FOXP2-driven
pathways.

We hope that these novel insights may open up new avenues
toward a better understanding of the molecular causes of the
aforementioned developmental disorders, of communication
deficits and especially of neurodegenerative diseases. With
respect to the latter it would be advantageous to further
investigate if down-regulation of newly detected FOXP2 targets
such as DCDC2, MYH8, and MYH13 under hsaFOXP2 control
is due to direct FOXP2-binding. FOXP2-ChIP-qPCR could be
a good way to answer this question, and also for validating
the expressional differences which we observed in RNA-seq,
RT-qPCR, and Western blot analyses. The entire spectrum of
techniques could further be applied to transiently transfected SH-
SY5Y cells, which overexpress different primate FOXP2 cDNAs.
Reproduction of our findings in such cell lines would rule out
that inestimable effects of the foreign DNA integrates (pcDNA3-
constructs) into the genomes of SH-SY5Y cells have biased
our results. This seems especially relevant considering that the
integration sites and the number of integrated plasmids can vary
between stably transfected cells and their descendants, due to
the random integration of plasmids (e.g., Mitin et al., 2001). In
genes such as PHOX2B and NURR1 further steps could involve
animal studies to verify if their established implication in brain
development and maintenance is FOXP2-driven or not. Lastly,
in cases where the present study evidenced down-regulated
expression at the protein level (CDH4, MSN, BACE2) the next
steps could involve the investigation of murine knock-outs
against the background of neurodegenerative disease phenotypes.
Preliminary data on Cdh4 seem promising in this respect: A
viable knock-out reportedly decreased activity, amongst others
(see MGI:99218). However, if this change ultimately reflects
changes in Foxp2 expression or Foxp2 activity and if the
behavioral data associate with an alteration in neuronal wiring
are questions waiting for an answer.
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During the histogenesis of the nervous system a lush production of neurons, which
establish an excessive number of synapses, is followed by a drop in both neurons and
synaptic contacts as maturation proceeds. Hebbian competition between axons with
different activities leads to the loss of roughly half of the neurons initially produced so
connectivity is refined and specificity gained. The skeletal muscle fibers in the newborn
neuromuscular junction (NMJ) are polyinnervated but by the end of the competition,
2 weeks later, the NMJ are innervated by only one axon. This peripheral synapse
has long been used as a convenient model for synapse development. In the last few
years, we have studied transmitter release and the local involvement of the presynaptic
muscarinic acetylcholine autoreceptors (mAChR), adenosine autoreceptors (AR) and
trophic factor receptors (TFR, for neurotrophins and trophic cytokines) during the
development of NMJ and in the adult. This review article brings together previously
published data and proposes a molecular background for developmental axonal
competition and loss. At the end of the first week postnatal, these receptors modulate
transmitter release in the various nerve terminals on polyinnervated NMJ and contribute
to axonal competition and synapse elimination.

Keywords: postnatal synapse elimination, axonal competition, acetylcholine release, voltage-dependent calcium
channels, muscarinic acetylcholine receptors, protein kinases, TrkB, PKC

Abbreviations: ACh, acetylcholine; AR, adenosine receptors; AT, atropine; BDNF, Brain-derived neurotrophic factor;
CaC, calphostin C; Che, chelerythrine; CF, climbing fiber; CNTF, Ciliary neurotrophic factor; DAG, diacylglycerol;
EPP, evoke endplate potentials; GDNF, Glial cell line-derived neurotrophic factor; mGluR1, glutamate receptor; LAL,
Levator auris longus muscle; mAChR, muscarinic acetylcholine receptor; nAChR, nicotinic acetylcholine receptor;
MT-3, muscarinic toxin 3; MT-7, muscarinic toxin 7; M1, M1-type muscarinic acetylcholine receptor; M2, M2-
type muscarinic acetylcholine receptor; M4, M4-type muscarinic acetylcholine receptor; MET, methoctramine;
NIT, nitrendipine; NMJ, neuromuscular junction; NTR, neurotrophin receptors; NT-4, neurotrophin-4; OXO,
oxotremorine; PIR, pirenzepine; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; PC, Purkinje
cells; TrkB, tropomyosin-related kinase B receptor; TRO, tropicamide; VDCC, voltage-dependent calcium channels;
ω-AGA, ω-agatoxin; ω-CON, ω-conotoxin.
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INTRODUCTION

‘‘During the development of the nervous system there is an
initial overproduction of synapses’’ (Lanuza et al., 2014) that
promotes wide-ranging connectivity and which is followed by
an activity-dependent reduction in their number (Thompson,
1985; Bourgeois and Rakic, 1993). ‘‘This refines connectivity and
increases specificity’’ (Nadal et al., 2016). Hebbian competition
between nerve endings with different activities (the less active
result eliminated) is the fundamental feature of the process which
leads to the elimination of half of the contacts produced and
the strengthening of the remaining contacts (Fields and Nelson,
1992; Sanes and Lichtman, 1999; Zorumski and Mennerick,
2000). Synaptic contacts are lost throughout the nervous tissues
during histogenesis (Bourgeois and Rakic, 1993). In the visual
system, thalamic axons detach from cortical cells (Hubel et al.,
1977; Huberman, 2007); in the cerebellum, climbing fibers
(CFs) disconnect from Purkinje cells (PC; Daniel et al., 1992;
Hashimoto and Kano, 2005); in autonomic ganglia, axonal
inputs disconnect from ganglionar neurons (Lichtman, 1977);
and at the neuromuscular junction (NMJ), motor nerve endings
disconnect from muscle cells (Benoit and Changeux, 1975;
O’Brien et al., 1978). In some neural circuits a given presynaptic
axon type innervates only one postsynaptic cell at the end of the
competition process (i.e., only one climbing axon persists over
the dendritic arbor of a PC in the cerebellar cortex). However,
most neurons were polyinnervated by various axons in the adult
and the mechanism of axonal competition and selection of some
nerve endings was even more sophisticated.

In newborn animals, skeletal muscle fibers are polyinnervated
in the NMJ by several motor axons (Redfern, 1970; Brown
et al., 1976; Ribchester and Barry, 1994), but at the end of the
competitive interactions between the nerve endings, endplates
are innervated by a solitary axon (Benoit and Changeux, 1975;
O’Brien et al., 1978; Jansen and Fladby, 1990; Sanes and
Lichtman, 1999). This peripheral synapse has long been used as
a paradigm for studying the principles of synapse development
and function (Keller-Peck et al., 2001; Lanuza et al., 2002;
Santafé et al., 2009a; Garcia et al., 2011; Lichtman and Tapia,
2013). There is evidence to suggest that several presynaptic
receptors (muscarinic acetylcholine autoreceptors (mAChR),
adenosine autoreceptors (AR) and tropomyosin-related kinase
B receptor (TrkB)) play an important role by allowing the
nerve terminals to communicate in the competition that leads
to synapse loss in the NMJ (Santafé et al., 2006; Amaral and
Pozzo-Miller, 2012; Nadal et al., 2016). The mAChR may be
of particular importance. The involvement of mAChR in the
elimination process ‘‘may allow direct competitive interaction
between nerve endings through differential activity-dependent
acetylcholine (ACh) release. The more active endings may
directly punish the less active ones or reward themselves’’
(Nadal et al., 2016). Differences in the amount of activity of
the terminal axons in competition but also their timing is
important. Asynchronous activity promotes synapse elimination
whereas synchronous activity prevents it (Favero et al., 2012).
Our results indicate that the weakest nerve endings (those that
evoke endplate potentials (EPP) with the least quantal content in

dual junctions) have anACh release inhibitionmechanism, based
on muscarinic autoreceptors and coupled to protein kinase C
(PKC) and voltage-dependent calcium channels (VDCC), that
can depress the ACh release capacity in these endings and
even contribute to functionally disconnect the synapse (Santafé
et al., 2003, 2004, 2007a, 2009a,b; Tomàs et al., 2011). We
suggest that this muscarinic ‘‘mechanism plays a central role
in the elimination of redundant neonatal synapses because
functional axonal withdrawal can indeed be temporarily reversed
by mAChR, VDCC or PKC block’’ (Santafé et al., 2007b, 2009a;
Tomàs et al., 2011). In addition, M1, M2 and M4 muscarinic
subtypes cooperate to favor axonal competition at the end of
the first postnatal week and promote the full sequence of axonal
loss and synapse elimination shortly thereafter (Nadal et al.,
2016).

However, different local effectivenesses and motorneuron
activities are key to eventual success or failure, since an axon
that fails at one muscle cell can win the competition at another
(Keller-Peck et al., 2001), which suggests the participation
of other signaling pathways and possible postsynaptic muscle
cell-derived factors. Our results suggest that TrkB receptor-
mediated, brain derived neurotrophic factor (BDNF) signaling
plays this role and cooperates with muscarinic signaling (Tomàs
et al., 2011; Nadal et al., 2016, 2017b).

This review article collects and reevaluates previously
published data on the local involvement of the presynaptic
mAChR and TrkB pathway in ACh release and axonal
elimination. We propose a molecular background for
developmental axonal loss.

EXPERIMENTAL CONDITIONS

We attempted to characterize the funcional capacity of
the various motor axons that are in competition at the
polyinnervated NMJ. ‘‘The homogeneity of the experimental
conditions needs to be carefully defined in a review study such
as this one’’ (Tomàs et al., 2014). For the electrophysological
experiments, only ex vivo Levator auris longus (LAL) muscles
from P6-P7 mice (Swiss mice) or rat (Sprague-Dawley) were
studied and the basic procedures have been extensively described
(Santafé et al., 2003, 2004, 2009a; Tomàs et al., 2011). Briefly,
to prevent stimulation-induced contractions, neonatal muscles
were paralyzed with µ-CgTX-GIIB or occasionally cut on either
side of the main intramuscular nerve branch. ‘‘The nerve was
stimulated with increasing intensity from zero until an EPP was
observed. If the size and latency of the EPP remained constant as
the stimulus was increased, we concluded that the endplate was
mono-innervated (M endings). In endplates with polyneuronal
innervation, increasing the stimulus amplitude caused one or
more axons to be recruited, which produced a stepwise increment
in the EPP’’ (Redfern, 1970). Specifically, ‘‘with dually innervated
fibers (the most affordable polyinnervation condition), a second
EPP can appear after the first one when the intensity of the
electrical stimulus is increased. This compound EPP is built by
recruiting two axons. We calculated the EPP amplitude of the
second axon response by subtracting the first EPP amplitude

Frontiers in Molecular Neuroscience | www.frontiersin.org May 2017 | Volume 10 | Article 132158

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Tomás et al. Postnatal Synapse Elimination

from the compound EPP’’ (Garcia et al., 2010b). Usually, these
EPPs have different amplitudes because ‘‘the size of an EPP is
not related to the threshold of the axon’’ (Santafé et al., 2009a)
that produces it. ‘‘We refer to the axon terminals that produce
these synaptic potentials as the weak (W, smallest EPP) and
strong (S, largest EPP) nerve endings (and their synapses)’’.
In addition, we observed (Santafé et al., 2009a; Tomàs et al.,
2011) that some nerve terminals go silent (do not evoke EPP on
stimulation) before they completely retract and before the end of
the functional elimination period, ‘‘but retain certain capabilities
for evoked release that can be pharmacologically recovered
(R, recovered endings)’’ (Tomàs et al., 2011). In polyinnervated
synapses, ‘‘quantal responses clearly decrease in both size and
number before axonal withdrawal is completed (Dunia and
Herrera, 1993; Colman et al., 1997). Neurotransmitter release
from the axon that survives is characterized by a greater quantal
content, whereas the efficiency of the input(s) removed decreases
progressively, since a small quantal content is associated with
reduced postsynaptic receptor density (Colman et al., 1997;
Culican et al., 1998)’’ (see Santafé et al., 2002). ‘‘Imposed changes
in synaptic activity can accelerate or delay this developmental
synapse elimination process (Jansen and Fladby, 1990), and in
most cases, deviations from the normal physiological tempo are
for several hours or even days’’ (see also Nelson, 2005; Tomàs
et al., 2011). However, when we studied the R endings, we
observed a fast response (1 h) of some motor nerve terminals,
which recovered ACh release by acute exposure to modulators
of certain molecular pathways involved in neurotransmission.
‘‘We used intracellular recordings of the evoked synaptic
potentials to observe the number of functional inputs for a large
number of NMJs. Then we calculated the mean value, defined
as the polyinnervation index of the muscle studied (PI)’’ in
control P6-P7 rodent muscles the PI was 1.63 ± 0.14 with a
47.92%± 2.08 of monoinnervated junctions (Lanuza et al., 2001;
Santafé et al., 2001), and finally we studied the ‘‘effect on PI of
blocking or activating several key molecules involved in ACh
release’’ (Tomàs et al., 2011). A rapid increase in PI can indicate
the recruitment of some silent nerve endings that transitorily
recover transmission (R endings).

In summary, we analyzed how neurotransmission is affected
by interfering with muscarinic and neurotrophin signaling in
M, S and W P7 synaptic contacts on dual junctions, and the
possible appearance of silent contacts (R) and compared these
cases with neurotransmission in the mature adult NMJ (P30; A
nerve endings; Santafé et al., 2001, 2002, 2004, 2009b; Garcia
et al., 2010d; Tomàs et al., 2011).

Finally, we performed direct ‘‘axonal counts in confocal
LAL preparations (average number of axonal connections per
NMJ) from B6.Cg-Tg (Thy1-YFP)16 Jrs/J mice (hereinafter
YFP). Transgenic mice express spectral variants of GFP (yellow-
YFP) at high levels in motor neurons and axons are brightly
fluorescent all the way to the terminals’’ (Nadal et al.,
2016). In most cases, we checked the results with C57BL/6J
mice and the axons were shown with an antibody against
200-kD neurofilament protein. LAL muscles were processed to
detect the postsynaptic nicotinic ACh receptors (nAChRs) with
TRITC-α- BTX (Figure 1). In these histological preparations

FIGURE 1 | Confocal immunofluorescence images. The pictures show
representative confocal fluorescence images of monoinnervated and
polyinnervated synapses from C57BL/6J P7 control mice. The levator auris
longus (LAL) neuromuscular junctions (NMJs) show the axons stained by
200-kD neurofilament antibody in green and the postsynaptic nicotinic
acetylcholine receptor (nAChR) clusters stained in red with TRITC-α- BTX.
Scale bar: 10 µm.

we counted ‘‘the percentage of singly-, dually- and triply-
(or more) innervated synapses at P7, P9 and P15 postnatal
days with no experimental manipulation (control), and also
after two (days 5, 6), four (days 5–8) and 10 (days 5–14)
subcutaneous applications of muscarinic and TrkB receptor
signaling-related substances’’ (Nadal et al., 2016; see also Nadal
et al., 2017a,b).

