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Editorial on the Research Topic

Neuroscience and Neurotechnology of Neuronal Cell Surface Molecules in Neural Circuits

A myriad of specialized neurons and glial cells interact with each other in the nervous system.
In this Research Topic, we focused on the cell surface molecules, which are essential for such
interactions in the nervous system. They play roles in the development and regeneration of
neural circuits (e.g., membrane receptors, extracellular matrix molecules, adhesion molecules)
and the function of neural circuits (e.g., neurotransmitter receptors, ion channels). The structure,
number, and localization of thesemolecules vary in different neurological and psychiatric disorders.
Nevertheless, many technical challenges have been slowing down studies on extracellular and
transmembrane proteins in modern neuroscience. These molecules are also instrumental in
labeling and modifying neural circuits (e.g., genetically encoded synthetic proteins in optogenetics,
molecular assemblies for neuronal tracing, reagents for detecting synaptic membrane proteins, and
tools for remodeling neural circuits) (Bradbury et al., 2002; Feinberg et al., 2008; Loh et al., 2016;
Deisseroth and Hegemann, 2017; Bannai, 2018; Suzuki et al., 2020).

This Research Topic eBook is organized into three chapters covering different aspects of cell
surface molecules in the nervous system. The first two chapters illustrate the neuroscience of cell
interaction molecules, surface receptors, and other components. In particular, we cover a wide
range of topics on the cell interactionmolecules in neural circuit formation. The last chapter focuses
on neurotechnology using membrane proteins as tools.

In Chapter 1, the reader will find articles related to a series of surface molecules involved in
neural circuit formation. Such proteins are structurally diverse but consist of a panoply of common
domains. One of the most abundant is the immunoglobulin (Ig) domain. The protein families
with this domain constitute Ig superfamilies (IgSF) and participate in various cell interactions in
the nervous system. Fibronectin type III (FnIII) domains are cognate to the Ig domain, as both
constitute β-sandwiches, and they frequently coexist within the same protein. Pourhoseini et al. and
Yamagata describe the roles of such IgSFs in neural circuit formation in the retina. Cadherin (Cdh)
and leucine-rich repeat (LRR) also play essential roles in cell adhesion and interaction. Pancho et
al. comprehensively review protocadherins (also see Jia and Wu, 2020). Polanco et al. performed
computational analysis on the expression of classic cadherins in the nervous system, demonstrating
that surface molecules can be studied in silico. Tsuboi focuses on TPBG (5T4), an LRR protein,
showing its role in the olfactory system.Matsunaga andAruga describe Elfn proteins, which contain
LRR and FnIII domains. Neurexins, classical synaptic organizer proteins, contain epidermal
growth factor (EGF) and Laminin-α, Neurexin, and Sex hormone-binding globulin (LNS) and
work with some ligands such as neuroligins and the Ig/FnIII receptor tyrosine kinase LAR-RTP.
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Lee et al. dissected these synaptic organizers in Alzheimer’s
disease. Other proteins containing collagenous domains and
carbohydrates are also vital for synapse formation. Wakabayashi
reviews transmembrane collagens during the development of
neuromuscular junctions. Briatore et al. report a role of
dystroglycan in cerebellar synapse formation. Kamimura and
Maeda detail glypicans and heparan sulfate proteoglycans in the
nervous system. Burger et al. show that C1q, a complement
component, in microglia maintains neural circuits in the retina
by the atypical mechanism independent of the C3a receptor
(C3aR) and complement receptor 3 (CR3). Of note, some C1q
complement family members act as synaptic organizers (Yuzaki,
2017). The reader will also notice that articles in this chapter
contain diverse species from humans to worms and various
systems such as the visual system (Pourhoseini et al.; Yamagata;
Tsuboi; Matsunaga and Aruga; Burger et al.), the olfactory system
(Tsuboi), the cerebellum (Briatore et al.), and the neuromuscular
junction (Wakabayashi). Decades ago, a handful of cell surface
proteins were studied as molecules that serve as basic cell
adhesion or axon guidance. The reader will find that this chapter
tackles advanced processes such as synapse formation, neurite
branching, and gene regulation. Jin and Kim provide an overview
of neurite branching in nematodes. Kozlova et al. discuss how
neuronal adhesion molecules influence protein synthesis, which
may occur during development, and synaptic plasticity.

In Chapter 2, the authors describe the unique functions and
expression of diverse cell surface and extracellular molecules in

the nervous system. Ni reviews ionotropic glutamate receptors
in flies. Jimenez-Trejo et al. used immunochemical techniques
to find a serotonin system in the testes. Miederer et al. report
their method for observing a cannabinoid type 1 receptor in
vivo. Iwamoto and Oiki describe the physical features of the
membrane using an advanced lipid bilayer platform. Ramani
et al. reported the effects of oxygen exposure on the development
of hippocampal synaptic circuits.

In Chapter 3, the authors describe cutting-edge circuit-
tracing methods using the properties of membrane proteins.
Sugiyama et al. introduce a method for studying neural
circuits by overexpressing a type II membrane protein VAMP2
reporter by single-cell electroporation. Liao et al. explored
a highly sensitive membrane-associated reporter (alkaline
phosphatase) to discover new oxytocin-expressing circuits.
Pan et al. used a retrograde tracer endocytosed by the
membranes at axonal terminals. Finally, Gui et al. evaluated
the role of the dopaminergic pathway in general anesthesia by
adapting a genetically encoded dopamine sensor, optogenetics,
and chemogenetics.

In summary, we hope that this book enables the reader to learn
about various aspects of surface molecules in neural circuits.
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Protocadherins at the Crossroad of
Signaling Pathways
Anna Pancho, Tania Aerts, Manuela D. Mitsogiannis and Eve Seuntjens*

Laboratory of Developmental Neurobiology, Department of Biology, KU Leuven, Leuven, Belgium

Protocadherins (Pcdhs) are cell adhesion molecules that belong to the cadherin
superfamily, and are subdivided into clustered (cPcdhs) and non-clustered Pcdhs
(ncPcdhs) in vertebrates. In this review, we summarize their discovery, expression
mechanisms, and roles in neuronal development and cancer, thereby highlighting
the context-dependent nature of their actions. We furthermore provide an extensive
overview of current structural knowledge, and its implications concerning extracellular
interactions between cPcdhs, ncPcdhs, and classical cadherins. Next, we survey the
known molecular action mechanisms of Pcdhs, emphasizing the regulatory functions of
proteolytic processing and domain shedding. In addition, we outline the importance of
Pcdh intracellular domains in the regulation of downstream signaling cascades, and we
describe putative Pcdh interactions with intracellular molecules including components of
the WAVE complex, the Wnt pathway, and apoptotic cascades. Our overview combines
molecular interaction data from different contexts, such as neural development and
cancer. This comprehensive approach reveals potential common Pcdh signaling hubs,
and points out future directions for research. Functional studies of such key factors
within the context of neural development might yield innovative insights into the
molecular etiology of Pcdh-related neurodevelopmental disorders.

Keywords: clustered protocadherin, non-clustered protocadherin, WAVE, Wnt, apoptosis, cell adhesion, neural
development

INTRODUCTION

Selective intercellular adhesion and cell-cell communication are key mechanisms for the proper
development of organisms. Cell adhesion is mediated by different types of transmembrane
molecules, of which the most prominent are the cadherins (Hirano and Takeichi, 2012). These
are calcium-dependent cell adhesion proteins, a characteristic that led their discoverer, Masatoshi
Takeichi, to coin in 1988 their name as a portmanteau of “calcium adherens” (Takeichi,
1988). The cadherin superfamily comprises several subfamilies, including the classical cadherins
(type I and type II), desmosomal cadherins, protocadherins, flamingo/CELSR and cadherin
related proteins, that all contain multiple cadherin motifs within their extracellular domain
(Hulpiau and van Roy, 2009).

In this review, we will exclusively focus on protocadherins (Pcdhs). Several excellent reviews
have covered the diverse roles that Pcdhs play in development (Redies et al., 2005; Yagi, 2013;
Hayashi and Takeichi, 2015; Light and Jontes, 2017; Mountoufaris et al., 2018) and disease
(Kahr et al., 2013; Hirabayashi and Yagi, 2014; Keeler et al., 2015a; El Hajj et al., 2017; Peek
et al., 2017). Nevertheless, the way Pcdh engagement translates cell-cell interaction information
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in these different contexts to the cell remains elusive. After
briefly describing the discovery, the characteristics, and the main
roles of these Pcdhs, this review covers recent structural studies,
molecular processing and downstream signaling in the context of
cancer and neurodevelopment.

History and General Characteristics of
Pcdhs
The discovery of Pcdhs dates back to 1993, when several novel
cadherin-like sequences were identified in a variety of organisms.
Sano et al. described these molecules as similar to cadherins, but
containing six or seven instead of five cadherin repeats in their
ectodomain, as well as a transmembrane domain and a peculiar
cytoplasmic tail. Indeed, the latter did neither show homology to
the typical cadherin cytoplasmic tail nor complete conservation
between different Pcdhs (Sano et al., 1993). Since the novel
molecules somewhat resembled the Drosophila cell-adhesion
protein Fat, Sano et al. suggested that the identified cadherin
repeats could be derived from one primordial cadherin sequence,
thus named the new molecules “protocadherins” (Sano et al.,
1993). Comparing the evolutionary conservation of different
Pcdhs, Hulpiau and van Roy suggested that they derived from
an ancestral FAT-like cadherin by stepwise loss of extracellular
cadherin (EC) repeats (Hulpiau and van Roy, 2009).

After being found to be expressed predominantly in mouse
neural tissues and neuroblastoma cell lines, Pcdhs were
independently discovered in 1998 as Cadherin-related neuronal
receptors (CNRs) (Kohmura et al., 1998). Their expression at
synaptic complexes suggested a possible role in establishing
synaptic connections. CNRs were found to be encoded by clusters
of tandemly arrayed genes and became known as clustered Pcdhs
(cPcdhs). Furthermore, as cells expressed different combinations
of a set of CNR variable exons, Kohmura et al. suggested that
these molecules might form hetero-multimers that could equip
cells with thousands of unique recognition modules (Kohmura
et al., 1998). One year later, Wu and Maniatis found numerous
additional CNR-like molecules encoded by tandemly arranged
gene arrays, which were organized as three clusters (α, β, and
γ) on human chromosome 5q31 (Wu and Maniatis, 1999).
Due to their similarities to PCDH2 (Sano et al., 1993), they
were included in the Pcdh family and subdivided according
to their cluster in α-, β-, and γ-Pcdhs (Pcdh-α, Pcdh-β, Pcdh-
γ) (Wu and Maniatis, 1999). Further sequence alignments and
protein analyses revealed that these cPcdhs consist of a variable
extracellular domain (ECD), a transmembrane domain (TM),
and an intracellular domain (ICD) (Wu and Maniatis, 1999).
For all three gene clusters, the ECD, the TM and a short part
of the ICD are encoded by one large variable exon, a short
part of the ICD are encoded by one large variable exon, while
remainder of the ICD is encoded by three constant exons that
are shared within a cluster (Wu and Maniatis, 2000) (Figure 1).
Within the α- and γ-Pcdh clusters, the variable exons region
can be further subdivided into alternate exons and C-type exons.
Alternate exons can be classified into A- and B-type exons
within the γ-Pcdh cluster. C-type exons are more similar to each
other than to those encoding alternate isoforms within the same

cluster, and generate α-Pcdhs C-isoforms C1 and C2, and γ-Pcdhs
isoforms C3, C4, and C5 (Wu and Maniatis, 1999; Wu et al., 2001;
Wang et al., 2002a). The β-Pcdh cluster lacks the constant exons
and therefore encodes proteins with a truncated intracellular
domain (Figure 2).

cPcdhs are generally conserved across vertebrate species,
although the β-Pcdh cluster is missing in fugu, zebrafish and
Xenopus, and the number of variable exons is not constant (Wu
and Maniatis, 1999; Wu et al., 2001; Yu et al., 2007; Etlioglu et al.,
2016).

At the time of their discovery, it was known that cPcdhs were
not the only Pcdh subfamily members. Indeed, a number of Pcdh
genes had been found to be scattered throughout the genome
(Frank and Kemler, 2002; Redies et al., 2005; Vanhalst et al.,
2005). The largest group of these non-clustered Pcdh (ncPcdh),
the δ-Protocadherins (δ-Pcdhs), was identified via phylogenetic
analysis. δ-Pcdhs can be further subdivided into δ 0-, δ1- and δ2-
type based on their mutual homology and the number of ECD
cadherin repeats (respectively, 7 and 6) (Vanhalst et al., 2005;
Hulpiau and van Roy, 2009). Pcdh20 is the only δ0-Pcdh member
(Hulpiau and van Roy, 2009). Members of the δ1-Pcdh subfamily
include Pcdh1, Pcdh7, Pcdh9, and Pcdh11-X/-Y; members of
the δ2-Pcdh subfamily are Pcdh8, Pcdh10, Pcdh17, Pcdh18 and
Pcdh19 (Sano et al., 1993; Strehl et al., 1998; Hirano et al., 1999;
Yoshida et al., 1999; Blanco et al., 2000; Ono et al., 2000; Wu and
Maniatis, 2000; Wolverton and Lalande, 2001). δ-Pcdhs can have
several isoforms, which contain identical extracellular domains,
but differ in their cytoplasmic domain (Kim et al., 2011). While
δ2-Pcdhs have two conserved motifs, CM1 and CM2, in their
intracellular domain (Wolverton and Lalande, 2001), δ1-Pcdhs
have an additional conserved motif (CM3) containing a putative
binding site for protein phosphatase-1α (PP1α) (Vanhalst et al.,
2005). Peculiarly, these conserved motifs are absent in other
ncPcdhs: Pcdh12 and Pcdh20. Still, Pcdh20 has been classified as
a δ0-Pcdh due to the strong homology of its 7 ECD to δ1-Pcdhs
(Hulpiau and van Roy, 2009; Kim et al., 2011; Hulpiau et al.,
2016).

Formerly, cadherin-related (Cdhr) proteins were considered
as either Pcdhs or cadherins, although they have a distinct
molecular structure and have evolved differently from both. They
are related to cadherins as they present (at least two) consecutive
EC repeats in their ECD. Some known misnomer examples are
Pcdh15, Pcdh16, and µ-Pcdh. Based on additional comparative
genomic analyses across metazoan organisms evolution they were
later named Cdhr15, Cdhr6, and Cdhr5, respectively (Hulpiau
and van Roy, 2009; Hulpiau et al., 2016; Gul et al., 2017).

EXPRESSION AND ROLES OF PCDHS

Several ncPcdhs and cPcdhs are expressed most prominently
within the central nervous system (Vanhalst et al., 2005; Redies
et al., 2008; Kim et al., 2011; Hertel et al., 2012), which suggests
important neurobiological roles for these molecules. On the other
hand, loss of Pcdhs has been linked to several cancer types.
In this section we summarize expression modalities of Pcdhs
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FIGURE 1 | Schematic depiction of cPcdh gene organization to molecular structure. Both variable exons and constant exons encode cPcdhs. Variable exons are
located upstream of constant exons for each cluster and are further categorized into alternate exons and C-type exons. The three constant exons in the α- and
γ-Pcdh loci encode the common part of the respective ICDs. The β-Pcdh gene cluster does not encode C-isoforms nor presents constant exons, and therefore all
related molecules lack the common ICD. Within the γ-Pcdh cluster alternate exons can be further subdivided into A- and B-type exons. After stochastic promoter
choice and cis splicing, one variable exon encodes the extracellular domain (ECD), the transmembrane domain (TM), and part of the intracellular domain (ICD) of one
Pcdh isoform. C-type exons encode C-isoforms.

and, in relation to them, describe their roles in the nervous
system and in cancer.

Clustered Pcdhs in the Nervous System
Combinatorial Expression of cPcdh Isoforms
Generates Cell Surface Diversity and Specificity
Expression studies of γ-Pcdh isoforms across subgroups
(PcdhγA, PcdhγB, and PcdhγC) show generally overlapping
patterns in large brain areas. While broader regions can express
similar subsets of Pcdhα and Pcdhγ, alternative promoter
selection and pre-mRNA cis splicing are used to generate specific
combinations of different isoforms within individual cells (Tasic
et al., 2002; Wang et al., 2002a).

Single cell RT-PCR analysis of Purkinje cells has revealed
that most isoforms of these cPcdhs are monoallelically and
combinatorially expressed in single neurons, whereas all five
C-type isoforms are expressed biallelically and uniformly in
all of these neurons (Esumi et al., 2005; Kaneko et al., 2006;

Hirano et al., 2012). In contrast, C-type isoforms have been
only found in a small percentage of mouse olfactory sensory
neurons (OSN). Interestingly, immature OSN still express
alternate and C-type isoforms, suggesting downregulation of
C-type isoforms throughout their maturation (Mountoufaris
et al., 2017). Studies performed on serotonergic neurons revealed
an exclusive expression of Pcdh C-isoforms in these cells, with
PcdhαC2 being the most prominently expressed (Chen W. V.
et al., 2017; Katori et al., 2017).

Isoform expression thus seems to be cell type specific, and
bound to complex regulatory mechanisms. CPcdhs expression
level and specificity are also epigenetically regulated. Each
variable exon contains a specific promoter that is regulated by
its position within the cluster (Noguchi et al., 2009; Kaneko
et al., 2014), the orientation of enhancer elements (Guo
et al., 2015) and the DNA methylation status (Guo et al.,
2012). Epigenetic regulation of promoter choice and alternative
transcripts therefore immensely increases the diversity of cPcdhs
that can be generated. For additional detailed information on the
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FIGURE 2 | Molecular structure of Protocadherin family members. cPcdhs: α-,
β-, and γ-Pcdhs present 6 extracellular cadherin (EC) repeats (ellipses) in their
extracellular domain (ECD), a transmembrane domain (TM), and a conserved
intracellular domain (ICD) (with the exception of β-Pcdhs, which possess a
truncated ICD). The variable cytoplasmic domain (VCD) motif has been
observed in some γ-Pcdhs and α-Pcdhs. ncPcdhs (δ0-Pcdhs, δ1-Pcdhs, and
δ2-Pcdhs) represent transmembrane proteins with either 7 (for δ0-Pcdhs,
δ1-Pcdhs) or 6 (for δ2-Pcdhs) EC repeats. Within their ICDs, δ1-Pcdhs have
three conserved motifs (CM), while δ2-Pcdhs have two CMs. Moreover, δ2-
and a few α-Pcdhs harbor a WAVE interacting receptor sequence (WIRS).

epigenetic regulation of Pcdh-α and Pcdh-γ gene expression we
refer to recent excellent reviews (El Hajj et al., 2017; Mountoufaris
et al., 2018; Canzio and Maniatis, 2019).

Collectively, these studies indicate that transcriptional
regulation can generate a large cell-surface molecular diversity
and specificity within single neurons, creating functional
diversification (Esumi et al., 2005; Kaneko et al., 2006; Hirano
et al., 2012; Chen W. V. et al., 2017; Katori et al., 2017;
Mountoufaris et al., 2017). However, not all neuronal cell types
express multiple cPcdhs, and expression can be dynamic during
development. More careful mapping of expression at the single-
cell level would reveal whether expression patterns are stochastic
within certain cell populations or not.

Roles in Development of Dendrites and Synapses
Various members of all three Pcdh clusters localize on the
neuronal soma, on dendrites and axons, and at growth cones and
synapses in differentiating and mature neurons (Kohmura et al.,
1998; Wang et al., 2002a; Kallenbach et al., 2003; Phillips et al.,
2003; Junghans et al., 2008).

In the context of dendrite development, cPcdhs play important
roles in dendritic self-avoidance. γ-Pcdh isoform diversity
is essential for the discrimination between isoneural and
heteroneural dendrites in retinal starburst amacrine cells (SAC)s,
as loss of this diversity impairs dendritic self-avoidance (Lefebvre

et al., 2012; Kostadinov and Sanes, 2015). In the cerebral cortex,
γ-Pcdhs promote dendritic arborization complexity in layer V
pyramidal neurons (Garrett et al., 2012). Recently it was shown
that α- and γ-Pcdhs can functionally interact and cooperate in
dendritic development in a context-dependent manner, and that
together they mediate dendrite self-avoidance in Purkinje cells
(Ing-Esteves et al., 2018).

cPcdhs are also implicated in spine morphogenesis. γ-Pcdhs
negatively regulate mouse cortical dendritic spine morphogenesis
in vivo (Molumby et al., 2017). In contrast, deletion or
knockdown of the γ-Pcdh cluster has been associated with a
reduction in spine density and dendritic complexity in mouse
olfactory granule cells and cultured hippocampal neurons (Suo
et al., 2012; Ledderose et al., 2013). CA1 pyramidal neurons and
cultured hippocampal neurons of Pcdha null mutant mice display
simple arbors and low dendritic spine densities. Knockdown of
γ-Pcdhs and knockout of α-Pcdhs in vitro leads to similar defects
as in Pcdha null mutant mice, suggesting that both γ- and α-Pcdh
members contribute to dendritic arborization (Suo et al., 2012).

Although functional evidence is still lacking, the molecular
diversity and isoform-specific homophilic binding properties
of cPcdhs might provide a synaptic adhesive code to support
synaptogenesis and proper neural connectivity (Kohmura et al.,
1998; Serafini, 1999; Shapiro and Colman, 1999). α-Pcdhs are
found in neocortical synapses (Kohmura et al., 1998) and in
perisynaptic sites of preganglionic terminals in chicken (Blank
et al., 2004). In mouse hippocampal neurons overexpression
of a dominant-negative α-Pcdh ICD leads to a reduction
in spine number and decrease of presynaptic synaptophysin
(Suo et al., 2012). Whether α-Pcdh isoforms are involved
in synaptic adhesion (Kohmura et al., 1998) as has been
shown for γ-Pcdhs (Garrett and Weiner, 2009) remains to
be elucidated. β-Pcdhs accumulate dendritically and post-
synaptically in mammalian retinal and cerebellar neurons,
suggesting a potential involvement of β-Pcdhs in synaptogenesis
and synaptic refinement (Junghans et al., 2008; Puller and
Haverkamp, 2011).

γ-Pcdhs are found in synaptic intracellular compartments
such as axonal and dendritic tubulovesicular structures within
some hippocampal neurons (Phillips et al., 2003; Fernández-
Monreal et al., 2009). PcdhγC5 is localized in a subset of
GABAergic and glutamatergic synapses in cultured hippocampal
neurons, majorly at dendrites as shown by colocalization of
PcdhγC5 with specific synaptic proteins such as GABAergic
presynaptic glutamate decarboxylase and vesicular glutamate
transporter 1 (Li et al., 2010). In addition, it has been shown
that PcdhγC5 is important for the stabilization and maintenance
of some GABAergic synapses, but not for their formation
(Li et al., 2012a). γ-Pcdhs were shown as well to play a
role in synaptic elimination between closely spaced SACs,
and in preventing autapse formation. Functional connectivity
was impaired in neighboring SACs expressing a single γ-Pcdh
isoform, demonstrating a necessary function of isoform diversity
in establishing inter-SAC networks (Kostadinov and Sanes,
2015). In conclusion, several lines of evidence point to γ-Pcdhs
as key molecular players in synapse formation, stabilization and
maintenance in the mammalian nervous system. Unfortunately,
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current knowledge is limited to particular cPcdhs and specific
neuronal cell types, hence studies focusing on different neuronal
types or α and β clusters in this context might be revealing in the
future. However, even for γ-Pcdhs exact roles in the regulation
of synaptic function remain to be defined, and are likely to be
context-dependent.

Roles in Axonal Development, Targeting and Branch
Repulsion
cPcdhs participate in several aspects of axonal development, and
their potential to generate unique molecular codes are at the basis
of both axon-target and axon-axon recognition mechanisms.

α-Pcdhs are indispensable for axon growth in cultured
hippocampal neurons (Lu et al., 2018). Whether this role is
unique to this cluster remains to be investigated. In the mouse
spinal cord, loss of γ-Pcdhs leads to severe disorganization of
Ia primary afferent projection terminals in the ventral horn,
leading to a targeting defect between Ia afferents and ventral
horn interneurons that suggests a critical role of γ-Pcdh-
mediated recognition between the two (Prasad and Weiner, 2011;
Hasegawa et al., 2016).