MUSCARINIC SIGNALING

mAChR in the NMJ
There is no consensus about which mAChR subtypes are present
in the nerve terminals on the NMJ (Garcia et al., 2005; Wright
et al., 2009). In immunohistochemistry assays, most antibodies
seemed to detect more than one subtype but in knockout mice
their specificity was not clearly determined (Jositsch et al., 2009).
Some studies (Wright et al., 2009) only unquestionably observed
the M2 subtype in the adult nerve endings. In adult and newborn
NMJs, we observed the probable presence of M1, M2, M3
and M4 subtypes in the cells that construct the synapse (Garcia
et al., 2005). In addition, intracellular recording of the synaptic
transmission using selective and unselective muscarinic agonists
and blockers show that some of these receptors have a regulatory
influence on ACh release in developing (Santafé et al., 2001, 2002,
2003, 2004, 2007b, 2009a) and adult synapses (Santafé et al., 2005,
2006, 2007b). Using genetic approaches, it has been observed
that motor axon terminals are unstable without M2. Some loss
of terminal branches occurs in the M2 KO mice (Wright et al.,
2009). In this context, the neuronal connectivity in the visual
cortex was altered by the absence of M2/M4 mAChR (Groleau
et al., 2014).
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mAChR in ACh Release
The diagram in Figure 2A shows the effect of several subtype-
selective muscarinic substances on ACh release in developing
(P7; M, S, W) and mature (P30; A) nerve endings. The effect of
the muscarinic substances on the PI of these treated muscles can
be seen in R and the effect on the axonal loss rate can be seen in
the outermost concentric layer.

In the adult (A contacts), M1 and M2 receptors modulate
‘‘evoked transmitter release by positive and negative feedback,
respectively (Slutsky et al., 1999; Minic et al., 2002; Santafé et al.,
2003, 2006). The M2 receptor inhibits ACh release because its
selective block with methoctramine (MET) or AFX-116 increases
release whereas the M1 receptor increases release because its
selective block with pirenzepine (PIR) or MT-7 reduces it. Both
M1- and M2-mediated mechanisms operate in parallel’’ (Tomàs
et al., 2014), with some predominance of M2, because their
simultaneous non-specific stimulation (oxotremorine, OXO)
decreases release and the non-specific block (atropine, AT)
increases transmitter output (data not represented in the figure,
see Santafé et al., 2003). TheM3 (4-DAMP) andM4 (tropicamide
[TRO] and MT-3) blockers do not affect evoked ACh release.
Thus, in the adult, mAChR signaling seems to ‘‘save the synapse
function by decreasing the extent of evoked release’’ (Santafé
et al., 2015) in basal conditions. Changes in synaptic activity may
lead to subtypes playing different funcional roles (Minic et al.,
2002; Santafé et al., 2003, 2006).

During developmental synapse elimination, the involvement
of mAChR in ACh release is different. At P6-P7 roughly half
of the NMJs are monoinnervated because one nerve terminal
wins the axonal competition (Lanuza et al., 2002; Santafé et al.,
2002). In these axons (M contacts), all the selective M1 and
M2 blockers tested reduce release. Notably, the same occurs in
the strongest endings of the dual junctions still in competition
(S contacts). This suggests that a positive value of the winning
axons is that all functional mAChR are committed to improve
ACh release (in M and S contacts, the M3 and M4 blockers
do not affect release). Using this autocrine mechanism the
strongest ending may reinforce itself. However, in the weakest
nerve contact in dual junctions (W contacts), only the M2
blockers reduce release whereas M1 and M4 blockers can lead
to increases in the EPP evoked by these weak axons (Santafé
et al., 2003, 2004, 2007b, 2009a,b; Tomàs et al., 2011). Thus,
during NMJ synaptogenesis, the functional significance of the
subtypes differs from the adult’s. M2 receptors promote release
in all nerve endings independently of their ACh release level or
maturation state whereas M1 and M4 receptors reduce release
in the weakest endings on dual junctions. This suggests that
the weak, presumably loser axon may be negatively influenced
by ACh release from the strongest axons through M1 and M4
subtype pathways.

Role of mAChR in the Recovery of Silent
Synapses
In electrophysiological experiments, an increase in PI indicates
the rapid recruitment of some silent synaptic contacts
(R endings) that transitorily recover transmission. In P6-P7

muscles, we observed that blocking M2 with MET results in
a percentage increase in the NMJ with 3–4 inputs and higher
PI (Figure 2A). This was not the case for MT-7 (M1 blocker)
or MT3 (M4 blocker). Thus, M2 seems to play a role in the
recovery of silent synapses and might be involved in promoting
the last step of the functional axonal disconnection (Tomàs
et al., 2011). Whereas M2 may stimulate release in M, S and W
axons, it seems to reduce it in silent endings because blocking
M2 (MET) increases the ACh release in these endings just to
become functionally recovered.

mAChR in Axonal Loss
By counting axons in P6-P7 YFP mice ‘‘we observed that M1
and M4 mAChR subtypes are involved in a mechanism that
delays axonal elimination’’ (Nadal et al., 2016) because when
M1 or M4 receptors are selectively blocked (with PIR and
MT3 respectively), axonal loss is accelerated and causes a fast
three-to-one axon transition (see the most external concentric
layer in Figures 2A, 3). Interestingly, M2 does not change axonal
loss rate in this period.

However, when we analyzed the effect of muscarinic agents
at P9, we observed that the inhibitors PIR and MET (but not
MT3) delay axonal loss (Figure 3, Nadal et al., 2016). Thus,
‘‘the M1-M2 subtype pair (in substitution of the M1-M4 pair)
cooperates in favoring the full sequence of synapse elimination
(the three-to-one axon transition)’’ (Nadal et al., 2016). Thus,
mAChRs seem to play an important role in NMJ maturation and
may affect ACh release capacity and the competitive strength
of the different axons. Interestingly, even with the continued
presence of theM1 andM2 inhibitors (PIR andMET, which delay
axonal loss at P9), the axonal loss process comes to its normal
end by the second postnatal week (P15; Nadal et al., 2016).
This further suggests that other signaling pathways between the
nerve terminals in competition cooperate to resolve the correct
synaptic connectivity in a multifactorial process.

Relation between mAChR-Mediated
Changes in Axonal Loss and ACh Release
How are mAChR subtypes related to the ACh release ability
of the S and W endings in polyinnervated synapses and the
final loss of some axons? At P7, the ACh release capacity of
the W endings (those that produce the smallest EPP) in dual
junctions was increased by the M1 and M4 selective inhibitors
PIR and MT3, whereas ACh release from the S nerve terminal
was reduced (by PIR) or unaffected (by MT3; Santafé et al.,
2003). Thus, these interferences reduce the difference in ACh
release between S and W nerve endings in competition. This
may mean a reduction in the competitive balance between these
nerve terminals in terms of ACh release and a delay in axon
elimination may be hypothetically expected. However, both PIR
and MT3 accelerate axon loss at P7 and how this is related to
the presumed lesser activity-related competition is not clear. A
plausible interpretation is that in this developmental stage (P7),
mAChR-mediated competition is fully operative in the NMJ of
untreated muscles, and some axons, engaged in competition,
have not been fully lost. If competition is reduced or unbalanced
by, for instance, blocking M1 or M4 the loss of these axons
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FIGURE 2 | Diagrams showing an overall representation of the data.
The diagrams show the effect of several substances on acetylcholine (ACh)
release (evoke endplate potential, EPP size represented by circles: increase
[green], decrease [red] and no change [black] with respect to untreated
controls) in developing (P7) single axons on monoinnervated junctions [M], the
strong [S] and weak [W] synaptic contacts on dual junctions and in adult (P30)
nerve endings [A]. Silent synaptic contacts [R] can be observed in some NMJs

(Continued)

FIGURE 2 | Continued
in treated muscles after recovering ACh release. Here, R shows the effect of
some substances on the polyinnervation index (PI, the mean number of axons
per synapse) of these treated muscles (green = increased PI, black = no
change). The axonal loss rate (represented with squares in the outermost
concentric layer in A and B) is quantified by direct axonal counts in confocal
LAL preparations from B6.Cg-Tg (Thy1-YFP)16 Jrs/J mice. In these
histological preparations we counted the percentage of singly-, dually- and
triply- (or more) innervated synapses at P7 after 2 days of subcutaneous
applications of several muscarinic and TrkB substances. Delayed axon loss in
red squares, accelerated loss in green and no change in black. (A) shows the
effect of several subtype-selective muscarinic substances. The M2 receptor is
selectively blocked with methoctramine (MET) or AFX-116. The M1 receptor is
selectively blocked with pirenzepine (PIR) or muscarinic toxin 7 (MT7). The M3

subtype is blocked with 4-DAMP and the M4 subtype is blocked with
tropicamide (TRO) or muscarínic toxin 3 (MT3). (B) shows the effect of
neurotrophins and trophic cytokines (Brain-derived neurotrophic factor, BDNF,
NT4, NT3, GDNF and CNTF) and related substances (TrkB-Fc chimera and
k-252a). (C) shows the effect of voltage-dependent calcium channels (VDCC)
blockers (nitrendipine [L type], ω-AGA [P type] and ω-CON [N type]), ion
concentration change (0.5 mM magnesium) and PKC blockers (calphostin C
(CaC) and chelerythrine (Che)). In all cases, significance is at P < 0.05.

accelerates. Also, in dual junctions ACh release is reduced by
the M2 blocker MET in both the weak and strong endings
suggesting that the axonal difference in release is the same
but axons are not as strong or have less competitive force.
In this case, as may be expected, MET does not affect axonal
elimination at P7.

Between P7–P9, the percentage of multiinnervated NMJ
changes only by a 10% and all NMJs are not finally
monoinnervated until P15 (Lanuza et al., 2001, 2002; Santafé
et al., 2001; Nelson et al., 2003). Also, the mAChR in the
monoinnervated synapses does not mature functionally until P15
(Santafé et al., 2003) suggesting that the competitive interactions
between axons and their release capacity may not be very
different between P7 and P9. If this is so, ‘‘the reduction (at P9)
in the competitive advantage (or disadvantage) linked to ACh
release between the strong and weak endings produced by PIR
and the reduccion of the strength of the different axons produced
by MET’’ (Nadal et al., 2016), may result in a relevant delay in
axonal loss and we found that this is the case. Thus, the relation
between the ACh release capacity of the endings in competition
and the rate of axonal loss in multiinnervated junctions seems
best observed at P9 when, judging by the effects of PIR and
MET, the receptors M1 and M2 play a role in accelerating axonal
loss. The functional effect on ACh release of these receptors may
reinforce the strongest endings and be detrimental to the weak
endings in dual junctions.

NEUROTROPHIN SIGNALING

The agents that modify the mAChR response can alter the time
course of the axons loss process but not the end point at P15
(Nadal et al., 2016). Likewise, experimental manipulations of
the PKC/PKA intracellular pathways (for instance, blocking or
stimulating PKC with Calphostin C (CaC) or phorbol esters,
respectively) also change the time course but not the final synapse
loss around P15 (Lanuza et al., 2002; Nelson et al., 2003),
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FIGURE 3 | Changes in polyneuronal innervation of the NMJ after
inhibiting the mAChR and blocking the TrKB signaling. The figure shows
the percentage of singly-, doubly- and triply (or more) innervated NMJs in
untreated YFP control mice (exposed to PBS applications) and after two (P7 in
A) and four (P9 in B) applications (one application each day after P5) of the
mAChR antagonists PIR, MET and MT3. The figure also shows the effect of
the TrkB blocking pathway agent TrkB-Fc. ∗∗∗p < 0.001,∗∗p < 0.01,
∗p < 0.05. This figure has been adapted and redrawn from the Figures 3, 4 in
the original article “[Presynaptic muscarinic ACh autoreceptors (M1, M2 and
M4 subtypes), adenosine receptors (A1 and A2A) and tropomyosin-related
kinase B receptor (TrkB) modulate the developmental synapse elimination
process at the NMJ]” by Nadal et al. (2016). The original article is an open
access article distributed under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/2.0, which
permits unrestricted use, distribution and reproduction in any medium,
provided the original work is properly cited.

indicating that several receptors and their coupled intracellular
mechanisms can be used for redundant synapse elimination
(Nadal et al., 2016, 2017a,b).

Neurotrophin Receptors in NMJ
Neurotrophins and their receptors have been shown to be
expressed in muscle and nerve tissues both during development
and in the adult (Funakoshi et al., 1993, 1995; Griesbeck et al.,
1995; Gonzalez et al., 1999; Ip et al., 2001; Nagano and Suzuki,
2003; Pitts et al., 2006; Garcia et al., 2010c). Electrophysiology
procedures show that some of these receptors influence ACh
release in the NMJ in the same time periods (Stoop and Poo,
1996; Poo et al., 1999; Poo, 2001; Garcia et al., 2010b,d; Santafé
et al., 2014).

Neurotrophin Receptors in ACh Release
In the NMJ of adult rodents, exogenously added BDNF (or
neurotrophin-4, NT-4) increases evoked ACh release after 3 h
(Mantilla et al., 2004; Garcia et al., 2010d). This presynaptic
effect can be prevented by preincubation with TrkB-Fc chimera
or by pharmacologically blocking TrkB signaling (k-252a or the
blocker antibody 47TrkB). Low doses of BDNF quickly promote
(within minutes) a TrkB-dependent potentiation of transmitter
release at developing NMJs in Xenopus laevis in culture (Stoop
and Poo, 1996; Poo et al., 1999; Poo, 2001). In P7 developing
muscles ex vivo (Figure 2B), exogenous BDNF (10 nM for 3 h
or 50 nM for 1 h) potentiates release in all endings also with
the involvement of TrkB receptors (Garcia et al., 2010c). NT-3
potentiates release only in theW and S endings in dual junctions
(Garcia et al., 2010d), and NT-4 only in adult NMJs. The
Glial cell line-derived neurotrophic factor (GDNF) and Ciliary
neurotrophic factor (CNTF), on the other hand, do not directly
modify ACh release in any nerve endings (Garcia et al., 2010a).

Thus, ‘‘exogenous BDNF acts on a section of the release
mechanism that is operative and potentiates neurotransmission
in all nerve endings’’ (Garcia et al., 2010b) that are in
developmental competition (regardless of their particular state of
maturation). However, when we analyzed the possible effect of
endogenously produced BDNF during synaptic maturation, we
found that blocking TrkB (k-252a) or neutralizing endogenous
BDNF (TrkB-Fc) does not change the quantal content of
the W endings although surprisingly it does increase release
in the S endings (Garcia et al., 2010d; see Figure 2B).
Therefore, although the BDNF-TrkB pathway seems ready to
be stimulated by exogenous BDNF to potentiate release in all
nerve terminals during development, endogenous BDNF does
not affect the weak ending at P7 but, in this period, may
help to reduce release in the S nerve terminal (Garcia et al.,
2010d). The effect of BDNF on S endings may be related
to the relative involvement and generally opposing actions
of truncated and full-length TrkB and p75NTR receptors, and
proBDNF and mature BDNF on the postnatal polyinnervated
synapses.