Other studies have revealed functions in axon targeting and
branch repulsion which appear to be redundantly shared by all
cPcdhs. Deletion of all three clusters, but not of single clusters,
leads to the complete disruption of axonal arborization and to
clumping of axonal terminals in mouse OSN. Overriding Pcdh
diversity through overexpression of a fixed set of 3 cPcdhs (one
α-, one β-, and one γ-Pcdh) in OSN results in the failure of axon
terminals to converge and form normal glomeruli. In this case,
the induced expression of an identical cPcdh membrane code
seems to result in the erroneous self-avoidance between non-self
axons (Mountoufaris et al., 2017).

In sharp contrast to what has been observed in the
development of OSN connectivity, axonal tiling of serotonergic
neurons is highly dependent on a single cPcdh isoform, PcdhαC2,
that drives repulsion between neurites of distinct cells and
ensures proper spatial axon distribution (Chen W. V. et al.,
2017; Katori et al., 2017). To what extent other specific cPcdh
isoforms have unique roles in the arrangement and targeting
of projections between specific subpopulations of neuronal cells
remains to be addressed.

Roles in Neuronal Survival
Members of the γ-Pcdh cluster are known to prevent neuronal
apoptosis of spinal cord interneurons, retinal cells, and cortical
interneurons (cINs) (Wang et al., 2002b; Lefebvre et al., 2008;
Prasad et al., 2008; Chen W. V. et al., 2012; Garrett et al., 2012;
Hasegawa et al., 2016, 2017; Carriere et al., 2020; Leon et al.,
2020). Transplantation studies and knockout mice phenotyping
showed that loss of C-type γ-Pcdhs leads to increased cell death in
spinal cord interneurons and cINs (Chen W. V. et al., 2012; Leon
et al., 2020). Remarkably, within the C-type γ-Pcdhs, only one
isoform (PcdhγC4) seems to be necessary for neuronal survival
of several cell populations (Garrett et al., 2019).

While γ-Pcdhs appear to be particularly important in mouse
neuronal survival, in zebrafish truncation of an α-Pcdh, Pcdh1α,

has been found to lead to neuronal cell death in the developing
brain and spinal cord (Emond and Jontes, 2008).

Different cPcdh clusters can also cooperate in the regulation
of cell death and survival. For instance, the α-Pcdh and
γ-Pcdh clusters have been demonstrated to cooperatively regulate
neuronal survival in the retina (Ing-Esteves et al., 2018). In the
spinal cord, interneuron apoptosis is aggravated in βγ-Pcdh and
αβγ-Pcdh deficient mice compared to mice lacking only γ-Pcdhs,
suggesting this process to be cPcdh dosage-dependent (Hasegawa
et al., 2016). Moreover, cPcdhs seem to cooperate to prevent
apoptosis in a cell type-specific manner. In chimeric mice lacking
all three clusters (αβγ-Pcdh deficient mice), survival rates were
found to significantly decrease in neuronal populations in the
midbrain, pons and medulla, but not in the inferior olive, in
sensory and motor neurons, and neuronal populations within the
cerebral cortex and olfactory bulb (Wang et al., 2002b; Hasegawa
et al., 2016, 2017). Therefore, context-specific combinatorial
expression of cPcdhs appears to be important in the regulation
of neurodevelopmental cell death versus survival.

Non-clustered Pcdhs in the Nervous
System
Combinatorial Expression of ncPcdhs Contributes to
Specification of Neuronal Identity
Similarly to classical cadherins, ncPcdh expression is
spatiotemporally regulated during brain development in
several vertebrate species. In zebrafish and chicken, this mode
of expression characterizes transcription of Pcdh9, Pcdh17, and
Pcdh19 in the nervous system (Liu et al., 2009, 2010; Hertel
et al., 2012; Lin et al., 2012). In the mouse brain, Pcdh7, Pcdh9
and Pcdh11 expression localizes to restricted regions within the
neocortex, hippocampus and amygdala (Vanhalst et al., 2005).
In rat, Pcdh1, Pcdh9, Pcdh10, Pcdh17, Pcdh19, and Pcdh20 are
specifically expressed in limbic system structures, such as the
hippocampus, the limbic cortex, the thalamus, the hypothalamus,
and the amygdala. Cortical region-dependent and layer-specific
expression can also be observed perinatally (Kim et al., 2007).
In addition, Pcdh10 synthesis has been described in specific
networks like the limbic and visual systems in mice and chicken
(Hirano et al., 1999; Aoki et al., 2003; Müller et al., 2004).

Besides being present in distinct brain areas, δ-Pcdhs have
been demonstrated to be combinatorially expressed in the ferret
retina and in the mouse primary sensory cortex (Etzrodt et al.,
2009; Krishna-K et al., 2011). Moreover, it was recently shown
that one mouse OSN can express up to seven δ-Pcdhs, and that
cells can adjust the number and expression levels of δ-Pcdhs on
their surface to regulate their adhesivity (Bisogni et al., 2018).

Overall, the combinatorial and molecule-specific
spatiotemporal expression patterns of ncPcdhs in the vertebrate
central nervous system point at roles in neural circuit formation,
potentially by contributing to a molecular recognition code.

Roles in Synaptic, Dendritic, and Axonal
Development
Like cPcdhs, δ-Pcdhs are localized in dendrites, axons,
and proximally to or within synapses (Hirano et al., 1999;
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TABLE 1 | Different roles of ncPcdhs in dendritogenesis, axon development and synaptogenesis.

Expression δ ncPcdhs Effect References

Dendrites Loss KO 1 9 ↗ Spine density Bruining et al., 2015

2 8 ↗ Spine density Yasuda et al., 2007

KD 1 11x ↗ Branching Wu et al., 2015

2 19 ↘ Growth Bassani et al., 2018

+/− 2 10 ↗ Spine density Schoch et al., 2017

Gain DN 1 7 1ICD ↘ Number, growth Piper et al., 2008

OE 2 17 ↘ Spine density Chang et al., 2018

Axons Loss KO 2 10 ↘ Growth, ! guidance Uemura et al., 2007

2 17 ↘ Growth,↗ clumping Asakawa and Kawakami, 2018

2 19 ↘ Branching Cooper et al., 2015

KD 1 7 ! Guidance Leung et al., 2013, 2015

2 18b ↘ Branching Biswas et al., 2014

LOF 12 ! Tract formation Guemez-Gamboa et al., 2018

Gain DN 1 7 1ICD ↘ Number, growth Piper et al., 2008

2 17 1ICD ↗ Clumping Asakawa and Kawakami, 2018

Synapses Loss KO 2 17 ↗ Presynaptic vesicles assembly Hoshina et al., 2013

KD 2 10 ↘ Elimination Tsai et al., 2012

! 2 8 ! LTP Yamagata et al., 1999

Gain OE 2 17 ↗ Vesicle mobility Hoshina et al., 2013

rescue/OE 2 19 ↗ Clonally related connectivity Lv et al., 2019

↗ = increment,↘ = reduction, ! = impairment. KD, knockdown; OE, overexpression; KO, knockout; +/−, heterozygous null; DN, dominant negative; LOF, loss of function;
ICD, intracellular domain; LTP, long-term potentiation.

Yasuda et al., 2007; Hoshina et al., 2013; Pederick et al., 2016).
All members of the δ1-Pcdh family and the majority of the
δ2-Pcdh family, with the exception of Pcdh18, have been
associated to the regulation of dendritic initiation, growth,
morphology, arbor refinement, and spine formation (Yasuda
et al., 2007; Piper et al., 2008; Bruining et al., 2015; Wu et al.,
2015; Schoch et al., 2017; Bassani et al., 2018; Chang et al.,
2018). To date, roles in axon growth, branching, guidance, and
fasciculation have been described for Pcdh7 and for almost
all of the δ2-Pcdhs except Pcdh8 (Aoki et al., 2003; Uemura
et al., 2007; Nakao et al., 2008; Piper et al., 2008; Leung et al.,
2013, 2015; Biswas et al., 2014; Hayashi et al., 2014; Cooper
et al., 2015; Asakawa and Kawakami, 2018; Guemez-Gamboa
et al., 2018). While specific synaptic roles have not yet been
directly demonstrated for δ1-Pcdhs, they have been suggested
to participate in synaptic maintenance and plasticity based on
their expression at synapses and interaction with PP1α (Yoshida
et al., 1999; Vanhalst et al., 2005; Kim et al., 2007; Bruining
et al., 2015). Roles in synaptogenesis, synaptic vesicle assembly
and mobility, synapse elimination, and synaptic connectivity
have been demonstrated for all δ2-Pcdhs (Yasuda et al., 2007;
Tsai et al., 2012; Hoshina et al., 2013; Biswas et al., 2014;
Bassani et al., 2018; Light and Jontes, 2019; Lv et al., 2019).
While the role of cPcdhs in neuronal self-avoidance has been
extensively described (see sections above), nearly no information
is available for ncPcdhs in this context. Interestingly, removal
of the Pcdh17 cytoplasmic domain in zebrafish has been shown
to induce axon clumping in somatic motor neurons, but not
in spinal interneurons, pointing to cell-type specific roles in
fasciculation and guidance/targeting via ncPcdh-mediated
homotypic repulsion (Asakawa and Kawakami, 2018). Table 1

summarizes currently known roles of ncPcdhs in synapse,
dendrite, and axon development.

Roles of Pcdhs in Cancer
In addition to the expression of Pcdhs during (brain)
development, several tissues maintain expression of these
molecules at adult stages. While research into their exact
function at these stages is still in its infancy, they might regulate
cellular differentiation, tissue regeneration and maintenance.
Best studied in this regard is PCDH1 in lung epithelial cells
(Faura Tellez et al., 2015, 2016; Kozu et al., 2015). Consequently,
dysregulation of PCDH expression has been extensively
associated with multiple types of cancer. This reflects the wider-
scale relationship between oncogenesis and cadherin-mediated
cell adhesion, as members from other cadherin subfamilies are
known to be involved in tumor suppression or progression
(reviewed in detail by van Roy (2014). While most PCDH
genes are considered tumor suppressors, multiple exceptions
have been observed.

The epigenetic mechanisms governing the expression of
cPCDHs and their unique genomic organization render them
sensitive to long range epigenetic silencing (LRES). Indeed,
agglomerative hypermethylation of all three or individual cPCDH
clusters has been identified in breast cancer, cervical cancer,
colorectal cancers, uterine leiomyosarcoma and leiomyoma, and
in Wilms’ tumor (Novak et al., 2008; Dallosso et al., 2009,
2012; Miyata et al., 2015; Wang et al., 2015). Moreover, a vast
array of studies has identified individual PCDH downregulation
due to promoter hypermethylation or somatic aberrations (see
Table 2). The most frequently reported phenotypes resulting
from loss of PCDH expression are increased proliferation and
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TABLE 2 | Downregulation of Pcdh genes in cancer due to somatic aberrations (SA) or promoter hypermethylation (PH).