Neurotrophin Receptors in Silent
Synapses. Role of TrkB in Recovery of
Silent Synapses
Blocking TrkB, using TrkB-Fc to prevent endogenous BDNF
action or stimulating with several neurotrophins (NT-4, NT-3,
GDNF or CNTF) does not change mean PI. However,
stimulation with exogenous BDNF (1 h in the bath) transitorily
increases PI, considerably reduces monoinnervated junctions
and increases the number of junctions with 2–3 functional
inputs (Tomàs et al., 2011); the innermost concentric layer in
Figure 2B). This suggests that there are a number of silent
inputs on the boundary that can be recovered (to produce
an EPP) by BDNF. In fact, BDNF stabilizes silent synapses
at mice NMJs during development (Kwon and Gurney, 1996;
Garcia et al., 2010d). It can be hypothesized that the lack
of activity in the weakest endings means that little BDNF
is produced and it does not work locally on these endings
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(the absence of tonic change in ACh release by TrkB block
or by using the neutralizing fusion protein TrkB-Fc suggests
that endogenous BDNF does not work on the weak and silent
synapses). However, exogenous BDNF may reach the weak
endings close to elimination and induce some release recovery.
As previously stated, downregulation of M2 (MET) produces the
same effect as TrkB stimulation with exogenous BDNF (that is
to say, PI increases because silent endings recover some of their
transmitter release capacity). ACh from the strong more active
terminals may reach M2 in the neighbor silent endings thus
punishing them.

Neurotrophin Receptors in Developmental
Axonal Loss
We used TrkB-Fc to sequester endogenous BDNF and NT-4
and, at P7, morphologically observed a clear acceleration
of the three-to-two rate in axon loss, well matched by
the acceleration of the two-to-one rate (see the outermost
concentric layer in Figures 2B, 3, and also Nadal et al.,
2016) although, as stated above, the funcional PI does not
change significantly. This seems to suggest that some of the
axonal endings eliminated are not functional at this time
(the opposite of what occurs with MET—see above—which
has no effect on the number of axons at P7 but increases
the percentage of functional ones). Interestingly, using a
chemical-genetic approach to block TrkB signaling during
NMJ development, it has been found that ‘‘inhibition of
TrkB signaling by daily injection of 1NMPP1 to TrkBF616A
knock-in mice accelerated synapse elimination at P7’’ (Je
et al., 2013). This fastened synapse elimination is similar to
the described here in developing NMJ at P7. Therefore, in
normal conditions the physiological role of the BDNF-TrkB
pathway at P7 seems to delay the axonal loss process although
endogenous BDNF does not affect ACh release in the W
endings, as stated above, and transmitter release seems to
be somewhat independent. This result partially agrees with
a proposed model in which proBDNF and mature BDNF
(mBDNF) serve as potencial ‘‘punishment’’ and ‘‘reward’’
signals for the less active and more active nerve endings,
respectively in vivo. Exogenous proBDNF promoted synapse
elimination by activating p75NTR receptors, whereas mBDNF
infusion substantially delayed synapse elimination in the mouse
LAL muscle (Je et al., 2013). The postsynaptic secretion of
‘‘proBDNF stabilizes or eliminates presynaptic axon terminals,
depending on its proteolytic conversion at synapses’’ (Je et al.,
2013). ‘‘Pharmacological inhibition of the proteolytic conversion
of proBDNF to mBDNF accelerated synapse elimination via
activation of p75NTR receptors. Furthermore, the inhibition of
both p75NTR receptors and sortilin signaling attenuated synapse
elimination’’ (Je et al., 2013). ‘‘It seems that proBDNF-mediated
synaptic retraction requires simultaneous activation of p75NTR

receptors and the complementary receptor sortilin, a coreceptor
that binds to pro-neurotrophins’’ (Je et al., 2013; see also Nykjaer
et al., 2004; Teng et al., 2005; Jansen et al., 2007). Also, in the
LAL muscle of the mouse, blocking the p75NTR receptors delays
axonal loss and some nerve terminals even regrow (Garcia et al.,
2011).

However, ‘‘at P9, neurotrophin signaling seems to reverse
their coupling to the axonal loss process (Figure 3) because
TrkB-Fc considerably delays elimination (resulting in more dual
and fewer monoinnervated NMJs), which indicates that in a
normal situation the role of BDNF/NT-4 mediators changes at
this time (P9) and accelerates elimination, as has been described
above for the muscarinic mechanism’’ (Nadal et al., 2016). In PC,
the deficiency of TrkB has a consequence in the developmental
detach and loss of redundant CF synaptic contacts. It can be
observed ‘‘an abnormal multiple CF innervation in PC in trkB-
deficient mice’’ Bosman et al., 2006) in the second postnatal
week (see also Watanabe and Kano, 2010). This delay in synapse
elimination is similar to the described by us in developing NMJ
(at P9) treated with TrkB-Fc.

Thus, also in this case, it seems that the BDNF-TrkB pathway
plays a biphasic role during the critical period of synapse loss.
The progressive maturation of the NMJ at P9 may change the
operating conditions of the BDNF-TrkB pathway to a more
mature endogenous BDNF production and release promoting
effect in certain nerve terminals resulting in more efficient
competitive interactions and axonal loss.

RELATION BETWEEN MUSCARINIC AND
NEUROTROPHIN SIGNALING

‘‘Synapse operation is largely the logical outcome of the
confluence of several metabotropic receptors and signaling’’
(Tomàs et al., 2014). In the adult NMJ, ‘‘the activity of a given
receptor can modulate a given combination of spontaneous,
evoked and activity-dependent ACh release parameters" (Tomàs
et al., 2014). Specifically, the mAChR generally seems to protect
the synapse from resources depletion by decreasing the extent
of evoked ACh secretion (mainly an M2 action) and decreasing
activity-dependent depression (Santafé et al., 2003). One of the
main roles of TrkB is to keep the spontaneous quantal leak of
ACh low and potentiate evoked release (Garcia et al., 2010d).
Thus, some functions in the adult synapses can be balanced by
the opposing actions of different receptors.

Changes in how some of these receptors and pathways
operate affect the normal coupling of the other complementary
molecules to transmitter release. ‘‘Consecutive incubations with
two substances (for instance, a muscarinic blocker followed
by a TrkB blocker) can be used as a pharmacological tool to
investigate the possible occlusive or additive crosstalk effects
between two receptors’’ (Tomàs et al., 2014). In the adult
NMJ, we found a link between mAChR and TrkB pathways
because the normal function of the mAChR is a requirement
for the TrkB to couple to ACh release and vice versa (Garcia
et al., 2010d; Santafé et al., 2014). It is know that mAChR
and TrkB pathways are related and share a link mediated by
phospholipase C (PLC)-phosphatidylinositol 4,5-bisphosphate
(PIP2)-diacylglycerol (DAG)-PKC, which modulates P/Q-type
VDCC (Santafé et al., 2006; Amaral and Pozzo-Miller, 2012).
Also, ‘‘the PLC-generated DAG regulates the vesicle priming
protein Munc13–1 and recruits ACh-containing vesicles for the
immediately releasable pool’’ (see Bauer et al., 2007; Tomàs
et al., 2014). Thus, the relations between these signaling
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pathways contribute to modulate the VDCC and synaptic
vesicles, and then neurotransmission (Takamori, 2012). The
inflow of Ca2+ needed for ACh release is modulated by the
presynaptic M1 mAChR (Santafé et al., 2006) interacting with
the BDNF-TrkB pathway (Amaral and Pozzo-Miller, 2012).
In the adult skeletal NMJ, the M1 mAChR contribute to
adjust the M2 mAChR subtype, which is a protein kinase
A (PKA)-mediated inhibitor of ACh secretion (Santafé et al.,
2006). This balance is further adjusted by adenosine coreleased
with ACh at the NMJ (Oliveira et al., 2009; Garcia et al.,
2013; Santafé et al., 2015) and TrkB (Garcia et al., 2010c).
However, when neuromuscular transmission is low (as it is
during synaptic development) or defective, ‘‘the balance between
them shifts in favor of the M1 mAChR, partly because of an
M2 mAChR-mediated switch from PKA to PKC activation’’
(see Santafé et al., 2007a; Garcia et al., 2010b; Tomàs et al.,
2014).

The complementary function of these receptors in the adult
NMJ neurotransmission provides further evidence of their
coordinated involvement in developmental synaptic elimination.
Thus, PKC, and VDCC can also be expected to have a role
in developmental axonal loss. PKC is not coupled to modify
transmitter release in basal conditions because its inhibition
with, for instance, CaC does not influence the quantal content
of the EPP. This is the situation in adult motor nerve endings,
and also in the strong endings of dually innervated NMJ and
in the ending in the recently monoinnervated junctions during
maturation (Santafé et al., 2007a, 2008); see also Figure 2C).
In these nerve terminals, however, PKC couples to potentiate
ACh release during synaptic activity (Santafé et al., 2007a).
Interestingly however, a tonic PKC coupling reduces release in
the weakest axons in dual junctions because their inhibition
(with CaC or chelerythrine, Che) increases ACh release in these
endings and even recovers R endings (Figure 2C). Therefore,
PKC may be decisive for the axonal loss control (Lanuza
et al., 2002; Nelson et al., 2003; Santafé et al., 2009a). As far
as the VDCC and calcium inflow are concerned, our results
show (judging by the effect of the inhibitors used, Figure 2C)
that a part of the calcium entry through the P/Q-, N- or
L-type VDCC reduces ACh release in the weak endings of
dual junctions (Santafé et al., 2009a) and even also recover
R endings. Therefore, our results indicate that during NMJ
development ‘‘there is a release inhibition mechanism based
on a mAChR-PKC-VDCC intracellular cascade. When it is
fully active in certain weak motor axons, it can depress ACh
release and even disconnect synapses’’ (Santafé et al., 2009a).
Blocking PKCs, VDCCs (P/Q-type with ω-Agatoxin [ω-AGA],
N-type with ω-Conotoxin [ω-CON] or L-type with nitrendipine
[NIT]) and/or calcium influx (moderately increasing Mg2+)
or mAChR (M1- and/or M4-subtypes) ‘‘can lead to similar
percentage increases in the size of the synaptic potentials
evoked by weak axons in developing polyinnervated synapses
and even, in most cases, the functional recovery of previously
disconnected synapses’’ (Santafé et al., 2009a; see also Santafé
et al. 2003; 2004; 2007b; 2009b; Tomàs et al., 2011). ‘‘We suggest
that this mechanism plays a central role in the elimination of
redundant neonatal synapses’’ (Lanuza et al., 2014). However,

at P7, M1, M4 and TrkB receptors delay axon loss while M1
and M4 reduce ACh release in the weakest axon terminals,
which suggests some independence between transmitter release
and elimination. We interpret that at this developmental
point the activity-dependent competitive interactions in most
junctions are at their peak and this may delay axon loss. The
accelerating effect of these receptors on axon loss is much
clearer at P9.

Cerebellar CF to PC synapses in rodents provides ‘‘a good
model to study elimination of redundant synapses in the central
nervous system. At birth, each PC is innervated by multiple
CFs but at the end of the third postnatal week, most PCs
become innervated by single CFs’’ (Hashimoto and Kano, 2005;
see also Kano and Hashimoto, 2009). In the early phase of CF
synapse elimination, CF differential activities results in Ca2+

influx through the P/Q- type VDCC in an activity-dependent
manner. This promotes competition among CF inputs allowing
the strongest CF to segregate in the dendrites, whereas the
weaker fibers ‘‘remain on the soma until their perisomatic
synapses are massively eliminated’’ (Watanabe and Kano, 2010).
A signaling cascade from a glutamate receptor (mGluR1) to
PKCγ is involved in this late phase of CF synapse loss. Mutant
mice deficient at some point in the pathway show reduced CF
synaptic loss (Kano et al., 1995, 1997, 1998; Levenes et al.,
1997; Offermanns et al., 1997; Hashimoto et al., 2000, 2001;
Ichise et al., 2000). Interestingly, mice deficient in ‘‘P/Q-
type Ca2+ channel have persistent multiple CF innervation
on the PC soma’’ (Miyazaki et al., 2004). This fact agrees
with our observation that, in the NMJ, a fraction of the
Ca2+ entry through the P/Q-, N- or L-type VDCC reduces
ACh release in the weak endings of dual junctions (Santafé
et al., 2009a) relating Ca2+ inflow, transmitter release and
synapse loss.

Interestingly, mAChR (Garcia et al., 2005) and TrkB receptors
(Garcia et al., 2010d) are present also in the postsynaptic
membrane contributing to their organization (Gonzalez et al.,
1999; Belluardo et al., 2001; Loeb et al., 2002; Peng et al.,
2003). In this postsynaptic membrane, selective nAChR-
phosphorylation by PKC (in the delta subunit) and PKA
(epsilon subunit) is a major cause of nAChR dispersion and
stability, respectively (Nishizaki and Sumikawa, 1994; Li et al.,
2004; Lanuza et al., 2010). PKC-induced dispersion under the
weakest nerve terminals and a PKA-induced catching and
stabilization under the more active axon terminals results in
the differentiation of the postsynaptic gutters. In our blocking
experiments of these receptors, we observed that prolonged
M1, M2 and TrkB block produce a delay in postsynaptic
maturation at P15. This indicates a role for these receptors
in the postsynaptic component. Nevertheless, this occurs when
axon loss has been completed, suggesting independent regulation
(Nadal et al., 2016).

Interestingly, glutamate and mGluR1 also mediate
transmission at the NMJ (Waerhaug and Ottersen, 1993;
Malomouzh et al., 2011; Walder et al., 2013). Glutamate at the
NMJ is derived from the motor nerve terminal (Marmiroli and
Cavaletti, 2012). Postsynaptic NMDA receptors at the end plate
have been documented in rodent myotubes (Lück et al., 2000).
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FIGURE 4 | The figure is a plausible interpretation of the role of mAChR
(M1, M2 and M4) and the BDNF-TrkB pathways in the process of
eliminating the weakest endings around P7. The explanation can be
found in the conclusion to the main text. Green arrows indicate activation or
stimulation, and red arrows inhibition.

It has been found that developmental synapse loss in mice is
slowed at P11 by reducing activation of the glutamate-NMDA
receptor pathway (Personius et al., 2016). This is in accordance
with our observation of the effect of mAChR and TrkB receptors
block delaying axonal loss at P9 and postsynaptic gutters
maturation around P15. The involvement of the mGluR1s in
synapse elimination at the NMJ emphasize the complexity of a
multireceptor mechanism.

CONCLUSION

The diagram in Figure 4 shows a plausible interpretation of the
role of mAChR and BDNF-TrkB pathways in the elimination
of the supernumerary endings in the NMJ at the end of the
first week postnatal (P7). ACh released from W and S axons
in the common synaptic cleft could stimulate M1, M4 and M2
muscarinic types in W endings. M1 receptors reduce release
through the PKC pathway due to an excess of Ca2+ inflow
(through P, N and L VDCC) or because a selective inflow
through L channel (only present in W endings) targeted to
restrain the release machinery. The coupling of M1 to PKC
activity in theW endings differs from the coupling of the mature
and adult (M and A) synapses where release is potentiated
using Ca2+ inflow through the P-channel. The presence of
M4 and the L and N channels in the W contacts may have
something to do with this difference. The PKA-linked M2

subtype is also present in the W axons. It is related only to
P and N channels and here potentiates ACh release which, in
this case also, differs from the adult where M2 inhibits release.
Thus, the weak and presumably loser axon may be negatively
influenced by their neighboring strongest one through M1 and
M4 subtypes. The axons that win the competition (M and S
contacts) have their functional mAChR (M1, M2) committed
to improve ACh release. Using this autocrine mechanism the
strongest ending may reinforce themselve. However, when axon
loss is analyzed at P7, the M1-M4 pair reduces the synapse
elimination rate. This effect may be produced by the IP3-CaMKII
pathway which is known to promote axonal maintenance
and growth. It seems that at P7, mAChRs contribute to
the development of activity-dependent competition but that,
at this time, these competitive interactions can delay axon
loss.

At P7 the BDNF-TrkB pathway is operative and ready to
be stimulated by exogenous BDNF to favor ACh release in all
axonal endings during development (W, S and M endings and
even transitorily recover some silent axons and increase PI).
This effect may be produced by the IP3 branch of the PLC
because endogenous BDNF does not affect ACh release in the
weak ending. Interestingly, at P7 the BDNF-TrkB pathway delays
axonal loss in the same way as mAChR signaling does. This effect
may also be mediated by the CaMKII pathway.

Thus at P7, TrkB, M1 and M4 promote axonal maintenance.
This coincides with mAChR reducing ACh release in the weakest
axon in dual NMJs, which may result in their being competitively
handicapped. However, some days later at P9, the mAChR
subtype pair M1-M2 and the BDNF pathway cooperate to favor
the full sequence of axonal loss and synapse elimination.
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Growing evidence suggests that abnormal synaptic plasticity of cortical neurons underlies

levodopa-induced dyskinesia (LID) in Parkinson’s disease (PD). Spine morphology

reflects synaptic plasticity resulting from glutamatergic transmission. We previously

reported that enlargement of the dendritic spines of intratelencephalic-type (IT) neurons

in the primary motor cortex (M1) is linked to the development of LID. However, the

relevance of another M1 neuron type, pyramidal-tract (PT) neurons, to LID remains

unknown. We examined the morphological changes of the dendritic spines of M1 PT

neurons in a rat model of LID. We quantified the density and size of these spines in

6-hydroxydopamine-lesioned rats (a model of PD), 6-hydroxydopamine-lesioned rats

chronically treated with levodopa (a model of LID), and control rats chronically treated

with levodopa. Dopaminergic denervation alone had no effect on spine density and

head area. However, the LID model showed significant increases in the density and

spine head area and the development of dyskinetic movements. In contrast, levodopa

treatment of normal rats increased spine density alone. Although, chronic levodopa

treatment increases PT neuron spine density, with or without dopaminergic denervation,

enlargement of PT neuron spines appears to be a specific feature of LID. This finding

suggests that PT neurons become hyperexcited in the LID model, in parallel with the

enlargement of spines. Thus, spine enlargement, and the resultant hyperexcitability of

PT pyramidal neurons, in the M1 cortex might contribute to abnormal cortical neuronal

plasticity in LID.

Keywords: Parkinson’s disease, dyskinesia, levodopa, motor cortex, dendritic spines, plasticity,

6-hydroxydopamine, pyramidal neuron

INTRODUCTION

Parkinson’s disease (PD) is characterized by the loss of dopaminergic neurons in the substantia
nigra of the midbrain, resulting in bradykinesia, muscular rigidity, rest tremor, and postural
instability (Gibb and Lees, 1988). The most effective treatment for PD is oral administration of
the dopamine precursor, L-3,4-dihydroxyphenylalanine (levodopa) (Olanow et al., 2006). However,
long-term treatment with levodopa induces a variety of abnormal involuntary movements, termed
levodopa-induced dyskinesia (LID), which represent a major treatment limitation and reduce the
quality of life of PD patients (Olanow et al., 2006).
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The emergence of these abnormal involuntary movements is
associated with altered corticostriatal synaptic plasticity (Picconi
et al., 2003). Electrophysiological recordings performed in
corticostriatal slices of 6-hydroxydopamine (6-OHDA) lesioned
rats with LID have shown that depotentiation at corticostriatal
synapses to direct pathway striatal projection neurons (dSPN) is
lost after the induction of long-term potentiation (LTP) (Shen
et al., 2015). Depotentiation reverses synaptic strength from
the potentiated state to pre-LTP levels, which is implicated in
the mechanisms of physiological “forgetting” (Picconi et al.,
2003). Consequently, the absence of depotentiation may result
in the storage of unessential motor information, suggesting a
key neurophysiological feature of LID (Picconi et al., 2003).
Synapse strength can be determined by alteration of spine
volume, or enlargement or shrinkage of spines (Kasai et al.,
2010). Indeed, in a rat model of LID, we showed that dSPN
dendritic spines became enlarged, suggesting supersensitivity of
the corticostriatal excitatory synapses of dSPNs (Nishijima et al.,
2014).

Dopaminergic signaling within the primary motor cortex
(M1) is necessary for normal motor skill learning and synaptic
plasticity (Molina-Luna et al., 2009). Dopaminergic projections
to M1 arise from the ventral tegmental area (Hosp et al., 2011),
in which neurons are also lost in PD patients (Uhl et al., 1985).
Thus, progressive degeneration of dopaminergic neurons in the
ventral tegmental area leads to decreased endogenous dopamine
in the cortex, which affects synaptic plasticity in the M1 (Huang
et al., 2011). In human studies, M1 plasticity is investigated
using motor-evoked potential amplitudes elicited by transcranial
magnetic stimulation (Huang et al., 2011). Using this method, PD
patients with LID exhibit a lack of depotentiation-like cortical
plasticity (Huang et al., 2011). This suggests that unessential
motor information accounting for LID is stored in both in
the striatum and the M1 (Picconi et al., 2003; Huang et al.,
2011).

In rodents, corticostriatal neurons in the motor cortex are
categorized into two main types: intratelencephalic (IT) and
pyramidal tract (PT) neurons (Reiner et al., 2010). It has been
demonstrated that IT neurons preferentially innervate dSPNs in
the ipsilateral and contralateral striatum, whereas PT neurons
preferentially innervate SPNs of the indirect pathway (iSPN) in
the ipsilateral striatum, and send axons to the brainstem via the
pyramidal tract (Reiner et al., 2010). It has been reported that
dSPNs appear to play an important role in the development of
LID (Picconi et al., 2003; Shen et al., 2015). In a previous study,
we found enlargement of IT neuron spines in a LID model rat
and proposed that IT neurons in the M1 may store abnormal
information resulting in LID (Ueno et al., 2014). Furthermore,
IT neurons in the M1 of the LID rat model displayed increased
amplitudes of miniature excitatory postsynaptic currents (Ueno

Abbreviations: 3D, 3-dimensional; 6-OHDA, 6-hydroxydopamine; AIM,

abnormal involuntary movement; dSPN, direct pathway striatal projection

neurons; iSPN, indirect pathway striatal projection neurons; IT, intratelencephalic;

LID, levodopa-induced dyskinesia; LTC, levodopa-treated control; LTP, long-term

potentiation; M1, primary motor cortex; PD, Parkinson’s disease; PT, pyramidal

tract.

et al., 2014). These data suggest that IT neurons in dyskinesia-
primed animals acquire supersensitivity to excitatory stimuli
(Ueno et al., 2014).

However, it has been demonstrated that dSPNs and iSPNs are
innervated by both PT and IT neurons (Kress et al., 2013; Deng
et al., 2015). Thus, the preferential innervation from IT and PT
neurons to SPNs remains controversial (Deng et al., 2015). Thus,
it is conceivable that PT neurons also play an important role in
the development of LID. Therefore, we investigated the density
and size of PT neuron spines in the M1 in rat models of PD and
LID.

MATERIALS AND METHODS

Experimental Animals
Male Wistar rats (Japan Clea Co. Ltd., Tokyo, Japan) were
housed in a temperature-controlled room (∼25◦C) with a 12-h
day/night cycle, with free access to food andwater. This study was
conducted in accordance with the guidelines for animal research
issued by the Physiological Society of Japan and by Hirosaki
University School of Medicine with the approval of Hirosaki
University Animal Experimentation Committee.

Creation of Rat Models
We prepared eight 6-OHDA-lesioned hemiparkinsonian rats
(PDmodel), eight 6-OHDA-lesioned hemiparkinsonian rats with
chronic levodopa treatment (LID model), eight control rats
with chronic levodopa treatment (levodopa-treated control: LTC
model), and nine control rats with saline treatment (Control), as
previously described (Ueno et al., 2014; Figure 1).

6-OHDA (8mg/4mL in saline with 0.01% ascorbic acid)
(Sigma, San Diego, CA, USA) (PD and LID models) or saline
(LTC and Control) was injected into the medial forebrain bundle
(4.5mm posterior to bregma, 1.2mm lateral to the sagittal suture,
and 8.5mm ventral to the dural surface) in the right hemisphere
of 10-week-old rats anesthetized with sodium pentobarbital
(Nembutal, 50mg/kg body weight intraperitoneally; Dainippon
Sumitomo Pharma Co., Ltd., Osaka, Japan). Apomorphine
(Sigma) was administered to evaluate dopaminergic denervation
at 12 weeks of age. We previously reported nearly complete
dopaminergic denervation in the striatum and M1 with this
technique (Maeda et al., 1999; Ueno et al., 2014; Figure 1).

During the 4–6 weeks after the apomorphine test, both
6-OHDA-lesioned rats with dopaminergic denervation and
sham-operated rats received 50mg/kg levodopa methyl ester
(Sigma) with 12.5mg/kg benserazide (Sigma) (LID model and
LTC models, respectively) or saline (PD model and Control
models, respectively), twice daily (morning and evening) for 14
consecutive days (Figure 1). To evaluate the effects of levodopa,
we measured abnormal involuntary movement (AIM) scores
(Cenci and Lundblad, 2007) on days 1, 4, and 11 (Figure 1).
The AIM score is considered comparable to LID assessments in
patients with PD (Cenci and Lundblad, 2007). We observed and
scored the rats every 20 min during the 2-h period following
levodopa injection. We assessed and summed the scores for the
three AIM subtypes (limb, axial, and orolingual) (Cenci and
Lundblad, 2007).
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FIGURE 1 | Time chart and experimental design of the study. We

injected 6-hydroxydopamine (6-OHDA) or saline into the medial forebrain

bundle to induce hemiparkinsonian (levodopa-induced dyskinesia model [LID];

Parkinson’s disease model [PD]) or sham-operated rats (levodopa-treated

control [LTC]; Control), respectively. The number indicates the weeks post

6-OHDA lesion. At 2 weeks after 6-OHDA, dopaminergic denervation was

confirmed by apomorphine test. LID and LTC rats received daily levodopa

treatment for 2 weeks, while PD, and Control rats received daily saline for 2

weeks. Closed and open circles indicate 6-OHDA and saline injection,

respectively. Arrows indicate abnormal involuntary movement rating sessions.

Closed and open triangles indicate the days of the tracer injection and

sacrifice, respectively.

Dendritic Spine Morphology
We used eight PD models, eight LID models, nine LTC models,
and eight controls at 16–18 weeks of age (Figure 1). Our basic
method has previously been described in detail (Ueno et al.,
2014). To selectively label the cell bodies of PT neurons in the
right M1, we stereotactically injected a retrograde tracer, Fast
Blue (Polysciences, Inc., Warrington, PA, USA), over a 1-min
period into the right pontine pyramidal tract (9.6mm posterior
to bregma, 0.5mm lateral to the sagittal suture, and 10.7mm
ventral to the dural surface) on day 11 of drug treatment (Paxinos
and Watson, 1998; Reiner et al., 2010) (Figure 1). Four days
later, the rats were deeply anesthetized with sodium pentobarbital
(Nembutal,>75mg/kg intraperitoneally), intracardially perfused
with 4% paraformaldehyde at 12 h after the last levodopa or saline
treatment, and the brains then removed.

Serial 250-µm-thick coronal sections were cut through the
M1, and Lucifer Yellow (Sigma) was injected into cell bodies
of Fast Blue-labeled neurons in the right M1 under ultraviolet
excitation (380–420 nm) with continuous current (up to 100 nA).
Neurons were filled with Lucifer Yellow until their dendritic
spines were sufficiently visible (Figure 2A). The tissue was
examined by confocal microscopy, and images were taken
with a digital camera (C1si; Nikon, Tokyo, Japan). Yellow
signals (515/530 nm) were acquired from each sample using
488 nm excitation. Fluorescence projection images of somata and
dendritic fields were acquired with a 60× oil-immersion lens. We
selected 5–10 cells for each rat, and 1–5 horizontally projecting

dendrites from each cell. We then measured the density and
size of spines on the basal dendrite, 50–100 µm distal to the
cell body (Figure 2B). Images of the spines in each dendrite
were acquired with a 60× oil-immersion lens (5.0 zoom factor;
0.0064 µm2/pixel resolution) at 0.25-µm focal steps. Image
stacks were three-dimensional (3D)-deconvoluted using NIS-
Elements software (Nikon) and volume rendered as 2D images
to facilitate overview of the figures (Figure 2C). In total, we
measured 9415 spines from 202 neurons in 33 motor cortices.
Each spine was manually traced. The average number of spines
per 10µm of linear dendritic length was expressed as the spine
density. All spines were drawn and no distinction was made
between different spine types. We measured the cross-sectional
area of the spine head in 2D reconstructed images. Image analysis
was performed using Image J (National Institutes of Health,
Bethesda, MD, USA). For analyses, we selected intracellularly
injected cells (Control: 54 cells; PDmodel: 50 cells; LIDmodel: 49
cells; LTCmodel: 49 cells) based on our previous criteria (Table 1;
Ueno et al., 2014).

Statistics
We analyzed the spine density and the average cross-sectional
area of the spine heads in each basal dendrite. Statistical analyses
were performed with EZR freeware v.1.32 (Saitama Medical
Center, Jichi Medical University, Saitama, Japan) (Kanda, 2013).
A probability level of 5% (P < 0.05) was considered statistically
significant. Data are presented as means ± standard error or
boxplots showing medians, and 25 and 75% quartile ranges.
The spine density, cross-sectional area of the spine heads, and
AIM scores were examined using parametric tests (one-way
analysis of variance followed by Tukey–Kramer post-hoc test),
as the Shapiro–Wilk test indicated that the distributions were
normal.

RESULTS

AIM Scores in LID and LTC Models
Dopaminergic denervation plus levodopa treatment (LID group)
significantly increased AIM scores at day 4 (P < 0.001 cf. day 1)
and day 11 (P < 0.001 cf. day 4), whereas levodopa treatment had
no effect on AIM scores in control rats (LTC group) (Figure 3).