Organ reg. PCDH gene References

Bladder PH c GA12 Reinert et al., 2011

nc 8, 7, 17 Costa et al., 2011; Lin et al., 2014a; Wang X. B. et al., 2014

Blood PH c GA12, GB7 Shi et al., 2007; Taylor et al., 2007

nc 8, 10, 17 Ying et al., 2007; Leshchenko et al., 2010; Narayan et al., 2011; Li et al.,
2012b; Uyen et al., 2017

Brain PH c A8, A13, GC4, GA11 Waha et al., 2005; Abe et al., 2008; Zhang et al., 2011

both nc 10 Bertrand et al., 2011

SA nc 8, 9

Breast PH c GB6, B15 Miyamoto et al., 2005; Zhang et al., 2015

nc 1, 10, 17 Miyamoto et al., 2005; Vasilatos et al., 2013; Yin et al., 2016

both nc 8 Yu et al., 2008

Cervix and ovary PH nc 10 Narayan et al., 2009

SA nc 9 Shi et al., 2019

Colon and rectum PH c B3, GA7 Ye et al., 2018; Liu et al., 2019

nc 10, 17, 18 Hu et al., 2013; Zhong et al., 2013; Zhou D. et al., 2017

Esophagus, hypo-, and nasopharynx PH nc 8, 17, 20 Giefing et al., 2011; He et al., 2012; Chen et al., 2015

both nc 10 Ying et al., 2006

Kidney PH c B5 Xia et al., 2017

nc 8 Morris et al., 2011

Liver PH nc 10, 19 Ying et al., 2006; Fang et al., 2013; Zhang et al., 2018

both nc 9

SA nc 17, 20 Lv et al., 2015; Dang et al., 2016

Lung PH c GB6 Liu et al., 2018

nc 10, 17, 20 Imoto et al., 2006; Ying et al., 2006; Um et al., 2017

Muscle PH c A4 Tombolan et al., 2016

Pancreas PH c GA6, GB1, GB6 Vincent et al., 2011

nc 1, 8, 10, 11Y Vincent et al., 2011; Qiu et al., 2016

both c GC4 Jones et al., 2008; Vincent et al., 2011

nc 17 Jones et al., 2008; Vincent et al., 2011

SA c B2, B16, GA1, GA11 Jones et al., 2008

nc 9,18 Jones et al., 2008

Prostate and Testicle PH nc 10, 17 Li et al., 2011; Lin et al., 2014b

Stomach PH nc 8, 10 Yu et al., 2009; Zhang et al., 2012

both nc 17 Hu et al., 2013; Kang et al., 2013

SA c B1, GA9 Kang et al., 2013; Weng et al., 2018

nc 7 Chen H. F. et al., 2017

The clustered (c) and non-clustered (nc) PCDHs are grouped.

decreased apoptosis; however, considering that these processes
are the most commonly investigated in cancer, it is likely
that additional loss of function effects have been understudied.
Several signaling pathways have been linked to the regulation of
proliferation (Wnt/β-catenin signaling and Pi3K/AKT-signaling)
and apoptosis (NF-κB and DEPDC1-caspase signaling) by
PCDHs in cancer (Hu et al., 2013; Li et al., 2014; Chen et al.,
2015; Lv et al., 2015; Xu et al., 2015; Yang et al., 2016; Ye et al.,
2017; Zong et al., 2017). Less commonly reported consequences
of PCDH loss include increased migration/invasion, epithelial–
mesenchymal transition, angiogenesis, and resistance to drugs.
The signaling pathways that PCDHs utilize to regulate these
processes are still poorly understood (Li et al., 2012b; Zhu et al.,
2014; Chen et al., 2015; Lv et al., 2015). Loss of PCDH expression
in cancer is often an indicator of poor prognosis, either

directly as a result of metastasis, or indirectly through increased
resistance to drugs and apoptosis (see references Table 2).
Overall, downregulation of all classes of PCDHs in somatic cells
has been associated with cancer malignancy, supporting a role in
the control of cell survival, proliferation, and migration.

In contrast, some studies have correlated hypomethylation
leading to ectopic expression of specific PCDHs with cancer
progression, suggesting context-specific roles for these molecules.
Examples include PCDHB9 in gastric cancer, PCDHGC5 in
astrocytomas, and PCDH11Y in prostate cancer (Yang et al.,
2005; Mukai et al., 2017; Vega-Benedetti et al., 2019). The
mechanisms via which ectopic PCDH expression results in cancer
progression are insufficiently investigated, however, pathological
outcomes (e.g., metastasis, increased chance of relapse, drug
resistance) are comparable to those observed with loss of PCDH
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expression as described above (Yang et al., 2005; Mukai et al.,
2017; Vega-Benedetti et al., 2019). Intriguingly, expression of
PCDH7 and PCDH10, which are generally considered to be
tumor suppressor genes, has been proven necessary for the
tumorigenicity of non-small cell lung cancer and glioblastoma,
respectively (Echizen et al., 2014; Zhou X. et al., 2017). PCDH7
induces MAPK signaling in non-small cell lung cancer, and
its expression is associated with poor prognosis (Zhou X.
et al., 2017). Moreover, it has been hypothesized that PCDH11Y
expression might occur downstream of Relaxin, and its increase
could drive neuroendocrine transdifferentiation by activating the
Wnt signaling pathway (Yang et al., 2005; Thompson et al., 2010).

Taken together, it is clear that dysregulation of Pcdh
expression is extensively linked to tumor progression. However,
while several roles of Pcdhs in neuronal development have been
mechanistically dissected, most oncological studies have focused
on the characterization of PCDHs as potential biomarkers. The
molecular processes they mediate in cancer therefore remain
mostly unknown. In general, PCDHs seem to regulate cancer
cell proliferation, migration and/or apoptosis. Interestingly,
individual PCDH functions seem to be context-dependent, as
some PCDHs can be considered both tumor suppressors or
proto-oncogenes according to the type of cancer examined.

STRUCTURAL ASPECTS OF PCDH
INTERACTIONS

To fulfill different roles in neural circuit development and cancer,
Pcdhs engage in unique interactions with other cadherin motif-
containing molecules. According to the classical view, Pcdhs
interact homophilically in trans (apposing cell membranes) via
their extracellular cadherin motifs. Binding in trans has been
studied using cell aggregation assays in K562 cells. These cells
are non-adherent, lack endogenous expression of Pcdhs, and
provide an ideal system to study the effect of Pcdh expression
on adhesion behavior in cell aggregation assays. These assays
have been used to obtain qualitative readouts of trans interactions
and to quantitatively measure binding affinity, and have allowed
the discrimination between different adhesion levels and co-
aggregation patterns (Schreiner and Weiner, 2010; Thu et al.,
2014; Rubinstein et al., 2017; Bisogni et al., 2018). Combined
results from X-ray crystallography, bioinformatic modeling, cell
aggregation assays, and evolutionary correlations have further
revealed that trans homophilic interfaces are formed between
specific cadherin repeats.

Besides homophilic trans binding, cell aggregation assays,
solution biophysical measurements and X-ray crystallography
have shown that cPcdhs can engage in homotypic and heterotypic
dimers on the same cell membrane via cis interactions,
expanding the array of unique cell surface protein identities
(Schreiner and Weiner, 2010; Thu et al., 2014; Rubinstein
et al., 2015; Goodman et al., 2016a). Similar cis interactions
through the extracellular domains have not been found for
ncPcdhs (Harrison et al., 2020), but it cannot be excluded that
other domains (transmembrane or intracellular) mediate cis
interactions between these Pcdh members.

Both trans and cis interactions thus confer unique features
(adhesion and cell surface "barcoding", respectively), to Pcdh-
expressing cells, which might explain how less than 100
isoforms create the necessary variety for self-recognition and
neuronal wiring.

Trans Interactions
Clustered Pcdhs
Pcdhs interactions differ significantly from those occurring
between classical cadherins. Pcdhs are only partially dependent
on calcium for trans binding (Schreiner and Weiner, 2010);
moreover, cPcdhs lack a hydrophobic pocket and have fewer
glycosylation sites (Morishita et al., 2006; Schreiner and Weiner,
2010; Thu et al., 2014; Nicoludis et al., 2015; Rubinstein et al.,
2015). Analyses on γ-Pcdhs first identified the EC2 and EC3
domains (with EC1 being the most N-terminal cadherin domain)
as those mediating specificity in homophilic trans interactions
between Pcdhs (Schreiner and Weiner, 2010; Thu et al., 2014).
Among cPcdhs, only PcdhαC1 was found to not conform to
the homophilic adhesion rule, likely due to the absence of a
calcium binding motif in EC3 which might affect its structure
(Thu et al., 2014).

Trans homophilic interfaces are formed via EC1–EC4
antiparallel domain interactions in a head-to-tail orientation,
allowing binding of EC1 with EC4, and EC2 with EC3 (Nicoludis
et al., 2015). Single-domain mismatches between either EC4
and EC1 or EC2 and EC3 were shown to be sufficient in,
respectively, blocking trans dimerization or preventing co-
aggregation (Rubinstein et al., 2015).

Several studies examining the Pcdh adhesive interface
furthermore revealed that both its conformation and the
interaction preferences of interface-localized residues are
necessary for Pcdh binding specificity (Nicoludis et al., 2015,
2016; Cooper et al., 2016; Goodman et al., 2016a,b; Brasch et al.,
2019). Trans interaction specificity is mediated by the EC1–EC4
interface, whereas the EC2–EC3 interface contributes to a greater
extent to trans interaction affinity (Goodman et al., 2016b;
Nicoludis et al., 2019) (Figure 3).

Non-clustered Pcdhs
δ-PCDH are also characterized by homophilic interactions in
trans (Hoshina et al., 2013; Bisogni et al., 2018; Harrison
et al., 2020). Structurally, the trans-dimers formed by cPcdhs
and δ2-Pcdhs were proven to be quite similar. Indeed, X-ray
crystallography analyses revealed that two zebrafish Pcdh19
molecules on adjacent cells interact via a “forearm handshake”
involving EC1–EC4 domain binding (Cooper et al., 2016), and
that human PCDH1 proteins also homophilically dimerize in
an antiparallel manner through these domains (Modak and
Sotomayor, 2019). Cell/bead aggregation studies using Pcdh7
EC1-4 or Pcdh9 single deletion mutants demonstrated that EC1–
EC4 and EC2–EC3 interactions seem to confer, respectively,
dimer binding affinity and binding specificity (Bisogni et al., 2018;
Peng et al., 2018).

Moreover, aggregation assays performed on K562 cells showed
that, like for cPcdhs, the combinatorial expression of δ-Pcdhs
supports self-recognition; thus, cells presenting identical δ-Pcdhs
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FIGURE 3 | Depiction of hypothetical cPcdh-, ncPcdh-, and classical cadherin-mediated interactions between cell membranes. (A) cPcdhs interact to form a
zipper-like array consisting of matching cis homo- or heteromultimers on opposed surfaces, associating in trans via homophilic monomer binding. (B) δ1-Pcdhs form
trans homodimers and weaker trans heterodimers. δ2-Pcdhs also form trans homodimers, and might further associate with classical cadherins (e.g., N-cad),
potentially through the transmembrane domain. Whether ncPcdh interact in cis through the transmembrane or intracellular domain is unknown.

surface combinations aggregate, while cells expressing different
δ-Pcdhs segregate. These coaggregation experiments also
revealed that combination mismatches lead to three aggregation
types (“intermixing”, “interfacing”, and “segregating”) defined
by a high, medium, or low number of shared cell boundaries,
respectively. Furthermore, centrifugation-based aggregation
assays indicated that different δ-Pcdhs have distinct adhesive
affinities. These characteristics, as well as the relative surface
expression of diverse δ-Pcdhs, determine the overall cell
adhesive activity, which is ultimately reflected in a particular
co-aggregation behavior (Bisogni et al., 2018). Interestingly,
intermediate aggregation modes with incomplete Pcdh surface
repertoire matching have been only reported so far for δ-Pcdhs.
In line with this evidence, weak trans heterophilic interactions
have been shown to occur within the subfamilies of human
δ1- and δ2-Pcdhs, although these seem subtype-specific and
more prevalent between different δ1-Pcdhs rather than δ2-Pcdhs
(Figure 3) (Harrison et al., 2020).

Cis Interactions
Clustered Pcdhs
Cis interactions between cPcdhs are mediated via the extracellular
domain and, in contrast to trans associations, are highly
promiscuous between distinct members of the α-, β-, and γ-Pcdh
clusters (Han et al., 2010; Schalm et al., 2010; Schreiner and
Weiner, 2010; Thu et al., 2014; Rubinstein et al., 2015). These
interactions also ensure proper delivery of α-Pcdh isoforms to
the cell surface, as cis binding with β- and/or γ-Pcdh through the
EC6 domain is crucial in this context (Thu et al., 2014; Rubinstein
et al., 2015).

Additionally, cPcdhs cis multimerization allows the
establishment of new homophilic specificities in trans (Schreiner
and Weiner, 2010; Goodman et al., 2016b). Cis multimers can
form independently of trans interactions through EC6 domains
with an affinity comparable to EC1–EC4-mediated trans binding
(Rubinstein et al., 2015). One recent study described the crystal
structure of a PcdhγB7 cis homodimer as a model for cis
cPcdh interactions. This analysis demonstrated that interfacing
occurs asymmetrically between EC5 and EC6 domains of one
molecule and the EC6 domain of the other, and suggested that
cPcdh surface expression requires dimerization. As α-Pcdhs
cannot dimerize, they can only provide the EC5-6 side of the
dimer interface. This likely explains why α-Pcdhs necessitate
heterodimerization with a carrier Pcdh for cell surface delivery
(Goodman et al., 2017).

Non-clustered Pcdhs
Evidence for inter-ncPcdhs cis binding came first from studies on
Xenopus paraxial protocadherin (PAPC/Pcdh8). PAPC molecules
were shown to form cis homodimers via ECD-located cysteine
residues, and these interactions were proven to be essential for
proper PAPC trafficking, maturation, and function (Chen et al.,
2007). Pcdh19 interactions in homo- or heterodimers were also
demonstrated via K562 cell assays, and cis binding disruption
was suggested to underlie the developmental abnormalities
characterizing epilepsy and intellectual disability linked to
females (EFMR) (Pederick et al., 2018). However, recent
structural evidence obtained from the investigation of δ-Pcdhs
in solution was not able to substantiate any ECD-mediated cis
interactions. Moreover, no conservation of cis-interface motifs
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characterizing cPcdh ECDs was found in δ-Pcdhs, thereby ruling
out cPcdh-like cis-interactions through the ECD for δ-Pcdhs
(Harrison et al., 2020). The observed cis interactions between
Pcdh19 with other δ2-Pcdhs in K562 cells might therefore rely
on transmembrane or ICD interactions (Figure 3).

Clustered Pcdh Zipper Arrays
Orchestrate Cell–Cell Interactions
Cis associations across cPcdhs can generate structural elements
necessary for trans Pcdh binding, which contributes to neuronal
self versus non-self discrimination. Depending on the context,
the interplay of these interactions can lead to cell–cell
adhesion or repulsion.

Several lines of evidence including computational modeling,
cell aggregation, X-ray crystallography, and cryo-electron
tomography data indicate that cPcdhs establish one-dimensional
zipper-like structures by simultaneously engaging in cis and trans
interactions. These complexes emerge when a cPcdh cis dimer
binds two other dimers in trans, thereby forming a lattice unit;
multiple units can then linearly assemble in long arrays to bring
together adjacent cell surfaces (Rubinstein et al., 2015; Goodman
et al., 2017; Brasch et al., 2019) (Figure 3A). According to this
interaction mechanism model, known as the “isoform mismatch
chain termination” model, one isoform mismatch within the
zipper assembly is sufficient to stop the linear propagation of
lattice units, and therefore impair contact-induced repulsion.
Thus, this model explains how differential expression and
surface display of 58 cPcdhs can sustain the molecular diversity
required for neuronal barcoding, self/non-self discrimination,
and self-avoidance (Rubinstein et al., 2015, 2017).

Recent evidence indicated that formation of adhesive zipper-
like complexes by ncPcdhs is less likely to occur. In solution,
δ-Pcdhs have been observed to generate dimers, but not
oligomers. Moreover, conserved key residues required for cis
interaction in cPcdhs (Goodman et al., 2016b, 2017) were found
to be missing in δ-Pcdhs. In addition, when δ-Pcdhs ECDs
were attached to liposomes to visualize intermembrane adhesion,
high concentrations of trans dimers were observed between
membranes. However, the typical ordered-lattice periodicity
previously observed for cPcdhs (Brasch et al., 2019) was in this
case absent (Harrison et al., 2020).

An Overarching Interaction Model
Involving Classical Cadherins and
ncPcdhs
Aggregation experiments showed that K562 cells co-expressing
Pcdh7 and Pcdhb11 either segregate or interface with Pcdhb11-
positive cells according to the ratio of expression between the
two Pcdhs. The fact that ncPcdhs can modulate the aggregation
strength of cPcdhs suggested the formation of heteromeric Pcdh
complexes that mediate cell recognition (Bisogni et al., 2018).
Although recent structural studies did not observe any cross-
family interactions between cPcdhs and δ-Pcdhs, the surface
plasmon resonance binding studies used extracellular EC1-4
and might have missed cis interactions occurring through other
domains (Harrison et al., 2020). Hence, whether fine tuning of

adhesion versus repulsion via Pcdh dosage regulation observed
in cells coexpressing Pcdh7 and Pcdhb11 involves cis interactions
between these Pcdhs remains to be studied.

Adhesive properties of Pcdh are also affected by classical
cadherins, and some ncPcdhs were demonstrated to bind in
cis with these molecules, although the exact domains required
for these interactions remain unknown. The Xenopus Pcdh8
paralog PAPC is able to regulate the adhesion activity of the
classical cadherin C-cad; however, whether this function is
mediated by direct cis binding has yet to be proven (Chen
and Gumbiner, 2006). In cultured rat hippocampal neurons,
the cis association between Pcdh8 and N-cadherin (N-cad,
Cdh2) through the transmembrane domain regulates N-cad
endocytosis. In addition, cadherin 11 (Cdh11) was also found
to associate with Pcdh8 (Yasuda et al., 2007). Moreover, genetic
dissection of neural progenitor patterning in zebrafish indicates
the reliance of this process on an adhesive code formed by N-cad,
Cdh11, and Pcdh19 (Tsai et al., 2019). In zebrafish, N-cad and
Pcdh19 or Pcdh17 interact in cis, potentially also through the
transmembrane domain. In this case, the mediator of homophilic
interactions is likely to be Pcdh19, whereas N-cadherin might be
required as a cis-cofactor to achieve Pcdh-mediated cell adhesion
(Biswas et al., 2010; Emond et al., 2011).

Evidence supporting cis interactions between classical
cadherins and cPcdhs is currently scarce. Overexpression of
cPcdhs and N-cad in K562 cells was shown to result in strong
aggregation mediated by trans homophilic binding involving
either cPcdh or N-cad molecules, and provided no evidence of cis
interactions between these groups (Thu et al., 2014). However,
one co-immunoprecipitation study has revealed that γ-Pcdhs
can associate with R-cadherin (Cdh4) and N-cad, suggesting
that these particular interactions might occur in specific contexts
(Han et al., 2010).

Figure 3 synthesizes our current knowledge on Pcdh-
mediated trans and cis interactions. Figure 3A depicts the
zipper array model of cPcdh interaction (Brasch et al., 2019)
combined with promiscuous cis associations between clusters
(Schreiner and Weiner, 2010; Thu et al., 2014; Goodman et al.,
2017). The recently described trans homophilic and subfamily,
dependent heterophilic binding dynamics between δ-Pcdhs
(Harrison et al., 2020) are illustrated in Figure 3B together with
the putative interaction of δ2-Pcdhs with N-cad. Considering
all available evidence regarding the association between ncPcdhs
and classical cadherins, it can be hypothesized that ncPcdhs
might contact classical cadherins in a context-dependent manner
(Figure 3B). Indeed, other cadherin members such as Cdh11
could participate in such a complex through interaction with
N-cad (Tsai et al., 2019).

How these interactions translate to specific Pcdh-associated
functions is still a matter of debate. The regulation of self-
avoidance by cPcdhs has been attributed to extracellular
contact-mediated repulsion. While the “isoform mismatch chain
termination” model relates mismatches to smaller homophilic
interaction interfaces (Rubinstein et al., 2015), this model might
seem counterintuitive, as larger adhesive trans interactions are
linked to repulsion instead of adhesion. What precisely triggers
the repulsive signaling downstream of zipper-like cPcdh array
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formation is unknown. Besides, it is also still unclear how δ-Pcdh
signaling might induce repulsion, as observed in abducens motor
neurons. In this case, expression of Pcdh17 lacking its ICD caused
axonal clumping, indicating that the ICD transduces the repellent
signal (Asakawa and Kawakami, 2018).

In the traditional view, homophilic trans interaction involving
cadherins, including Pcdhs, results in adhesion, which is
supported by the observation that interaction with classical
cadherins strengthens the adhesive character (Tsai et al.,
2019). Intriguingly, cPcdh homophilic binding could translate
to adhesion for specific cell types as well, as reducing cell-
surface Pcdh repertoire diversity to one γ-Pcdh isoform in
cortical neurons appears to stabilize matching and disrupt
non-matching neuron–neuron and neuron–astrocyte contacts
in vitro and in vivo, resulting in enhanced or reduced
dendritic arborization, respectively (Molumby et al., 2016). In
conclusion, the consequences of Pcdh-mediated interactions
from a cell adhesion perspective seem highly dependent on
the cellular (specific cell type) and molecular (Pcdh type
and subdomain characteristics) context. The elucidation of
the molecular mechanisms downstream of Pcdh interaction
therefore represents an important and exciting research avenue
for future studies.

SIGNALING DOWNSTREAM OF PCDHS

Pcdhs interact with a range of molecules to regulate diverse
downstream signaling pathways. The following sections will
discuss molecular subdomains of Pcdhs mediating these
interactions, their known intracellular partners, and downstream
signaling pathways, emphasizing the link between different
molecular networks and specific Pcdh-associated functions.

The Pcdh Cytoplasmic Tail
The ICD of Pcdhs is known to play a crucial role in the
activation of downstream signaling cascades including Wnt,
WAVE, apoptotic, and trafficking pathways. While some of these
signaling events depend on the cooperative action of multiple
Pcdhs, others seem to be unique to specific Pcdhs. The α-Pcdh
constant exons generate three alternative splice isoforms with
either a short (B-isoform), a long (A-isoform), or no (O-isoform)
ICDs (Sugino et al., 2000). These diverse cytoplasmic domains
seem to have distinct functions, as mice with downregulated or
truncated A-isoforms show abnormalities in fear conditioning
and spatial working memory, whereas no phenotype can be
observed in mice lacking the B-isoform (Fukuda et al., 2008).
Within the γ-Pcdh cluster, PcdhγC3, which possesses a shorter
cytoplasmic tail, is the sole isoform able to interact with and
inhibit Axin1, a Wnt pathway activator (Wu and Maniatis, 1999;
Mah et al., 2016).

The cytoplasmic domains of the δ-Pcdhs differ from those
of the cPcdhs and are subject to alternative splicing, which
creates a larger molecular diversity in ncPcdh ICDs. Intra-exonic
splicing was observed for several δ-Pcdh genes (Wu and Maniatis,
1999; Redies et al., 2005; Vanhalst et al., 2005). Alternative
splicing of Pcdh8 mRNA leads to the production of two isoforms

differentially expressed in the nervous system (Makarenkova
et al., 2005). In the embryonic mouse brain, isoforms with
variable cytoplasmic tail lengths have been reported for Pcdh1,
Pcdh7, and Pcdh11X (Sano et al., 1993; Yoshida and Sugano,
1999; Yoshida et al., 1999; Kim et al., 2007; Redies et al., 2008).
Specific roles have been attributed to domains within the ICD;
for instance, studies have shown that the CM2 domain of Pcdh7
mediates apoptosis in mouse primary cortical neurons, and that
only the short isoform of rat Pcdh8 can induce N-cad endocytosis
(Yasuda et al., 2007; Xiao et al., 2018).

Several ICD interacting proteins known to be associated with
a range of signaling pathways have been identified for all types of
Pcdhs (for an overview and references see Table 3). Elucidating
the structures of all ICDs, their molecular interactors, and the
associated downstream pathways is essential to understand the
diverse functions of different Pcdhs.

Proteolytic Processing of Pcdhs as a
Potential Signaling Mechanism
Proteolytic processing is an important transduction mechanism
for type I classical cadherins, such as N-cad and epithelial
cadherin (Marambaud et al., 2002; Maretzky et al., 2005; Reiss
et al., 2005; Symowicz et al., 2007; Jang et al., 2011; Conant et al.,
2017). ICD cleavage and subsequent nuclear translocation might
also be a general characteristic of Pcdh-dependent signaling, as
multiple studies have shown nuclear ICD localization for several
Pcdhs (e.g., PcdhγC3, PcdhγC5, Pcdhα4, and Pcdh1α). Here, we
present a brief overview of the different steps involved in the
proteolytic processing and intracellular transport of the Pcdh ICD
which may mediate specific Pcdh functions (Figure 4).

Shedding
Ectodomain shedding, whereby the ECD is cleaved by
matrix metalloproteinases (MMPs) such as disintegrin and
metalloproteinase domain-containing protein 10 (ADAM10)
(Figure 4), was described for cPcdhs (PcdhγC3 and Pcdhα4)
and ncPcdhs (Pcdh12) (Reiss et al., 2006; Buchanan et al.,
2010; Bouillot et al., 2011). Additionally, shedding of PcdhγC3
and Pcdh12 was shown to be regulated by, among others,
calcium-dependent and protein kinase C-mediated pathways
(Reiss et al., 2006; Bouillot et al., 2011). Endocytosis prior to
shedding is required for Pcdhα4, as blocking of endocytosis
prevented shedding (Buchanan et al., 2010). PcdhγC3 ECD
shedding by ADAM10 can be increased through the activation
of glutamate receptors via α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) stimulation, suggesting that
neuronal activity can too regulate shedding. Furthermore,
PcdhγC3 ECD shedding could be involved in the regulation
of cell adhesion, as its inhibition increases cell aggregation
(Reiss et al., 2006).