Morphological Changes in Dendritic
Spines of PT Neurons
Forty-five animals underwent histological examinations with 12
excluded due to unsatisfactory histology. We analyzed the spine
density and average cross-sectional area of spine heads in 619
basal dendrites (control = 162, PD = 152, LID = 153, LTC
= 152) (Table 1; Figure 4). Using histograms from 9,415 cross-
sectional areas of spine heads, the LID group showed significantly
enlarged spine heads compared with the other groups (P< 0.001)
(Figure 5A).

Levodopa treatment of the dopaminergic denervation (LID
group) and control rats (LTC group) significantly increased the
spine density of M1 PT neurons compared with the Control (P <

0.05 cf. LID; P < 0.001 cf. LTC) and PD groups (P < 0.001 cf.
LID; P < 0.001 cf. LTC) (Control group: 7.2 ± 0.15/10µm; PD
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FIGURE 2 | Analysis of dendritic spines. (A) Representative confocal

images of pyramidal-tract type (PT) neurons in the primary motor cortex. PT

neurons were filled with Lucifer Yellow until their dendritic spines became

sufficiently visible. We randomly selected several cells for each tissue slice, and

several horizontally projecting dendrites for each cell. Arrows: basal dendrites;

arrowhead: apical dendrite. Scale bar = 50µm. (B) Dendritic spines were

examined at 50–100µm distal from the cell body. Scale bar = 50µm. (C)

Higher magnification view of the area indicated by asterisk in (B) showing a

basal dendrite 50–100µm distal from the soma. Small green dots along the

basal dendrite represent dendritic spines. Scale bar = 5µm.

TABLE 1 | Number of rat, cell, basal dendrite, and spines analyzed.

Rat Cell Analyzed

basal dendrite

Analyzed spine

Control 9 54 162 2,320

Parkinsonian 8 50 152 2,107

Dyskinesia 8 49 153 2,419

Levodopa treated control 8 49 152 2,569

group: 7.0 ± 0.20/10µm; LID group: 7.9 ± 0.20/10µm; LTC
group: 8.5 ± 0.17/10µm). However, dopaminergic denervation
(PD group) had no effect on spine density of PT neurons
compared with the Control group. No significant differences
were observed between the LID group and the LTC group
(Figures 4, 5B).

Dopaminergic denervation (PD group) had no effect on the
spine size of PT neurons, while dopaminergic denervation plus
levodopa treatment (LID group) significantly enlarged dendritic
spines compared with the Control group, the PD group, and
the LTC group (P < 0.001) (Figures 4, 5C). However, levodopa
treatment of control rats (LTC group) had no effects on spine size
(Control group: 0.14± 0.003µm2; PD group: 0.14± 0.003µm2;
LID group: 0.16 ± 0.003µm2; LTC group: 0.14 ± 0.002 µm2)
(Figures 4, 5C).

DISCUSSION

In this study, we demonstrated that chronic levodopa treatment
in normal and LID model rats increases the spine density of
PT neurons in the M1. The dendritic spines of M1 PT neurons
became enlarged in the LID model, and this enlargement of
spines appears to be relevant to the development of AIMs.
This structural change suggests that PT neurons become
supersensitive to glutamatergic inputs in dyskinetic rats.

Effect of Dopaminergic Denervation on
Dendritic Spines of M1 PT Neurons
We found that dopaminergic denervation alone had no effect
on M1 PT neuron spine density or size (Figures 4, 5B,C).
The preservation of spine density in the motor cortex after
dopaminergic denervation is comparable with previous studies
(Miklyaeva et al., 2007; Wang and Deutch, 2008; Ueno et al.,
2014). However, Guo et al. (2015) recently reported that
both spine elimination and formation of layer V pyramidal
neurons of the primary motor cortex were increased in a
mouse model of PD induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, resulting in a decrease in spine density
in a PD mouse model. Although, the exact causes of the
differences in spine density between these studies remain unclear,
they may relate to whether basal or apical dendrites were
analyzed. For example, no significant changes in spine density
were found in three studies examining the basal dendrites
of layer V pyramidal neurons (Miklyaeva et al., 2007; Wang
and Deutch, 2008; Ueno et al., 2014). By contrast, Guo et al.
(2015) demonstrated a decrease in the spine density of apical
dendrites of layer V pyramidal neurons; a similar, but not
significant, trend has also been reported (Wang and Deutch,
2008).

There were also differences between these studies in
the timing of measurements after dopaminergic lesioning
(Miklyaeva et al., 2007; Wang and Deutch, 2008; Ueno et al.,
2014; Guo et al., 2015). Differences in the methodological
approaches to visualizing spines may also be important.
Although, previous studies have used the Golgi-Cox method
(Miklyaeva et al., 2007; Wang and Deutch, 2008) and confocal
laser scanning microscopy (Ueno et al., 2014), Guo et al. (2015)
used two-photon laser scanning microscopy. The cell types
examined may also result in differences. In studies other than
ours, spine morphology was examined without discriminating
between PT and IT neurons (Miklyaeva et al., 2007; Wang and
Deutch, 2008; Ueno et al., 2014; Guo et al., 2015). As IT and PT
neurons express D1 and D2 dopamine receptors, respectively,
(Gee et al., 2012; Seong and Carter, 2012; Dembrow and
Johnston, 2014), dopaminergic denervation may differentially
impact the spine density of these cell types. Finally, differences
in the methods used to induce dopaminergic denervation
(e.g., local application of 6-OHDA into dopamine neurons
versus generalized administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) may be an important factor contributing to
these contrasting findings.

Increased Spine Density of M1 PT Neurons
with Chronic Levodopa Treatment with or
without Dopaminergic Denervation
Here we showed that chronic levodopa treatment with or
without dopaminergic denervation increases the spine density
of PT neurons in M1 (Figures 4, 5B). Levodopa normalizes the
increase in spine turnover in the M1 following dopaminergic
denervation (Guo et al., 2015). Thus, levodopa treatment may
affect spine turnover in both the dopamine-denervated M1 and
the dopamine-intact M1. However, we previously reported that

Frontiers in Neuroscience | www.frontiersin.org April 2017 | Volume 11 | Article 206172

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Ueno et al. Morphology of PT-Neurons in Dyskinesia

FIGURE 3 | Abnormal involuntary movement (AIM) scores in LID or LTC

groups on days 1, 4, and 11 of treatment. The scores represent total

scores of the three AIM subtypes (limb, axial, and orolingual) (Cenci and

Lundblad, 2007). The total score of the three AIMs was significantly increased

in the LID group, while no AIMS were observed in the LTC group (one-way

analysis of variance followed by post-hoc Tukey–Kramer test: **P < 0.001 vs.

Day 1, ##P < 0.001 vs. Day 4).

chronic levodopa treatment in PD model and control rats does
not change the spine density of M1 IT neurons (Ueno et al.,
2014). The distribution of dopamine receptors may underlie
these differences in spine density between IT and PT neurons.
Although, the specific distribution of dopamine receptors in
layer V pyramidal neurons of the M1 remains to be determined,
IT and PT neurons in the mouse medial prefrontal cortex
express D1 and D2 receptors, respectively (Gee et al., 2012;
Seong and Carter, 2012; Dembrow and Johnston, 2014). D1
dopamine receptor signaling regulates spine elimination in the
M1, while D2 receptor signaling controls spine formation in
the M1 (Guo et al., 2015). Taken together, the differences
in the effects of chronic levodopa treatment in naive rats
may be dependent on the dopamine receptor type. Levodopa
treatment increases dopamine levels in the motor cortex without
dopaminergic denervation (Navailles et al., 2011). Thus, the
increase in PT neuron spine density may be induced by the D2
receptor response in the M1. Different analysis methods may
also contribute to the differences in spine density in our two
studies: the spine density of each dendrite was measured in the
present study, while we previously used the average spine density
of each neuron, and then the average for each rat (Ueno et al.,
2014).

Enlargement of Dendritic Spines of M1 PT
Neurons of LID Model Rats
Dopaminergic denervation or levodopa treatment alone had
no effect on dendritic spine size (Figures 4, 5C). However,
levodopa treatment after dopaminergic denervation enlarged
dendritic spines in PT neurons, with the appearance of dyskinetic
movements (Figures 3, 4, 5C). Thus, chronic levodopa treatment
after dopaminergic denervation results in the enlargement of
dendritic spines in both IT (Ueno et al., 2014) and PT neurons.
This structural change suggests that PT neurons also acquire

FIGURE 4 | Representative confocal microscopy images of dendritic

spines on PT neurons. Scale bar = 5µm.

supersensitivity to glutamatergic inputs in dyskinesia-primed
rats, as is the case for IT neurons in the M1 (Ueno et al., 2014).

We previously reported that dendritic spines become enlarged
in both dSPNs in the striatum and IT neurons in the M1
cortex of the same LID model (Nishijima et al., 2014; Ueno
et al., 2014). Loss of depotentiation after induction of LTP at
corticostriatal synapses is a key neurophysiological feature of LID
models (Picconi et al., 2003; Shen et al., 2015), and a similar
loss of depotentiation-like plasticity has been demonstrated in
PD patients using transcranial magnetic stimulation (Huang
et al., 2011). Dendritic spines form the postsynaptic compartment
of the majority of excitatory glutamatergic synapses in the
brain (Murakoshi and Yasuda, 2012). Dendritic spine size is
tightly correlated with synaptic strength (Matsuzaki et al., 2001),
and is actively regulated during synaptic plasticity (Matsuzaki
et al., 2004). Spines display long-lasting enlargement during
LTP (Matsuzaki et al., 2004; Harvey and Svoboda, 2007),
which results from actin polymerization and insertion of
AMPA receptors into the dendritic spines (Matsuzaki et al.,
2004; Rudy, 2015). These events lead to an increase in the
sensitivity of postsynaptic sites to glutamate (Murakoshi and
Yasuda, 2012). As enlargement of dendritic spines indicates
a supersensitivity of excitatory synapses (Segal, 2010), our
data support a lack of potentiation in the motor cortex
in LID (Huang et al., 2011). Taken together, the loss of
depotentiation may correlate with enlargement of dendritic
spines in dyskinesia-primed animal models. The supersensitivity
of the synapses of cortical motor neurons may contribute
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FIGURE 5 | Morphological evaluation of spines on basal dendrites. (A) Histograms of cross-sectional areas of the analyzed spine heads. The red, green, blue,

and light blue bars indicate control, PD, LID, and LTC groups, respectively. The histogram shows that the cross-sectional area of the spine heads was increased in the

LID group compared with the other groups. (B) Spine density was significantly increased in the LID and LTC groups compared with the Control and PD groups.

(C) Spine size was significantly increased in the LID group (*P < 0.05, **P < 0.001, one-way analysis of variance followed by post-hoc Tukey–Kramer test). C, control.

to the strengthened signal transduction demonstrated in LID
models (Ren et al., 2011; Yang et al., 2012a,b; Xie et al., 2014).
Accordingly, the expression of LID is inhibited by reduction
of cAMP-dependent protein kinase, dopamine and cAMP-
dependent phosphoprotein of 32 kDa, and phosphorylated
glutamate receptor 1 (Ren et al., 2011; Yang et al., 2012a,b; Xie
et al., 2014). These molecules are essential for the activation
of Ca2+/calmodulin–dependent protein kinase II, which is
associated with the enlargement of dendritic spines (Yagishita
et al., 2014).

Although, we did not measure the synaptic function of
PT neurons using electrophysiology in this study, the spine
enlargement of PT neurons probably results in supersensitivity of
PT neurons to glutamatergic input in the M1 (Ueno et al., 2014),
and may underlie the emergence of LID. IT-type inputs to dSPNs
and PT-type inputs to iSPNs may show short-term facilitation,
whereas IT-type inputs to iSPNs and PT-type inputs to dSPNs
may show short-term depression (Morita, 2014). IT-dSPN and
PT-iSPN synapses evoke short-term facilitation, whereas IT-iSPN
and PT-dSPN synapses evoke depression (Shipp, 2017). Thus,
IT and PT neurons have complementary effects on dSPNs and
iSPNs. The enlargement of IT neuron spines in our previous
study (Ueno et al., 2014), and of PT neuron spines in the present

study, indicates the enhanced sensitivity of pyramidal neurons in
the M1. This may relate to the generation of abnormal oscillation
in the cortex of dyskinetic animal models (Halje et al., 2012;
Dupre et al., 2016). Here, we provide further evidence for the
storage of abnormal plastic information in the M1 following
dyskinetic movements.

CONCLUSIONS

In the primary motor cortex, chronic levodopa treatment
modifies the formation of dendritic spines in PT neurons with
or without dopaminergic denervation. Furthermore, chronic
levodopa treatment after dopaminergic denervation causes the
enlargement of PT neuron dendritic spines. These results suggest
that spine enlargement in PT neurons may be a key factor in the
development of LID in the M1.
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Investigating the roles of synaptogenic adhesion molecules during synapse formation
has proven challenging, often due to compensatory functions between additional
family members. The synaptic cell adhesion molecules 1–3 (SynCAM1–3) are
expressed both pre- and postsynaptically, share highly homologous domains and are
synaptogenic when ectopically presented to neurons; yet their endogenous functions
during synaptogenesis are unclear. Here we report that SynCAM1–3 are functionally
redundant and collectively necessary for synapse formation in cultured hippocampal
neurons. Only triple knockdown (KD) of SynCAM1–3 using highly efficient, chained
artificial microRNAs (amiRNAs) reduced synapse density and increased synapse
area. Electrophysiological recordings of quantal release events supported an increase
in synapse size caused by SynCAM1–3 depletion. Furthermore, a combinatorial,
mosaic lentiviral approach comparing wild type (WT) and SynCAM1–3 KD neurons
in the same culture demonstrate that SynCAM1–3 set synapse number and size
through postsynaptic mechanisms. The results demonstrate that the redundancy
between SynCAM1–3 has concealed their synaptogenic function at the postsynaptic
terminal.

Keywords: redundancy, SynCAM, artificial miRNA, mosaic, hippocampus, synapse formation, knockdown,
adhesion

INTRODUCTION

Synapse formation is initiated by physical contact of adhesion molecules between axons and
dendrites which then triggers recruitment of molecular complexes to the presynaptic active zone
or the postsynaptic density (PSD) (Washbourne et al., 2004). Despite considerable advances,
a comprehensive understanding of how adhesion molecules orchestrate synaptogenesis
is far from complete. A major obstacle in studying synapse formation is the confound
of functional redundancy between key synaptic proteins. Indeed, redundancy has been
observed for the synaptogenic adhesion molecule families neurexins, neuroligins and
calsyntenins, such that protein reduction of at least three family members is necessary
to observe certain synaptic phenotypes (Varoqueaux et al., 2006; Shipman et al., 2011;
Gokce and Südhof, 2013; Um et al., 2014). Importantly, compensatory functions within
protein families may hide crucial synaptic roles when manipulating single genes in isolation.
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Several observations suggest that the nectin-like synaptic cell
adhesion molecule (SynCAM) family may also share redundant
functions during synapse formation. SynCAMs were discovered
in the central nervous system by their ability to induce
synapse formation in vitro (Biederer et al., 2002). They have
been linked to autism spectrum disorder (Zhiling et al., 2008;
Casey et al., 2012), and have four members (SynCAM1–4)
that form homo- or heterophilic interactions in the trans
configuration across the synaptic cleft (Fogel et al., 2007).
SynCAMs 1, 2 and 3 (SynCAM1–3) are localized to excitatory
synapses with both pre- and postsynaptic distributions (Fogel
et al., 2007; Stagi et al., 2010; Shu et al., 2011; Cheadle and
Biederer, 2012; Loh et al., 2016). The short intracellular regions
of SynCAM1–3, requisite for synaptogenic activity (Biederer
et al., 2002; Sara et al., 2005), contain remarkably conserved
binding motifs between family members and likely interact
with the same proteins during development (Biederer, 2006).
While the roles of SynCAMs during synapse formation are
emerging, the extent of overlap in SynCAM signaling remains
unexplored.

Here we use single and chained artificial microRNAs
(amiRNAs) to knock down SynCAM1–3 in cultured rat
hippocampal neurons to examine functional redundancy
between these gene family members. Knockdown (KD) of any
single, or two SynCAMs does not affect excitatory synapse
formation; rather triple KD of SynCAM1–3 shows they are
necessary for and compensate to set synapse density and limit
synapse size. We further investigate these phenotypes using a
novel method that generates a traceable mosaic of KD and wild
type (WT) cells on the same coverslip. Crucially, comparisons
between these conditions allows for the differentiation of
pre- and postsynaptic effects. Using this method we find
that SynCAM1–3’s influence on synapse number and size
are through postsynaptic mechanisms. Electrophysiological
recordings confirm postsynaptic effects of SynCAM1–3
KD with broadened event peaks of miniature excitatory
postsynaptic currents (mEPSCs) consistent with an increase
in synapse size. These results suggest that a postsynaptic
mechanism for SynCAM1–3 in synaptogenesis has been
heretofore concealed by overlapping functions of the gene family
members.

MATERIALS AND METHODS

Cloning
The design and generation of amiRNAs targeting SynCAM1–3
and Scrambled1–3 amiRNAs, a MultiSite Gateway (Invitrogen)
middle entry vector with an intronically-expressed enhanced
synthetic inhibitory BIC/miR-155 RNA cloning cassette
(pME-eSIBR), and insertion and chaining of amiRNAs in
the cassette were described previously (Fowler et al., 2016b).
SynCAM1–3 (cadm1–3) guide strand amiRNA targeting
sequences used were cadm1.1358:5′-UUGAUUAUAGCUG
UGUCUGCGU-3′, cadm2.87:5′-UUCAACAACCGUGACAUU
CUGA-3′, and cadm3.387:5′-AUAACCAGUGAUUAUGGG
UUUC-3′. Scrambled control guide strand sequences used
were scrambled1: 5′-AUUCUAAUACUACGUUCCGCAU-3′,

scrambled2: 5′-ACAACUUGUAUAUCGCGCAACU-3′ and
scrambled3: 5′-GAUCUUAUACUCGUGAUUGAGA-3′.
Gateway LR recombination reactions of pME-eSIBR vectors
with single, double, or triple amiRNAs with a 5′ entry vector
containing a minimal CMV (mCMV) promoter (p5E-CMVmin)
and 3′ entry vector with a nlsGFP tag (p3E-nlsGFP no-pA) into
a third-generation lentiviral destination vector (pEpic_Lite)
were performed to create SynCAM single, double and triple
KD vectors or the control Scrambled1–3 amiRNA vector
were described previously (Fowler et al., 2016a). To make
the memGFP-only expressing vector, a middle entry vector
containing GFP with a C-terminal human H-RAS palmitoylation
signal for membrane targeting (Kwan et al., 2007) was used in
a MultiSite Gateway LR reaction with p5E-CMVmin, a 3′ entry
vector with a hemagglutinin epitope tag (p3E-HA no-pA),
and pEpic_Lite (Fowler et al., 2016a). The HA epitope is not
expressed because the memGFP sequence used contains a
stop codon and was used as a ‘‘filler’’ sequence to allow LR
recombination.

Lentivirus Production and Titration
2.5 × 106 HEK293T cells (ATCCr CRL-3216) were plated per
10-cm tissue culture dishes in 10 ml of DMEM (Invitrogen),
10%FCS (Atlanta Biologicals), 25 units/ml penicillin and
25 µg/ml streptomycin (Sigma). Approximately twenty-four
hours after plating, cells were transiently transfected using
ProFection (Promega) calcium phosphate transfection reagents
with 20 µg pEpic_Lite lentiviral vectors and packaging vectors
(10 µg pMDL g/p RRE, 5 µg pRSV-Rev, 6 µg pVSV-G; Dull
et al., 1998). Six to Eight hours later, media was replaced
with 6 ml/plate of fresh medium. Medium was collected
48–72 h after transfection and centrifuged at 3000× g for
5 min at room temperature (RT). Supernatant was passed
through a 0.45 µm syringe filter and virus was concentrated by
centrifugation on a 150,000 MWCO column (Pierce). Twenty
thousand HEK293T cells were plated per well of a 12-well
plate and transduced with serial dilutions of concentrated
lentivirus. Four to five days after transduction, titers were
calculated by flow cytometry on an Attuner acoustic focusing
cytometer (Applied Biosystems) for GFP+ cells. Infectious
lentiviral particles/µl was calculated from viral dilutions
where cells were transduced in the linear range (5%–20%
GFP+ cells).

Vertebrate Animals
Studies using rats were carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocols were approved by the University of Oregon and
Washington State University Institutional Animal Care and Use
Committee (Permit Numbers: #13-19 and #04787, respectively).
Rats were anesthetized with isoflurane prior to sacrifice and
culturing of neurons. Rats were housed with a 12/12 light/dark
cycle according to standard protocols in the University of
Oregon Animal Care Facility and Washington State University
Veterinary and Biomedical Research Vivarium. Sprague-Dawley
rats were obtained from Envigo.
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Primary Neuron Culture
Hippocampal cultures were prepared from embryonic
day 19 Sprague-Dawley rat pups as described (Brewer
et al., 1993), with minimal modifications. For single-cell
SynCAM immunofluorescence comparisons, 3000 dissociated
hippocampal cells were plated per well of a 12-well plate.
For all other experiments, cells were cultured at a density of
100,000 cells/well of a 12-well plate. For quantitative reverse
transcription polymerase chain reaction (qRT-PCR) experiments
cells were attached directly to plates coated with poly-L-lysine
(Sigma); for all other experiments cells were cultured on glass
coverslides coated with poly-L-lysine. Cells were allowed to
attach to poly-L-lysine coated substrate in plating media (MEM
(Invitrogen), 10% FCS, 20 mM dextrose, 25 units/ml penicillin
and 25 µg/ml streptomycin) for 5–6 h. Media was then changed
to maintenance media (Neurobasal medium (Invitrogen), 1×
B-27 supplement (Invitrogen), 0.5 mM Glutamax (Invitrogen),
50 units/ml penicillin, 50 µg/ml streptomycin, and 0.07% β-
mercaptoethanol (Sigma)). Half changes of maintenance media
were performed every 3–4 days in culture. Primary hippocampal
cultures were infected with lentivirus at 1–2 days in vitro (DIV).
For saturating transduction with lentivirus, 20,000 infectious
lentiviral particles (as calculated by our titration method) were
added per well of a 12-well plate; for sub-saturating transduction
2000 infectious lentiviral particles were added. For studies using
memGFP lentivirus, 100 infectious particles were additionally
added. Cells were fixed and stained at 13–15 DIV for imaging
experiments; electrophysiology recordings were made with cells
at 13–16 DIV.

Quantitative Western Blotting
Standard sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) western blotting procedures
using nitrocellulose membranes were performed as previously
described (Fowler et al., 2016b). Two-color near-infrared blots
were imaged with an Odyssey-Fc quantitative western blot
system (LI-COR). Primary antibodies and dilutions used were
mouse anti-actin 1:2000 (Millipore, clone C4) and rabbit anti-
SynCAM1–3 1:1000 (Pierce, PA3-16744); secondary antibodies
donkey anti-mouse IRDye 680RD and anti-rabbit IRDye 800CW
(LI-COR) were used at 1:1000. Intensities were normalized
to actin loading controls. KD efficiency was calculated by
comparing levels relative to the Scrambled 1–3 amiRNA control
conditions set to 1. The representative blot shown is a composite
image made by re-arranging lanes of a single blot image at the
same projection intensity.

qRT-PCR
First-strand cDNAs were synthesized from total RNA isolated
from cultured hippocampal neurons using Superscript III
reverse transcriptase (Invitrogen) with oligodT primers for
50 min at 50◦C. Primer pairs used to measure cadm mRNA
levels were cadm1_F: 5′-GAAGGACAGCAGGTTTCAGC-3′,
cadm1_R: 5′-ACCAGGACTGTGATGGTGGT-3′, cadm2_F:
5′-TCCTGATCGAATGGTTGTGA-3′, cadm2_R: 5′-TGGGAT
CGTGTACAATGAGG-3′, cadm3_f: 5′-CCTGGAGAAAAG

GTGACCAA-3′, cadm3_R: 5′-ATGGTTCACAGAGCACAC
GA-3′. qRT-PCR was performed using SYBR Green reagents
(Kapa Biosystems) using standard parameters on a StepOnePlus
Real-Time PCR System (Applied Biosystems). Values and
relative expression levels were compared using the ∆∆Ct
method.

Immunolabeling
Cells on glass coverslides were fixed with 4% paraformaldehyde
and 4% sucrose in PBS for 15 min at 4◦C. Cells were then
permeabilized for 5 min with 0.25% Triton-X100 in PBS,
and blocked for 1 h at RT with blocking solution (1%
Roche blocking solution (Roche), 10% BSA (Sigma), 1%
normal donkey serum (Jackson ImmunoResearch), and
1% normal goat serum (Jackson ImmunoResearch) in
PBS). Cells were then incubated with primary antibodies
in blocking solution overnight at 4◦C. Primary antibodies
and dilutions used were rabbit anti-Synapsin1 1:500 (EMD
Millipore, AB1543), mouse anti-PSD-95 1:350 (Neuromab,
clone K28/43), chicken anti-GFP 1:2000 (Aves Labs, GFP-
1020), and rabbit anti-SynCAM1–3 1:500 (Pierce, PA3-16744).
The next day, cells were washed 3× 5 min with PBS and
incubated with secondary antibody in blocking solution
for 1 h at RT. All secondary antibodies were from Jackson
Laboratories and used at 1:500–goat anti-chicken Alexa Fluor
488, donkey anti-mouse or anti-rabbit Cy3, and donkey
anti-rabbit Cy5. Cells were washed 3× 5 min with PBS and
mounted on slides with Fluoromount G with DAPI (Southern
Biotech).

Microscopic Imaging
For transduction rate experiments, neurons were imaged on
a Nikon Eclipse TE300 microscope using a 20× air objective
(0.45 NA), Till Photonics monochromator light source, Retiga
EXi CCD camera (Q Imaging) and SimplePCI software
(Hamamatsu, Inc., Houston, TX, USA). For Figures 3B,C,
cells were imaged at 20× (Figure 3B) using an air (0.75 NA)
objective or at 60× (Figure 3C) using an oil-immersion
objective (1.40 NA) on an Eclipse 80i microscope with a
DS-Qi1Mc camera, Intensilight C-HGFI light source and
Elements software (Nikon). For Figure 3D, cells were
imaged live in aCSF (see ‘‘Electrophysiology’’ Section for
recipe) with a 40× water-immersion objective (0.8 NA)
using an Eclipse FN1 microscope with a DS-Qi1Mc camera,
Intensilight C-HGFI light source and Elements software
(Nikon). All other neurons were imaged on an inverted Nikon
TU-2000 confocal microscope using EZ-C1 software. For
single-cell comparisons of SynCAM1–3 immunofluorescence,
images were obtained using a 20× air objective (0.75 NA)
and the example images in Figures 4A,B were obtained
using a 60× water-immersion objective (1.2 NA). All
other images were obtained with a 100× oil-immersion
objective (1.45 NA). The presence or absence of nlsGFP
was validated by visual comparison of DAPI and GFP
staining. For transduction rate comparisons, 20 images of
DAPI (350 nm) and corresponding GFP (488 nm) signal
were taken at random positions across four coverslides per
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condition. For single-cell SynCAM1–3 immunofluorescence
experiments up to 20 neurons that did not overlap with
neighboring cells were selected for imaging for each condition.
Eight neurons were imaged for a secondary antibody-only
condition for analysis of background fluorescence. Sequential
scanning for each channel (488, 543 nm) was performed and
the average of three scans was taken at 1024 × 1024 pixel
resolution. For all other experiments, pyramidal cells were
selected by morphology and cells were imaged if they had
2–3 primary or secondary small diameter dendrites (∼1–2 µm
not including spines or protrusions) that originated at the
soma with no further branches in a single field of view at high
magnification, that terminated within a short distance of the
soma (usually <100 µm), and that were visually discernable
from additional GFP-positive processes and background
immunofluorescence. Cells were sampled evenly between
isolations. Sequential scanning for each channel (488, 543,
633 nm) was performed and the average of three scans was
taken at 2048 × 2048 pixel resolution. For all experiments,
images were obtained with constant pinhole, laser intensity, and
detector gain settings, and the experimenter was blinded to the
conditions.

Image Analysis
Each color channel was saved independently as grayscale 16-bit
TIFF files. For transduction rate comparisons, the number
of total cells in an image were determined by manually
counting DAPI nuclei; the number of transduced cells was
determined bymanually counting nlsGFP+ nuclei. For single-cell
SynCAM1–3 KD comparisons, binary masks were made of
each neuron using Image-Pro 6.3 software (Media Cybernetics)
using outlines from 488 nm images. Background debris was
cleared from the masks manually using GIMP 2 software
(The GIMP Team). SynCAM immunostaining intensity was
calculated within the confines of the outline of the neuron
defined by the binary masks using a custom program in
MATLAB (Mathworks). The average fluorescence intensity for
neurons in the secondary antibody only condition was used
to measure background signal and was subtracted from the
SynCAM staining intensity for each image. For dendrite analysis,
using 488 nm images, individual basal dendrite segments
averaging ∼30 µm in length were selected and binarized
manually using Image-Pro 6.3 software (Figures 2A,B). Binary
masks were then used in a custom MATLAB program to
automatically detect and compare puncta from corresponding
543 nm and 633 nm images (Figure 2B). Briefly, the program
calculated the average fluorescent intensity of corresponding
images in the binarized GFP region, set a threshold for
including pixels in puncta detection (1.5× the mean value for
each dendrite), and automatically detected puncta that were
>4 contiguous pixels within the confines of the binarized
GFP mask. Only puncta >0.15 µm2 were considered for
density and size analysis. Overlapping pre- and postsynaptic
puncta were counted as synapses. Dendrite lengths were
measuredmanually using Image-Pro 6.3 software. Puncta density
was calculated by dividing number of puncta by dendrite
length. Puncta area was reported by our custom program.