Cleavage
Pcdh ICD cleavage occurs at the TM level subsequently to
shedding, and is mediated by the γ-secretase complex via its
catalytic component presenilin (Reiss et al., 2006; Buchanan et al.,
2010) (Figure 4A). This process might be regulated by cis and
trans interactions between Pcdhs. For instance, the formation
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TABLE 3 | Known cytoplasmic domain interactors of Pcdhs.

Pcdh Pathway/role Interactor References

α WAVE FAK Chen et al., 2009

Pyk2

WAVE Chen et al., 2014

γ WAVE FAK Chen et al., 2009

Pyk2

PKC Keeler et al., 2015b

WNT Axin1 Mah et al., 2016

GABA γ2-GABAAR Li et al., 2012a

Apoptosis PDCD10 Lin et al., 2010

Calcium signaling CAMKP Onouchi et al., 2015

δ1 Synaptic plasticity PP1α Yoshida et al., 1999; Vanhalst et al., 2005

Differentiation Taf1 Heggem and Bradley, 2003

TGF-β Smad3 Faura Tellez et al., 2015

δ2 WAVE Nap1 Nakao et al., 2008; Tai et al., 2010; Biswas et al., 2014

Cyfip2 Tai et al., 2010

WAVE Chen et al., 2014

WNT C2kβ Kietzmann et al., 2012

Nlk1 Kumar et al., 2017

GABA α1-GABAAR Bassani et al., 2018

Migration Dab1 Homayouni et al., 2001

Neurosteroids NONO Pham et al., 2017

Synaptic endocytosis TAO2β Yasuda et al., 2007

FIGURE 4 | Pcdh proteolytic processing. (A) The proteolysis of Pcdhs and the potential translocation of their ICDs can be described as a three-step process. First,
shedding by MMPs (e.g., ADAM10) releases the ECD, leaving a transmembrane C-terminal fragment (CTF1). Second, CTF1 is then cleaved by γ-secretase at the
TM level to produce a soluble fragment, CTF2. Third, CTF2 (i.e., the ICD) interacts with cytoplasmic proteins and can be degraded or translocated to the nucleus,
where it might participate in regulating gene expression. (B) cPcdhs interact at the membrane creating a zipper array characterized by alternate cis-trans binding.
This stable complex might prevent proteolysis by making domains targeted by MMPs and γ-secretases inaccessible.

of cPcdh zipper arrays at the cell membrane could impede
proteolysis by ADAM10 and γ-secretase (Figure 4B) (Hambsch
et al., 2005; Brasch et al., 2019). The progressive reduction of

Pcdh cleavage during neuronal differentiation, which comprises
a gradual increase in Pcdh–Pcdh interactions, supports this
hypothesis (Buchanan et al., 2010).
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Nuclear Translocation
After release by cleavage, the ICD can translocate to the nucleus
to regulate gene expression, be intracellularly trafficked within the
endosomal system, or be degraded by the proteasome (Phillips
et al., 2003; Haas et al., 2005; Fernández-Monreal et al., 2009;
Hanson et al., 2010; Bouillot et al., 2011; O’Leary et al., 2011;
Shonubi et al., 2015) (Figure 4A). While nuclear localization
was substantiated for γ- and α-Pcdhs (Haas et al., 2005; Bonn
et al., 2007; Emond and Jontes, 2008), the target genes or nuclear
interactions of Pcdh ICDs are so far poorly characterized.

Regarding γ-Pcdhs, Ca2+/calmodulin-dependent protein
kinase phosphatase (CaMPK) was shown to bind to PcdhγC5
and inhibit the nuclear translocation of the PcdhγC5 ICD.
Once in the nucleus, the γ-Pcdh ICD was suggested to mediate
autoregulatory γ-Pcdh expression processes by binding to the
γ-Pcdh locus (Hambsch et al., 2005).

Among ncPcdhs, the ICD of human Pcdh FAT1 was found to
translocate to the nucleus owing to a juxta-membrane nuclear
translocation signal (NLS) (Magg et al., 2005). Moreover, the
PCDH19 ICD, which contains several predicted NLSs, was shown
to nuclearly localize and interact with the nuclear paraspeckle
protein NONO in human cell lines (Pham et al., 2017).

Endosomal/Lysosomal Trafficking
Studies have shown that Pcdhs can be found in presynaptic
and postsynaptic endosomal vesicles. Pcdhs can also regulate
intracellular trafficking of synapse-associated proteins. For
instance, Pcdh8 was demonstrated to associate with N-cad and
induce its endocytosis at synapses, while Pcdh10 was shown to
mediate associations between PSD-95 and the proteasome to
initiate PSD-95 degradation (Yasuda et al., 2007; Tsai et al., 2012;
Chal et al., 2017).

In the case of cPcdhs, evidence highlights the importance
of the ICD for endosomal trafficking. For instance, the ICD
of α-Pcdhs was found to interact with the endosomal sorting
complex required for transport (ESCRT) in undifferentiated
neuronal cells (Buchanan et al., 2010). Moreover, the ICD
of γ-Pcdhs was demonstrated to be required for intracellular
trafficking and cell surface delivery of these Pcdhs, and a
conserved 26–residue ICD segment, known as the variable
cytoplasmic domain (VCD) motif, was proven to be crucial for
endolysosomal targeting (Fernández-Monreal et al., 2009, 2010;
O’Leary et al., 2011; Shonubi et al., 2015). Furthermore, it was
shown that colocalization of γ-PcdhA and γ-PcdhB isoforms
with the endolysosomal markers autophagy protein LC3 and
lysosome associated membrane protein 2 (LAMP-2) are ICD-
dependent (Buchanan et al., 2010; Hanson et al., 2010). Initially,
Pcdhs that do not engage in trans binding at the synaptic
membrane were postulated to be endocytosed and stored in
intracellular organelles to be eventually recycled (Phillips et al.,
2003; Jontes and Phillips, 2006; Fernández-Monreal et al., 2010).
Later, cPcdh trafficking was speculated to be involved in self-
avoidance. According to the latter hypothesis, cPcdh-mediated
matching between cell surfaces might induce endolysosomal
trafficking of adhesive molecules, leading to the transition from
transmembrane adhesion to detachment (Phillips et al., 2017;
LaMassa et al., 2019).

WAVE Regulatory Complex (WRC)
Signaling
The actin cytoskeleton is dynamically remodeled during
neurobiological processes such as neuronal migration, axon
outgrowth and function, and dendritic spine formation and
plasticity (Marín et al., 2010; Kevenaar and Hoogenraad,
2015; Spence and Soderling, 2015). Actin cytoskeletal dynamics
are regulated by the WAVE regulatory complex (WRC),
a heteropentameric complex consisting of Wiskott-Aldrich
syndrome protein family verprolin-homologous protein 1
(WAVE1), cytoplasmic FMR1-interacting protein 1 (CYFIP1),
Nck-associated protein (Nap1), Abelson-interacting protein 2
(Abi2) and hematopoietic stem/cell progenitor protein 300
(HSPC300); orthologs of these proteins can also function as
substitute components. The WRC acts on the cytoskeleton
by controlling Arp2/3 complex-mediated actin assembly (Chen
et al., 2010). Several cPcdhs and ncPcdhs are involved in the
activation of the WRC, which in turn stimulates the formation
of F-actin (Nakao et al., 2008; Chen et al., 2009; Tai et al., 2010;
Garrett et al., 2012; Suo et al., 2012; Biswas et al., 2014; Hayashi
et al., 2014; Fan et al., 2018) (Figure 5).

cPcdhs Inhibit Cell Adhesion Kinases, and Can
Recruit WRC Proteins
cPcdhs can regulate the activity of cytoskeletal regulators such
as Pyk2, focal adhesion kinase (FAK), and Rho-GTPases (e.g.,
Rac1) in processes such as dendritic arborization (α-, γ-Pcdhs)
and cortical neuron migration (α-Pcdhs) by binding through
their cytoplasmic tails (Figure 5). This binding inhibits the kinase
activity, thus resulting in the activation of Rho GTPases capable of
modulating neuronal cytoskeletal reorganization via both WRC-
and non-WRC-mediated mechanisms (Chen et al., 2009; Garrett
et al., 2012; Suo et al., 2012; Fan et al., 2018).

In γ-Pcdh-deficient mice defective dendritic arborization is
the result of elevated phosphorylation of myristoylated alanine
rich protein kinase C substrate (MARCKS). In the absence
of γ-Pcdhs, FAK is activated through autophosphorylation.
FAK in turn phosphorylates and activates protein kinase C
(PKC) and phospholipase C (PLC). Active PKC phosphorylates
MARCKS, leading to its dissociation from the membrane and
actin (Hartwig et al., 1992), and consequently to a decrease in
arbor complexity (Garrett et al., 2012). Additionally, PKC can
contribute to the negative regulation of dendritic arborization by
phosphorylating the ICD of γ-Pcdhs and allowing FAK release
(Keeler et al., 2015b).

The ICD of α-Pcdhs was found to not only regulate dendritic
morphology, but also to control cortical radial migration by
inhibiting the autophosphorylation of Pyk2, and by recruiting
the WRC via its WAVE interacting receptor sequence (WIRS)
(Chen et al., 2009; Garrett et al., 2012; Suo et al., 2012; Fan
et al., 2018). This WIRS motif is present and highly conserved
in several other Pcdhs, including Pcdh10, Pcdh17, Pcdh18b, and
Pcdh19 (Chen et al., 2014). Aberrant dendritic development
and spine morphogenesis have also been connected to loss of
α-Pcdhs. When α-Pcdhs are present, Pyk2 autophosphorylation
is prevented, thus Rac1 is phosphorylated and activates the WRC;
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FIGURE 5 | Pcdh interactions with cell adhesion kinases and the WRC. cPcdhs can regulate the WRC complex by inhibiting autophosphorylation of both tyrosine
kinase Pyk2 and focal adhesion kinase FAK. In the absence of γ-Pcdhs, FAK activates by autophosphorylation and phosphorylates protein kinase C (PKC). PKC
phosphorylates myristoylated alanine rich protein kinase C substrate (MARCKS), which displaces MARCKS from the cell membrane and thus impairs their actin
binding activity. In the presence of cPcdhs, inactive Pyk2 cannot inhibit Rac1 phosphorylation. Subsequently, Rac1 GTPase binds the WRC complex and triggers
actin polymerization via the Arp2/3 complex. cPcdhs and ncPcdhs can as well directly recruit WRC components. For instance, δ2-Pcdhs can bind to Nap1,
activating GTPases that positively regulate Arp2/3-driven actin polymerization.

ultimately, this influences the formation of lamellipodial and
filopodial protrusions (Chen et al., 2009; Garrett et al., 2012; Suo
et al., 2012; Fan et al., 2018).

ncPcdhs Recruit Nap1 and Other WRC Components
Nap1 is a core component of the WAVE complex and an
important actin regulator (Chen et al., 2010). Several δ2-Pcdh
ICDs (10, 17, 18b and 19) bind Nap1 through a conserved binding
site, enabling δ2-Pcdh to regulate actin dynamics (Nakao et al.,
2008; Tai et al., 2010; Biswas et al., 2014; Hayashi et al., 2014).

The interaction of δ2-Pcdhs with Nap1 plays a role in axon
development. In deletion models, defects in axon initiation,
outgrowth, pathfinding and branching have been reported in
zebrafish motor neurons, mouse striatal axons, and Xenopus
retinal ganglion cells (RGCs) (Uemura et al., 2007; Nakao et al.,
2008; Piper et al., 2008; Biswas et al., 2014). The influence of
these interactions on growth cone dynamics are exemplified by
Pcdh17-expressing amygdala neuronal projections. Pcdh17 ICD
can associate with Nap1, WAVE1 and Abi1, and recruit the WRC
at inter-axonal contact sites. Additionally, Pcdh17 can recruit
Lamellipodin (LPD)/MIG10 and Ena/VASP proteins via Nap1 to
these sites, facilitating growth cone migration along other axons
and thereby supporting collective axon extension. The GTPase
Rac seems to be necessary for the recruitment of Nap1 by Pcdh17
ICD, as Rac inhibition blocks Nap1 and VASP agglomeration at
contact sites (Hayashi et al., 2014). Rac is proposed to bind and
regulate LPD interaction with the WRC and recruit Ena/VASP

proteins to facilitate actin filament elongation (Pula and Krause,
2008; Law et al., 2013; Krause and Gautreau, 2014).