Experimenters were blinded to conditions during image
analysis.

Electrophysiology
Whole cell recordings were performed on identified pyramidal
neurons in hippocampal cultures using an upright Nikon
FN1 microscope with fluorescence imaging capabilities.
Recording electrodes (2.8–3.8 MΩ) were filled with an
intracellular solution containing (mM): 6 NaCl, 4 NaOH,
130 Cs-gluconate, 11 EGTA, 1 CaCl2, 1 MgCl2, 10 HEPES,
2 Na2ATP, and 0.2 Na2GTP. The intracellular solution was pH
7.4 and 296 mOsm. All neurons were studied under voltage
clamp conditions with an Axopatch 200A or MultiClamp
700A amplifier (Molecular Devices). Neurons were held at
VH = −70 mV using pipettes in whole cell patch configuration.
Signals were filtered at 3 kHz and sampled at 30 kHz using
p-Clamp software (version 10, Molecular Devices). Liquid
junction potentials were not corrected. Extracellular solution
(aCSF; containing (mM): 125 NaCl, 3 KCl, 1.2 KH2PO4,
1.2 MgSO4, 25 NaHCO3, 10 dextrose, and 2 CaCl2) was
continuously perfused and drugs were bath applied to
isolate quantal glutamatergic signaling (TTX, 1 µM and
Gabazine, 3 µM).

mEPSC Analysis
Digitized waveforms of quantal synaptic events were analyzed
using MiniAnalysis software (Synaptosoft). Only traces from
cells held under voltage clamp with a series resistance <25 MΩ

were used for analysis. All events >5 pA were counted for
1–2 min of trace ∼5 min after application of drug. All
events were used to calculate frequency values. The average
mEPSC projection of all discrete events for each neuron was
used for peak analysis measurements by automated fitting of
amplitudes and decay kinetics (single exponential, 90–10%)
with MiniAnalysis software. Noisy, misaligned and non-discrete
events were manually removed prior to peak analysis. The
experimenters were blinded to the conditions for recording and
trace analysis.

Statistics
Normality of data was determined by Shapiro-Wilk tests in R
(R Foundation for Statistical Computing). P values obtained by
statistical comparisons of two sample groups used Student’s two-
tailed, unpaired t-tests in Microsoft Excel and comparisons of
more than two sample groups used one-way ANOVAs followed
by Tukey’s post hoc pairwise comparisons in R.

RESULTS

Single and Multi-Gene Knockdown
Lentiviral Constructs
Single and multi-gene KD was achieved through the use of
inhibitory RNA (RNAi) targeting sequences in an enhanced
amiRNA backbone either singly or chained in a mobile cassette
(Fowler et al., 2016b). We combined amiRNAs targeting rat
SynCAM1–3 in single, double and triple-gene KD combinations,
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FIGURE 1 | Sub-saturating lentiviral artificial microRNA (amiRNA) transduction potently knocks down synaptic cell adhesion molecules 1–3
(SynCAM1–3) in amiRNA+ cells while keeping a subpopulation of wild type (WT) amiRNA- cells. (A) Lentiviral knockdown (KD) vectors were generated with
a minimal CMV (mCMV) promoter, intronic amiRNAs, and nlsGFP. RSV, Rous sarcoma virus promoter; LTR, long-terminal repeat; RRE, Rev-response element; cPPT,
central polypurine tract; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element; SA, splice acceptor; SD, splice donor. (B) memGFP-expressing
lentiviral vector for dendrite labeling. (C) Comparison of cadm1–3 mRNA levels at 14–15 days in vitro (DIV) by quantitative reverse transcription polymerase chain
reaction (qRT-PCR) in cultured rat hippocampal neurons using saturating viral titers relative to levels in uninfected control cultures. n = 2 experiments.
(D) Transduction rate of cultured neurons at 14–15 DIV using sub-saturating viral titers. n = 2 experiments. (E) Representative blots and (F) relative SynCAM1–3
protein levels at 13–15 DIV measured by quantitative western blotting of cultured neurons following indicated amiRNA lentiviral treatments at saturating or
sub-saturating viral titers compared to Scrambled1–3 amiRNA control treatments. Actin was used as a loading control. n = 4 (saturating) or n = 2 (sub-saturating)
experiments. A single gel image of the same intensity was cropped as marked by dotted lines and rearranged for presentation. (G) Representative images and (H)
quantification of relative SynCAM1–3 immunofluorescence at 14 DIV of individual neurons cultured at low density normalized to immunofluorescent intensity of
control Scrambled 1–3 amiRNA treated neurons. Scale, 50 µm. Scrambled1–3 condition n = 13 cells/2 coverslips, SynCAM1–3 condition n = 20 cells/2 coverslips.
Error bars, SEM.

as well as three scrambled amiRNA sequences targeting no
known genes (Scrambled1–3), into a lentiviral destination vector
with a nuclear localized GFP (nlsGFP) reporter (Fowler et al.,
2016a; Figure 1A). These amiRNAs were expressed from an
intron to prevent degradation of the mRNA to allow robust
reporter expression (Chung et al., 2006). We also generated
a separate lentiviral vector driving expression of a plasma
membrane-localized GFP (memGFP) reporter used to label
dendrites and spines (Figure 1B). We previously characterized
these chained amiRNAs targeting SynCAM1–3, which are
encoded by the cell adhesion molecule 1–3 (cadm1–3) genes,

as highly efficient for KD of SynCAM1–3 in rat primary
hippocampal cultures at 13–15 DIV by western blot (Fowler
et al., 2016b). For further validation, we performed qRT-PCR
for cadm1–3 mRNA levels in hippocampal cultures following
transduction with saturating levels of SynCAM1–3 amiRNAs.
Results showed >90% KD of cadm1 and 3, and >80% KD of
cadm2 mRNAs, confirming that our amiRNAs are effective for
KD of all three SynCAMs (Figure 1C).

Typically, Lentiviral RNAi experiments are performed at
saturating transduction levels to ensure the highest level of
KD. However, saturating amiRNA virus prevents a population
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of non-transduced cells retaining WT SynCAM1–3 expression
levels. Because we eventually wanted to compare synapse
development in both WT and SynCAM1–3 KD neurons on the
same coverslip, we infected cultures with sub-saturating amounts
of SynCAM1–3 amiRNA or control Scrambled1–3 amiRNA
virus. We counted nlsGFP+ DAPI-stained nuclei and saw that
∼80% of cells were transduced in both cases (Figure 1D),
ensuring that ∼20% of cells retained WT SynCAM expression
levels.

Because our previous characterizations of SynCAM1–3 KD
by western blot (Fowler et al., 2016b) and in the current
study with qPCR (Figure 1C) used saturating viral levels,
we wanted to confirm that sub-saturating transduction still
produced robust KD. Using quantitative western blotting with
an antibody that recognizes SynCAM1–3 (Biederer et al., 2002),
but not SynCAM4 (Fogel et al., 2007), we showed ∼90%
KD with saturating and ∼70% KD with sub-saturating virus
(Figures 1E,F). Because around 20% of cells retained WT
SynCAM1–3 expression in sub-saturating virus, we reasoned
that the observed 70% KD likely underrepresented the actual
KD amount in SynCAM1–3 amiRNA+ cells. Therefore, we
cultured cells at very low densities to allow imaging of
individual cells transduced with sub-saturating concentrations of
SynCAM1–3 or Scrambled1–3 amiRNA lentivirus. As measured
by immunofluorescence intensity for SynCAM1–3 antibody,

SynCAM1–3 amiRNA+ cells had ∼95% KD compared to
Scrambled1–3 amiRNA+ cells (Figures 1G,H). This confirmed
that sub-saturating concentrations of the amiRNA lentivirus
effectively eliminated targeted protein expression in individual
transduced neurons, while maintaining a subpopulation of
amiRNA− cells to be used as in-culture WT controls.

SynCAM1–3 Redundantly Set Synapse
Density and Size During Synaptogenesis
To test functional redundancy of SynCAM1–3 during synapse
formation, we infected hippocampal cultures at sub-saturating
amounts with all possible combinations of lentivirus carrying
single, double, and triple amiRNAs against SynCAM1–3, as
well as the Scrambled1–3 amiRNA control. We also infected
a small subset of neurons (∼1%) with memGFP lentivirus to
enable imaging of dendrites. To detect differences in synapse
formation, we immunolabeled cultures at 13–15 DIV with
antibodies to GFP, the postsynaptic protein PSD-95 and the
presynaptic protein Synapsin 1 and imaged nlsGFP/amiRNA+
cells that were also labeled with memGFP using confocal
microscopy (Figure 2A). Followingmanual selection of dendrites
on pyramidal cells, we used automated detection of PSD-95
and Synapsin 1 puncta. We defined synapses as regions of
co-localization of these pre- and postsynaptic puncta along

FIGURE 2 | SynCAM1–3 function redundantly to set synapse density and size. (A) Representative 60× confocal microscopy image of cultured rat
hippocampal neurons at 14 DIV treated with sub-saturating lentivirus carrying Scrambled1–3 amiRNAs linked to nlsGFP, and very low titer memGFP lentivirus. An
individual pyramidal cell co-labeled by memGFP and nlsGFP is marked by a red arrowhead. White arrowheads mark nuclei in the field of view only expressing
nlsGFP. Scale, 50 µm. (B) Sample images of automated puncta and synapse detection from co-immunostaining for presynaptic protein Synapsin 1 and postsynaptic
protein PSD-95 following manual selection of an individual dendrite segment from the image in (A). Synapses are defined as the co-localized regions of pre- and
postsynaptic puncta (white areas in merged image). Scale, 10 µm. (C) Average synapse density and (D) average synapse puncta area from 13 to 15 DIV neurons
co-transduced with memGFP and sub-saturating amounts of the SynCAM amiRNAs listed or control Scrambled1–3 amiRNAs. n = cells/isolations is listed on the
bars. SKD, single knockdown; DKD, double knockdown; TKD, triple knockdown. ∗p < 0.05, ∗∗p < 0.01, one-way analyses of variance (ANOVA) with Tukey’s post
hoc pairwise comparisons on cell average values. Error bars, SEM.
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dendrites (Figure 2B). Only SynCAM1–3 KD, but not single or
double KD, reduced synapse density by nearly 20% (Figure 2C)
and increased the area of co-localization by ∼10% (Figure 2D),
demonstrating that SynCAM1–3 function redundantly to set
synapse number and size in developing neurons.

Mosaic Knockdown Reveals SynCAM1–3
Set Synapse Density and Size Through
Postsynaptic Mechanisms
We sought to determine if the phenotypes due to SynCAM1–3
KD are caused by pre- or postsynaptic loss. Sub-saturating
infection with amiRNA lentivirus results in non-transduced
cells retainingWT SynCAM1–3 expression levels. Combinatorial
application of memGFP lentivirus enables labeling of these WT
cells for imaging, which is not possible when an RNAi payload is
directly linked to the neurite-labeling fluorophore. Therefore this
newmethodology, namedMosaic Expression usingDifferentially

Localized Reporters (MEDLR), allows direct comparisons of
WT (memGFP+ only) and KD (memGFP+/nlsGFP+) neurons
on the same coverslip (Figure 3A). Using MEDLR, amiRNA−
WT cells were readily distinguished from amiRNA+ KD
cells when visually scanned for the presence or absence of
nlsGFP fluorescence in memGFP-labeled fixed cell preparations
under low magnification (Figure 3B). The distinction between
amiRNA− and amiRNA+ cells was even more apparent at
higher magnifications (Figure 3C). Further, MEDLR was used
to differentiate amiRNA− and amiRNA+ cells in live cultures
(Figure 3D), showing that this methodology is suitable for
approaches such as live cell imaging and electrophysiology.

Crucially, for proteins located on both axons and dendrites,
such as SynCAM1–3, MEDLR allows the discrimination between
pre- and postsynaptic sites of action. This is because in a
culture infected with sub-saturating SynCAM1–3 amiRNAs, the
majority of axons (∼80%) available to form connections with
WT neurons have ∼5% of wildtype levels of SynCAM1–3.

FIGURE 3 | Mosaic Expression using Differentially Localized Reporters (MEDLR) is a novel method to compare WT and KD neurons on the same
coverslip. (A) MEDLR uses combinatorial lentiviral transgenesis with memGFP lentivirus and nlsGFP-linked amiRNA lentivirus to compare WT and KD cells.
(B) Representative immunolabled GFP images at 20× or (C) 60× magnification of memGFP-labled amiRNA− and amiRNA+ neurons at 15 DIV in cultures
transduced with sub-saturating amounts of Scrambled1-3 amiRNAs. (D) Representative 40× images of live GFP fluorescence in 15 DIV amiRNA− and amiRNA+
neurons. (B–D) Note the perisynaptic memGFP accumulation that could potentially be misinterpreted as nlsGFP in amiRNA− cells. (B) Scale, 50 µm; (C,D) Scale,
10 µm.
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FIGURE 4 | MEDLR shows synaptic phenotypes are due to postsynaptic SynCAM1–3 depletion. (A) Representative images of memGFP-labled basal
dendrites from amiRNA− and amiRNA+ neurons at 15 DIV in cultures transduced with sub-saturating amounts of Scrambled1–3 or SynCAM1–3 amiRNAs.
Automated puncta detection for PSD-95 and Synapsin 1 immunostaining and synapses (merge) was performed after manual selection of GFP masks. Scale, 5 µm.
(B,D,F) Average dendritic puncta density as indicated on graph of amiRNA− and amiRNA+ neurons and (C,E,G) corresponding cumulative puncta density
distribution plot (%) of amiRNA+ neurons from cultures transduced with Scrambled1–3 or SynCAM1–3 amiRNAs. (H,J,L) Average puncta area as indicated on graph
of amiRNA− and amiRNA+ neurons and (I,K,M) corresponding cumulative puncta area distribution plot (%) of amiRNA+ neurons from cultures transduced with
Scrambled1–3 or SynCAM1–3 amiRNAs. n = number of cells/isolations as indicated on bars from 13 to 15 DIV cultures. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, t test
on cell average values. Cumulative distribution plots represent cell average values. Error bars, SEM.

Therefore if presynaptic SynCAM1–3 is necessary for proper
synapse formation then WT cells would be expected to display
a similar phenotype to SynCAM1–3 KD neurons. However, if
postsynaptic SynCAM1–3 instructs synapse development, no
phenotype would be expected in WT cells. We note that as used
here, MEDLR cannot determine if postsynaptic SynCAM1–3

is necessary for synapse formation, because in amiRNA+ cells
both pre- and postsynaptic SynCAM1–3 would be removed.
Instead, MEDLR can determine if the presence of postsynaptic
SynCAM1–3 is sufficient for synapse formation.

We used MEDLR to compare synaptic phenotypes between
amiRNA− and amiRNA+ cells in cultures transduced with
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sub-saturating amounts of Scrambled1–3 or SynCAM1–3
amiRNA lentivirus (Figure 4A). WT amiRNA− cells did not
display reduced synaptic density compared to Scrambled1–3
amiRNA+ neurons (Figures 4B,C) suggesting that the reduction
in SynCAM1–3 amiRNA+ neurons was due to depletion
of postsynaptic SynCAM1–3. Further, analysis of PSD-95
(Figures 4D,E) and Synapsin 1 puncta density (Figures 4F,G)
showed that both were reduced along dendrites of SynCAM1–3
amiRNA+ neurons but not on Scrambled1–3 amiRNA+ neurons
or amiRNA− cells, positing that reduced synapse density is
due to the inability to recruit both pre- and postsynaptic
structures. MEDLR also revealed no difference in synapse area in
amiRNA− cells compared to Scrambled1–3 amiRNA+ neurons
(Figures 4H,I), again suggesting that the increased synapse
size is because of postsynaptic SynCAM1–3 loss. In contrast
to puncta density, there was no difference in mean PSD-95
(Figure 4J) or Synapsin 1 (Figure 4L) puncta size between
Scrambled1–3 and SynCAM1–3 amiRNA− or amiRNA+ cells,
although we note that distribution plots indicated a subset of
amiRNA+ cells that had larger mean PSD-95 and Synapsin
1 puncta areas (Figures 4K,M). Given that roughly twice as
many Synapsin 1 and PSD-95 structures are detected than
synapses, we cannot rule out that subtle increases in the size of
Synapsin 1 and PSD-95 puncta size in SynCAM1–3 KD cells may
contribute to the observed, enlarged synapse size. Alternatively,
the increased synapse area may be due to the increased overlap
of a subset of pre- and postsynaptic markers, which would be
indicative of an effect primarily at trans-synaptic complexes.
Further, it should be noted that increased puncta overlap in
SynCAM1–3 amiRNA+ cells is unlikely to be from a non-specific
effect that generally brings puncta in closer apposition, because
individual puncta density was also decreased in these cells
(Figures 4D–G).

SynCAM1–3 Knockdown Affects Quantal
Transmission Through a Postsynaptic
Mechanism
The MEDLR approach enabled us to determine the extent
to which quantal glutamatergic synaptic transmission was
altered in SynCAM1–3 KD neurons. Using whole-cell patch
clamp electrophysiology, we measured mEPSCs at 13–16 DIV
onto amiRNA− and amiRNA+ neurons transduced with
sub-saturating amounts of Scrambled1–3 or SynCAM1–3
amiRNAs (Figure 5A). Distributions of average mEPSC
frequencies across cells were highly variable, logarithmically
distributed, and spanned nearly two orders of magnitude
(Figure 5B). Because of the spread of frequencies, we did not
observe a systematic difference between any group suggesting
that SynCAM1–3 do not significantly impact the net frequency
of quantal release. This result highlights that quantal release
frequency is a product of multiple factors, including intrinsic
release probability (Branco and Staras, 2009), in addition to
synapse density, and is not necessarily an accurate measure of
synapse number.

We also compared mEPSC event traces between groups.
On average, mEPSCs were larger in SynCAM1–3 KD neurons

compared to Scrambled1–3 amiRNA+ cells (Figure 5C).
Waveform fitting analysis showed that while peak amplitude
was not different between Scrambled1–3 and SynCAM1–3
amiRNA+ cells (Figure 5D; p = 0.36, t test), peaks in
SynCAM1–3 KD neurons tended to have a larger area
(Figure 5E; p = 0.14, t test) and had significantly longer
rise times and decay-time constants (Figures 5F,G); indicating
that SynCAM1–3 KD causes broader mEPSCs. MEDLR showed
no differences between amiRNA− cells and Scrambled1–3
amiRNA+ neurons, demonstrating that postsynaptic
depletion of SynCAM1–3 enlarges mEPSCs (Figures 5D–G).
Additionally, there was no difference in average cell capacitance
between conditions (Scrambled amiRNA+ = 52.5 ± 3.2 pF,
n = 25; Scrambled amiRNA− = 55.3 ± 3.5 pF, n = 14;
SynCAM1–3 amiRNA+ = 55.8 ± 3.4 pF, n = 32; SynCAM1–3
amiRNA− = 54.0 ± 4.8 pF, n = 20), indicating that changes
in mESPC kinetics was not due to a change in cell size.
Collectively, these results are consistent with an increased
synapse size caused by postsynaptic loss of SynCAM1–3, and
lend further evidence that defining synapses as juxtaposed
pre- and postsynaptic puncta accurately represents functional
contacts.

DISCUSSION

This report describes the first investigation into the functional
redundancy of SynCAM1–3 during excitatory synapse
development. We present three main observations that enhance
our understanding of SynCAM synaptogenic functions: (1) only
triple KD of SynCAM1–3 reduced synapse number, implying
functional compensation during synapse formation; (2) triple
KD increased synapse and mEPSC size, suggesting that intact
SynCAM1–3 signaling functions redundantly to limit the
physical size of trans-synaptic complexes; and (3) use of MEDLR
provides strong evidence that postsynaptic, not presynaptic,
SynCAM1–3 regulate synapse density and size. Additionally,
the development of MEDLR should prove useful for future
investigations not only in neuronal cultures, but in other
adaptations where comparisons of WT cells to treated cells in
the same culture is beneficial.

The observation of SynCAM1–3 functional redundancy
appears to conflict with previous reports suggesting
SynCAM1 knockout (KO) alone reduces synapse density in
excitatory neurons (Robbins et al., 2010; Cheadle and Biederer,
2012; Giza et al., 2013; Park et al., 2016). While we cannot rule
out the possibility that residual SynCAM1, due to incomplete
KD, is sufficient for correct synaptogenesis, this seems unlikely
because of high SynCAM1 KD potency using our enhanced
amiRNA. Further, this would not explain why the triple KD
decreased synapse number.

One possibility for this discrepancy could be global KO vs.
mosaic KD, however, this does not seem likely considering∼80%
of cells were transduced with amiRNAs in our experiments.
Moreover, for the synaptogenic adhesion molecule neuroligin-1,
global KO does not alter synapse density, whereas sparse
KD does (Kwon et al., 2012); this is the opposite of what
is observed for SynCAM1 where global KO reduced synapse
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FIGURE 5 | Postsynaptic SynCAM1–3 loss does not alter miniature excitatory postsynaptic current (mEPSC) frequency but broadens mEPSC events.
(A) Representative whole-cell patch clamp mEPSC traces of amiRNA− and amiRNA+ neurons from cultures treated with sub-saturating amounts of Scrambled1–3
or SynCAM1–3 amiRNAs. (B) Box and whisker plot of mEPSC frequencies with individual data points plotted to left of boxes. Box = 25–75%, whiskers = 10–90%,
line = median, square = mean. (C) Average mEPSC event traces for amiRNA+ cells in cultures transduced with Scrambled1–3 or SynCAM1–3 amiRNAs.
(D–G) Average mEPSC measurements as indicated on graph for amiRNA− and amiRNA+ cells in cultures transduced with Scrambled1–3 or SynCAM1–3 amiRNAs.
(B–G) n = number of cells as indicated on bars in (D) from three isolations recorded at 13–16 DIV. ∗p < 0.05, n.s., not significant, t test between Scrambled1–3
and SynCAM1–3 amiRNA+ conditions using cell average values. Error bars, SEM.

density (Robbins et al., 2010), whereas sparse KD using
transfection of SynCAM1 shRNAs does not (Burton et al.,
2012 and unpublished observations). Further, Kwon et al.
(2012) demonstrated that at 1:1 mix of neuroligin-1 WT and
KO neurons (50% of cells KO) in culture strongly reduced
synapse formation on KO neurons, whereas our MEDLR
experiments (80% of cells KD) do not show a phenotype from
SynCAM1 KD alone. Together, this argues against global-vs.-
local SynCAM1 depletion underlying differences in synapse
formation. Unfortunately, due to a technical limitation of
combinatorial viral transfection we were not able to investigate
synapse development in cultures transduced sparsely with
amiRNA virus because insufficient cells were co-transduced with
both memGFP and amiRNAs.

Alternatively, differences in analysis methods may complicate
direct comparisons. For instance, the discrepancy may stem from

the different cell types assayed. SynCAM1 KO mice showed an
overall reduction of hippocampal excitatory synapse number
as measured by electron microscopy of whole tissue (Robbins
et al., 2010). However, this technique does not differentiate
between synapses onto interneurons or pyramidal cells. Indeed,
a later study showed a specific reduction of excitatory inputs on
hippocampal interneurons due to SynCAM1 KO (Park et al.,
2016). Since the current study investigated pyramidal cells, it
is possible that cell type differences account for the conflicting
observations. Additionally, other reports have used dendritic
spine density and mEPSC frequency as indirect measurements
of synapse number (Robbins et al., 2010; Giza et al., 2013; Park
et al., 2016), but these are by nature correlative measurements.
Importantly, the only other SynCAM1 loss-of-function study
to our knowledge that investigated synapse density used
RNAi-mediated KD in hippocampal cultures also found no
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change in synapse number asmeasured by Synapsin puncta along
dendrites (Burton et al., 2012). Taken together with our studies,
it is probable that a more stringent measurement of synapse
density by immunolabeling is not altered by SynCAM1 depletion
alone.

We also present imaging and electrophysiological data
suggesting that triple KD of SynCAM1–3 increased synapse size.
It is interesting to note that our imaging results showed enlarged
synapses as measured by overlapping pre- and postsynaptic
puncta area, yet the mean value of individual puncta was
unchanged (Figures 4H–M). We believe this is indicative of
changes primarily at trans-synaptic complexes for the following
reasons: (1) synapses were smaller compared to individual
puncta sizes so mean values for individual puncta would be
less affected by similar changes in size; (2) the distribution
data suggested a tendency towards increased individual puncta
size in some cells; and (3) there were more individual puncta
than synapses, with the possibility that the non-synaptically
associated fraction is not enlarged. The combination of these
factors could easily prevent a mean size shift for individual
puncta size.

Moreover, results from previous studies support a model
where intact SynCAM1–3 signaling limits synapse size at
trans-synaptic structures. SynCAM1’s ability to bind in
trans is dependent on its ability to form oligomers in cis
(Fogel et al., 2011). Intriguingly, postsynaptic disruption of
SynCAM1 trans interactions by cis-binding to a dominant-
negative SynCAM1 extracellular domain similarly increased
immunolabeled synapse size (Fogel et al., 2011). SynCAM
heteromers also form in cis to promote trans binding (Frei et al.,
2014); therefore it is reasonable to infer that the dominant-
negative SynCAM1 extracellular region disrupted trans-
synaptic adhesion of all SynCAM1–3, leading to increased
synapse size. Together with the recent report that postsynaptic
SynCAM1 localizes to and shapes the synaptic periphery (Perez
de Arce et al., 2015), it is tempting to speculate that postsynaptic
SynCAM1–3 limit synapse size through a mechanism involving
the development of the synaptic edge.

Further, the results using MEDLR to compare WT and
KD neurons in the same cultures suggest that postsynaptic
SynCAM1–3 instruct synapse formation. Because SynCAMs
are assumed to function homo- or heterophilically in trans
across the synapse, removal of SynCAMs from either the pre-
or postsynaptic side would be expected to impair synapse
development. Yet our observations show that postsynaptic
expression of SynCAM1–3 in WT cells was sufficient for
correct synapse development, even when the majority of
presynaptic SynCAM1–3 was removed. These results imply
that postsynaptic, and not presynaptic, SynCAM1–3 are the
major determinant of SynCAM-mediated synapse formation,
and posits a previously unrecognized postsynaptic function for
SynCAM1–3. This was surprising due to the current assumption
in the field that presynaptic SynCAMs dictate synapse formation
since presentation of ectopic SynCAMs induces presynaptic,
but not postsynaptic structures (Breillat et al., 2007; Czöndör
et al., 2013). The overall reduction of Synapsin 1 and PSD-95
puncta upon SynCAM1–3 KD, however, indicates postsynaptic

SynCAM1–3 are responsible for recruiting and/or stabilizing
both pre- and postsynaptic structures. This notion is supported
by the observation that postsynaptic SynCAM1 coordinates the
assembly of both pre- and postsynaptic complexes through
Farp1 (Cheadle and Biederer, 2012). However, Farp1 exclusively
binds SynCAM1 and is unlikely to mediate the redundancy of
SynCAM2 and 3.

Considered together, these results raise the question: how
can postsynaptic SynCAM1–3 guide synapse assembly of both
pre- and postsynapses when: (1) there is a severely reduced
background of presynaptic SynCAM1–3; and (2) SynCAMs
themselves lack the ability to induce postsynapse formation? We
offer three possible explanations to reconcile these seemingly
conflicting observations. First, it is possible that postsynaptic
SynCAM1–3 bind to presynaptic SynCAM1–3 on WT axons,
forming a much larger number of synapses on these processes
to achieve an overall correct density. Second, it is possible that
postsynaptic SynCAM1–3 binds residual SynCAM1–3 on KD
axons, and this still allows synapse formation. This possibility
would necessitate that a relatively tiny amount of presynaptic
SynCAM1–3 is sufficient for correct synaptogenesis, whereas
postsynaptic SynCAM1–3 removal is more apt to produce a
phenotype. Both explanations would still require trans-synaptic
SynCAM interactions to assemble a presynapse, which would
recruit additional factors to in turn act across the cleft to
induce postsynapse development. For example, the release of
glutamate at nascent presynapses could trigger postsynapse
assembly (Kwon and Sabatini, 2011), because clustering of
presynaptic SynCAMs robustly induces functional presynaptic
terminals (Biederer et al., 2002; Sara et al., 2005; Hoy et al., 2009;
Czöndör et al., 2013).

A third possibility posits that presynaptic SynCAM1–3
are not actually necessary for synapse development. Instead,
postsynaptic SynCAM1–3 could bind in trans to an unknown
presynaptic adhesion molecule to induce presynaptic
differentiation. This in turn could also induce postsynapse
formation by recruiting additional postsynaptic factors, or may
activate postsynaptic SynCAM1–3 to trigger development in
a way that clustering in trans by SynCAMs does not. On the
other hand, SynCAM1–3 could bind in cis to synaptogenic
factors to both initiate postsynapse formation and signal
retrogradely to instruct presynapse assembly. Because SynCAMs
associate both in cis and trans with numerous adhesion
molecules such as nectins (Mori et al., 2014), CRTAM (Arase
et al., 2005; Boles et al., 2005; Galibert et al., 2005), and
integrins (Mizutani et al., 2011; Sugiyama et al., 2013) and
modulates receptor tyrosine kinase signaling in cis (Kawano
et al., 2009; Kim et al., 2011; Sandau et al., 2011; Yamada
et al., 2013), these may be worthwhile avenues for future
investigations of how postsynaptic SynCAM1–3 guide synapse
formation.
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