NcPcdh interactions with the WRC can also regulate cell
migration processes. For instance, the Pcdh10 ICD can recruit
Nap1 and WAVE1 to cell-cell contacts, and was shown to
stimulate cell migration in human astrocytoma cells via F-actin
and N-cad reorganization at contact sites (Nakao et al., 2008).

Thus, while cPcdhs facilitate Rho GTPases-mediated
cytoskeletal reorganization principally by inhibiting cell
adhesion kinases, ncPcdhs directly bind WRC components,
which then promotes actin polymerization through actin
regulators (Figure 5).

Synaptic Regulatory Pathways
Pcdh8 is implicated in the control of dendritic spine density.
Upon cis binding of Pcdh8 to N-cad, Pcdh8 ICD activates the
MAP kinase (MAPK) TAO2β. This in turn activates MEK3 which
then phosphorylates p38. p38 feedback signaling on TAO2β

results in the synaptic endocytosis of N-cad and Pcdh8. Through
this pathway, Pcdh8 was shown to downregulate the number of
dendritic spines in rat hippocampal neurons (Yasuda et al., 2007)
(Figure 6A).

Pcdh10 appears necessary for synapse elimination in the
central nervous system. In cultured cortical and hippocampal
neurons, Pcdh10 was found to act downstream of the
transcription factor MEF2 to associate ubiquitinated PSD-95 with
the proteasome (Tsai et al., 2012) (Figure 6B).
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FIGURE 6 | Pcdh dendritic spine and synaptic regulatory pathways. (A) Upon cis binding of Pcdh8 to Ncad, MAPK (TAO2β) is activated. A phosphorylation cascade
subsequently activates MEK3 and p38. P38 phosphorylates TAO2β which results in synaptic endocytosis of Pcdh8/Ncad cis complex. (B) Pcdh10 acts downstream
of MEF2 which initiates the transcription of MDM2. Once MDM2 ubiquitinates PSD-95. Pcdh10 can bind to the latter binds and associates it to the proteasome
leading to synapse elimination. (C) γ-Pcdhs negatively regulate dendritic spine density by inhibiting the binding of Neuroligin1 (NLg1) to Neurexin1β. (D) The ICDs of
Pcdh19 and PcdhγC5 interact, respectively, with GABAA receptor (GABAAR) subunits α1 and γ2, respectively, and stabilize the membrane expression of the
GABAAR subunits.

As mentioned above, binding of α-Pcdh ICD to Pyk2
positively regulates spine morphogenesis (Suo et al., 2012).
γ-Pcdhs instead negatively regulate cortical spine morphogenesis

via cis interaction with Neuroligin-1 (Nlg1). This binding was
shown to block the interaction of Nlg1 with Neurexin1β,
thus inhibiting the Nlg1-mediated presynaptic differentiation
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and promotion of dendritic spine density in cultured cortical
neurons (Molumby et al., 2017). In contrast, another study
provided evidence for positive synaptogenesis regulation by
γ-Pcdhs. However, this analysis was performed in spinal cord
interneurons and in combination with astrocytes, which might
have contributed to synaptogenesis through Pcdh-mediated
homophilic binding (Garrett and Weiner, 2009) (Figure 6C).

PcdhγC5 and Pcdh19 ICD interact in cis with GABAA
receptor (GABAAR) subunits γ2 and α1, respectively. Both Pcdhs
regulate membrane expression of the GABAAR subunits, possibly
by facilitating their trafficking to the cell surface (Li et al.,
2012a; Bassani et al., 2018) (Figure 6D). Recently, a model
for Alzheimer’s Disease (AD) was postulated whereby PcdhγC5
could increase inhibitory neurotransmission by enhancing
synaptic GABAergic signaling and thus counterbalance the
hyperexcitation caused by β-amyloid plaques (Li et al., 2017).
Taken together, these findings suggest the involvement of several
Pcdhs in synaptic transmission, although their specific action
mechanisms in this context remain to be further examined.

Apoptotic Pathways
Protocadherins as Antagonists of Oncogenic
Proliferation
PCDH10 is a tumor suppressor gene that reduces cell
proliferation in hepatocellular carcinoma (HCC), and can
induce cancer cell apoptosis via several routes. First, PCDH10
can negatively regulate the PI3K/Akt signaling pathway, resulting
in tumor suppressor gene 53 (p53) degradation (Zhao et al.,
2014; Ye et al., 2017). Second, PCDH10 can induce apoptosis
by inhibiting the NF-κB pathway, thus reducing anti-apoptotic
proteins such as B-cell lymphoma (Bcl)-2 and survivin (Li et al.,
2014). PCDH10 expression blocks NF-κB phosphorylation and
nuclear translocation via IκB kinase (IKK) inhibition, hence
preventing NF-κB constitutive activation. Third, PCDH10 can
directly activate caspases to trigger apoptosis (Li et al., 2014; Yang
et al., 2016).

Furthermore, PCDH9 was shown to act as a tumor suppressor
by eliciting apoptosis and G0/G1 cell cycle arrest in glioma cells.
In these cells, PCDH9 expression, respectively, upregulated and
downregulated the synthesis of BAX and BCL-2 (Wang C. et al.,
2014). Similarly, in gastric cancer cells PCDHGA9 overexpression
induced apoptosis, cell cycle arrest, and autophagy. In this case,
PCDHGA9 blocked TGF-β-induced epithelial-mesenchymal-
transition (EMT) by inhibiting SMAD2/3 phosphorylation and
nuclear translocation (Weng et al., 2018). In colorectal cancer
restoring PCDH17 expression was found to enhance apoptotic
pathway activation, and to induce autophagy by upregulating
autophagic proteins such as Atg-5 and LC3BII (Hu et al., 2013).

In conclusion, current evidence suggests that several
Pcdhs mediate pro-apoptotic functions through different
signaling pathways.

Dosage of Pcdhs in Relation to Apoptosis in the Brain
In the developing brain both loss and overexpression of Pcdhs can
elicit neuronal apoptosis. Therefore, the maintenance of proper
Pcdh levels is crucial to preserve the balance between neuronal
death and survival.

Excessive Pcdh7 causes primary cortical neuron apoptosis via
downregulation of the apoptotic inhibitor survivin (BIRC5), and
effect that is mediated by the cytoplasmic CM2 domain of Pcdh7
(Xiao et al., 2018).

Contrarily, in the absence of γ-Pcdhs Pyk2
autophosphorylates and accumulates in the cells, triggering
their death (Chen et al., 2009). In addition, the γ-Pcdh ICD
interacts with the intracellular adaptor protein programmed cell
death 10 (PDCD10), and PDCD10 depletion attenuates chicken
spinal neuron apoptosis caused by knockdown of γ-Pcdhs,
implicating PDCD10 as an inducer of apoptosis downstream of
these cPcdhs. In this context, γ-Pcdhs might protect neurons
from apoptosis by sequestering PCDC10. Moreover, PDCD10
and Pyk2 cooperate to mediate the γ-Pcdhs-induced neuronal
apoptosis (Lin et al., 2010).

Recently, γ-Pcdhs-deficient cINs were shown to have reduced
phosphorylated serine-threonine kinase (AKT) levels. Numerous
anti-apoptotic/pro-survival actions have been attributed to the
PI3K-AKT pathway (Brunet et al., 2001), and cytoplasmic
phospho-AKT is known to act as an anti-apoptotic factor. As loss
of γ-Pcdhs increased apoptosis in cINs, γ-Pcdhs appear to have a
role in cIN survival mediated by AKT (Carriere et al., 2020).

Overall, regulating Pcdh surface expression appears to be
important for neuronal survival. Neuronal apoptosis is induced
by ncPcdh overexpression or cPcdh loss. In oncogenesis, most
Pcdhs seem to have a tumor suppressor function, as for
several cancer types their downregulation [with the exception of
PCDHB9 (Mukai et al., 2017; Sekino et al., 2019), and PCDH9
(Robbins et al., 2018)] correlates with tumor survival. Taken
together, the precise dosage control of Pcdhs might therefore be
crucial for cell survival in different contexts.

Wnt Canonical and Non-canonical
Signaling
Wnt signaling is a powerful regulator of cell proliferation
and differentiation, and is crucially involved in cell fate
determination, cellular migration, cellular polarity, organ
morphogenesis, and correct tissue patterning during embryonic
development (Logan and Nusse, 2004; Klaus and Birchmeier,
2008; MacDonald et al., 2009; Petersen and Reddien, 2009;
Clevers et al., 2014; Sedgwick and D’Souza-Schorey, 2016; Garcin
and Habib, 2017; Steinhart and Angers, 2018). Pcdhs have been
mostly linked to canonical β-catenin-dependent, but also to
non-canonical Wnt signaling.

The Relation Between Pcdh and Wnt β-catenin
Signaling
Over the last decade, evidence suggestive of a functional
relationship between the Wnt signaling pathway and Pcdhs has
been collected from a variety of studies. Intriguingly, the effect
of Pcdh expression on Wnt signaling seems to be Pcdh- and
context-dependent. The relationship between the Wnt pathway
and Pcdhs has been mostly examined in cancer, where loss of
Pcdhs often increases Wnt signaling, which in its turn stimulates
cellular proliferation. A comprehensive overview of the different
ways Pcdhs can regulate canonical Wnt signaling is shown in
Figure 7.
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FIGURE 7 | Continued
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FIGURE 7 | Regulation of Wnt signaling by Pcdhs. (A) Sequestration of Wnt signaling molecules. Left: β-catenin sequestration. Similar to classical cadherins, some
Pcdhs contain a β-catenin binding site that allows retention of this molecule at the plasma membrane. A direct binding site has been identified in Pcdh7, while α- and
β-catenin have been shown to co-immunoprecipitate with Pcdhγ. Whether binding occurs directly or indirectly via a common binding partner in this case is currently
unknown (question mark). Sequestration results in decreased translocation of β-catenin to the nucleus, thereby reducing transcription of Wnt target molecules.
Right: Axin sequestration. PcdhγC3 can directly sequester Axin, thereby competing with Disheveled (Dvl). In the absence of PcdhγC3, binding of Wnt ligands to
Frizzled receptors recruits Dvl, which in turn recruits Axin. Axin can bind several kinases, including Gsk3β and Ck1γ, which activate Lrp6 by phosphorylation and
inhibits β-catenin degradation. Binding of Axin to PcdhγC3 inhibits Lrp6 phosphorylation, hence indirectly stimulating cytoplasmic β-catenin degradation, and
reducing transcription of Wnt target genes. (B) Regulation of key phosphorylation events. Overexpression of Pcdh8, Pcdh10, Pcdh18, and Pcdh20 results in an
increase of active (non-phosphorylated) Gsk3β. Active Gsk3β within the destruction complex (Axin, APC, CK1a and Gsk3β) phosphorylates β-catenin, resulting in its
ubiquitination and degradation by the proteasome. The mechanism through which Pcdhs regulate Gsk3β phosphorylation has yet to be characterized. (C) Indirect
activation or strengthening of Wnt signaling via transactivators. Pcdh10 has been shown to reduce the expression of Bcl9, a β-catenin transcriptional cofactor. The
Bcl9-Pygopus protein complex allows β-catenin nuclear targeting, leading to its interaction with Tcf/Lef transcription factors and ultimately the expression of Wnt
target genes.

Pcdhs appear to affect canonical Wnt signaling primarily
by changing the ratio of nuclear versus cytoplasmic β-catenin.
The subcellular distribution of β-catenin can be regulated at
different levels. Reported mechanisms include: (1) the retention
of β-catenin at the nucleus, the cytoplasm, or the plasma
membrane; (2) the degradation of β-catenin in the cytoplasm by
the destruction complex; (3) the independent or guided nuclear
import/export of β-catenin, for example via TCF4 and BCL9
(import) or APC and Axin1 (export) (Behrens et al., 1996;
Huber et al., 1996; Henderson, 2000; Neufeld et al., 2000; Rosin-
Arbesfeld et al., 2000; Tolwinski and Wieschaus, 2001; Kramps
et al., 2002; Cong and Varmus, 2004; Townsley et al., 2004;
Krieghoff et al., 2006).

Wnt signaling regulation by β-catenin sequestration might
not be limited to classical cadherins. Although it was generally
accepted that all Pcdhs lack a β-catenin binding site, small
serine-rich domains homologous to the β-catenin binding site
of classical cadherins have been identified in the C-terminus of
Pcdh7 and Pcdh11Y (Chen et al., 2002; Yang et al., 2005; Ren et al.,
2018). Furthermore, mass spectrometric analysis provided direct
evidence for a physical interaction between γ-Pcdhs and α- and
β-catenin (Han et al., 2010).

Even without a β-catenin binding site, Pcdhs can affect
the ratio of nuclear versus cytoplasmic β-catenin. PCDH18
knockdown in a human colon mucosal epithelial cell line
promotes the nuclear accumulation of β-catenin and LEF/TCF
transcriptional activity, while the overexpression of PCDH10,
PCDH20, or PCDHGA9 in RPMI-8226, CNE1, or SGC-7901
cells, respectively, promotes the translocation of β-catenin from
the nucleus to the cytoplasm and its accumulation at the
membrane, thereby decreasing LEF/TCF activity (Chen et al.,
2015; Xu et al., 2015; Zhou D. et al., 2017; Weng et al.,
2018). The observed negative relationship between the expression
of several Pcdhs and the nuclear accumulation of β-catenin
contradicts findings describing increased Wnt signaling and
TCF/LEF activity due to nuclear accumulation of β-catenin
with PCDH11Y overexpression in human prostate cancer cells
(LNCaP) (Yang et al., 2005). This discrepancy might be related to
the proto-oncogenic role of Pcdh11Y.

The mechanisms by which translocation and accumulation
occurs in Pcdhs lacking a β-catenin binding site are currently
unknown. Perhaps they could indirectly sequester β-catenin
through a common binding partner, and regulate the release

and translocation of β-catenin via phosphorylation events or
ICD cleavage. One cPcdh (PCDHGC3) was found to modulate
Wnt signaling by directly binding the scaffold protein Axin1
at the cell membrane (Mah et al., 2016). Thus, sequestration
of Wnt signaling molecules at the plasma membrane might
be common within the Pcdh family. PCDHGC3 was found to
compete with Disheveled to bind the DIX domain of Axin1,
resulting in its stabilization, reduced phosphorylation of LRP6
and a decrease of Wnt signaling in luciferase TOP FLASH assays
(Mah et al., 2016) (Figure 7A). Intriguingly, none of the other
PCDHGs can bind Axin1. In contrast, individual overexpression
of other PCDHG isoforms (PCDHGA1, PCDHGA3, PCDHGA7-
10, PCDHGB1-7 and PCDHGC5) was observed to significantly
increase β-catenin/TCF transcriptional activity (Mah et al.,
2016). Similar to in vitro models, in vivo overexpression
of PCDHGA1- or PCDHGC3-mCherry in Emx1-positive
cells in the murine cerebral cortex significantly increased
and decreased reporter activity, respectively (Mah et al.,
2016). These findings further support the hypothesized Pcdh-
subtype dependent nature of the effects of Pcdh expression
on Wnt signaling.

The intracellular availability of β-catenin can also be directly
regulated by its degradation in the cytoplasm. Multiple studies
link the overexpression or silencing of ncPcdhs (PCDH8,
PCDH10, PCDH18, PCDH20) in primary tumors and tumor cell
lines to reduced or increased levels of phosphorylated GSK3β,
respectively (Lv et al., 2015; Xu et al., 2015; Zhou D. et al., 2017;
Zong et al., 2017). These changes in phosphorylated GSK3β levels
were accompanied by altered β-catenin levels and expression of
Wnt target genes (Figure 7B) (Lv et al., 2015; Xu et al., 2015;
Zhou D. et al., 2017; Zong et al., 2017). Pcdhs could also modulate
the activity of kinases and phosphatases that play a role in Wnt
signaling. For instance, signaling downstream of Fak and Pyk2
has been linked to several Wnt pathway modules (Chen et al.,
2002; Gao et al., 2015, 2019; Sun et al., 2016; Zheng et al., 2019).

Finally, some Pcdhs might regulate the expression of nuclear
β-catenin importers/exporters. One study described a strongly
reduced expression of BCL9 when PCDH10 was overexpressed in
RPMI-8226 and KM3 cells (Xu et al., 2015). BCL9 is a necessary
transcriptional co-activator of Wnt target genes, and a complex
of BCL9 and Pygopus has been shown to recruit β-catenin to the
nuclear compartment (Figure 7C) (Kramps et al., 2002; Townsley
et al., 2004).
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Pcdh and Non-canonical Wnt Signaling
One of the best characterized Pcdh/Wnt interactions is the
activation of the Wnt/Planar Cell Polarity (PCP) pathway
by Pcdh8 to regulate convergent extension and tissue
separation/morphogenesis during Xenopus laevis gastrulation
(Figure 8). In the vertebrate Wnt/PCP pathway, binding of Wnt
ligands to Frizzled (Fz) receptors recruits Disheveled (Dvl) to the
membrane, resulting in the formation of complexes with either
Disheveled-associated activator of morphogenesis 1 (Daam1)
or small GTPase Rac1 that activate downstream signaling via
RhoA or c-jun N-terminal kinase (JNK), respectively (Strutt
et al., 1997; Axelrod et al., 1998; Boutros et al., 1998; Wallingford
et al., 2000; Habas et al., 2001, 2003; Mah and Weiner, 2017). The
extracellular domain of Pcdh8 is able to directly bind Frizzled7 to
coordinate cellular polarity (Medina et al., 2004; Unterseher et al.,
2004; Kraft et al., 2012). Both components are necessary for the
initiation of Wnt/PCP signaling, as loss of Pcdh8 function was
found to specifically block JNK activation via Rac1 (Unterseher
et al., 2004). Furthermore, four intracellular Pcdh8 interaction
partners related to the Wnt/PCP-associated molecular network
have been recently discovered. The intracellular domain of
Pcdh8 can sequester Sprouty to inhibit its antagonistic effect
on Wnt/PCP signaling (Wang et al., 2008). Moreover, a
direct physical interaction between Xenopus (x)ANR5 and
Pcdh8 can activate the downstream effector molecules JNK
and Rho, strengthening the output of the PCP pathway

FIGURE 8 | The role of Pcdh8 in Wnt/PCP signaling in Xenopus. The
extracellular domain of Pcdh8 can bind Frizzled, and thus initiate the Wnt/PCP
pathway. Pcdh8 sequesters Sprouty (Spr), thereby inhibiting its antagonizing
effect on the Wnt/PCP pathway. In addition, Pcdh8-ANR5 interaction directly
activates the effector molecules RhoA and JNK. The interaction with
Nemo-like kinase 1 (NLK1) stabilizes Pcdh8, thereby ensuring continued
Wnt/PCP pathway activation. Finally, the interaction with CK2β blocks a
stabilizing phosphorylation of β-catenin, and ultimately results in decreased
canonical Wnt signaling.

(Chung et al., 2007), while the interaction between Pcdh8 and
Nemo-like Kinase1 (NLK1) is necessary for the stabilization
of Pcdh8 (Kumar et al., 2017). Lastly, an interaction with
casein kinase 2β (CK2β) blocks CK2β-mediated stabilization of
β-catenin, thereby reducing canonical Wnt/β-catenin signaling
(Kietzmann et al., 2012). Expression of Pcdh8 itself is regulated
by Wnt/PCP signaling, providing a feedback loop into this
pathway (Schambony and Wedlich, 2007).

In summary, although the majority of Pcdhs do not possess a
β-catenin binding site, the interplay between cadherin-mediated
adhesion and Wnt signaling seems to be conserved across
the cadherin superfamily. Identifying a general interaction
modality between Pcdh- and Wnt-mediated signaling pathways
might prove difficult, as available evidence highlights Pcdh-
and context-dependent effects on Wnt signaling. Clearly,
additional research is required to better understand the
complex relationship between individual Pcdhs and Wnt-related
pathways. Moreover, since most studies so far have been
performed in cancer cells, whether and how their findings
might translate contextually to neural development is currently
poorly understood. The comprehensive investigation of binding
partners and molecular action mechanisms of individual Pcdhs
will therefore be a crucial step in the complete elucidation of Pcdh
functions across multiple contexts.

Pyk2 and FAK Link Three Distinct
Pcdh-Elicited Signaling Pathways
Signaling downstream of Pcdhs has been shown to also involve
the Pyk2/FAK/WRC pathway. However, so far no studies
have directly connected Pyk2/FAK/Wnt with Pcdh-mediated
signaling, although Pyk2 and FAK are known Wnt pathway
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FIGURE 9 | Pyk2 is a hub molecule connecting three signaling pathways
modulated by Pcdhs. In cancer, silencing of Pcdhs could promote FAK/Pyk2
activation, thereby inhibiting GSK3β and activating Wnt signaling. Upon
γ-Pcdh loss, Pyk2 accumulation and binding to PDCD10 elicits neuronal
apoptosis. Rac1 activation and subsequent WRC complex activation is
inhibited upon α- and γ-Pcdh loss due to autophosphorylation of Pyk2.
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inducers. VEGF-activated FAK can directly phosphorylate
β-catenin to promote Wnt signaling (Chen X. L. et al., 2012).
Moreover, active Pyk2 and FAK can phosphorylate GSK3β,
ultimately resulting in the degradation of GSK3β and the
accumulation of β-catenin, leading to increased Wnt signaling.
In addition, active Pyk2 can also phosphorylate β-catenin (Gao
et al., 2015, 2019). CPcdhs regulate WRC activity by binding to
Pyk2 and FAK, hence preventing their autophosphorylation and
subsequent activation. Therefore, Pyk2 and FAK could represent
a link between the Pcdh-regulated Wnt and WRC signaling
pathways (Figure 9). Pyk2 generally acts as an oncogene,
although in some cases it can function as a tumor suppressor by
inducing apoptosis [reviewed in Shen and Guo (2018)].

Pyk2 has also been linked to neuronal apoptosis elicited by
the absence of γ-Pcdhs. γ-Pcdh ICD negatively regulates Pyk2,
preventing its autophosphorylation and Pyk2 accumulation in
the cells leading to their death. Moreover, Pyk2 can interact
with PDCD10 to induce apoptosis. Furthermore, γ-Pcdh ICD
depletion elicits apoptosis caused by PDCD10 accumulation
(Chen et al., 2009; Lin et al., 2010). Therefore, Pyk2 might
represent a node connecting Wnt, WRC, and apoptotic molecular
networks (Figure 9).

CONCLUSION

Protocadherins play multiple roles during development, in
adulthood, and in pathogenesis. In different processes the same
Pcdhs can mediate opposite functions, highlighting the impact
of context on Pcdh action. On a cellular-molecular level, context
determines whether specific Pcdhs are expressed, inserted in the
membrane, proteolytically processed, or intracellularly trafficked;
in addition, it influences the availability of Pcdh interaction
partners that allow the initiation of diverse cellular processes.
This review aimed to provide an overview of Pcdh-driven
molecular interactions and downstream signaling pathways
identified within different contexts in order to identify general
mechanisms of Pcdh action. In this last section, we describe major
conclusions that can be derived from this survey, and potential
topics for future research.

Overall, regulation of Pcdh cell surface expression is of
central importance in several neurobiological processes, such
as neuronal recognition or neural cell survival. In this context,
the identity of Pcdhs involved in cell-cell interactions seems
to particularly matter, as for instance PcdhγC4 was identified
as a neuronal pro-survival isoform within the γ-Pcdh cluster
(Garrett et al., 2019).

It is clear that Pcdhs are subject to proteolytic cleavage, but
this process has not been systematically characterized across this
protein family. Moreover, more research into the nuclear binding
partners of the ICD is necessary to identify the action mechanism
of Pcdhs at the nucleus and potentially directly regulated
target genes. Furthermore, evidence points toward a significant
endosomal recycling of Pcdhs. The extent of the influence
endocytosis might have on Pcdh-mediated functions, and the
Pcdh signaling modules that could be active at the endosomal
level, rather than the cell membrane, are virtually unknown.

Most current knowledge on the interactions between Pcdhs
and other proteins, including other Pcdhs, describes molecular
mechanisms and binding dynamics at the extracellular level.
Thus, many mechanistic questions regarding the interaction
between intracellular proteins and the Pcdh ICD remain to be
addressed. As discussed above, Pyk2 and FAK could interconnect
three different Pcdh-modulated signaling pathways. Recently the
PI3K-AKT pathway was shown to be involved in Pcdh-mediated
neuronal survival (Carriere et al., 2020). The interplay between
this pathway and Pyk2 was demonstrated in several cancer types
(reviewed in Shen and Guo, 2018). Thus, Pyk2 might connect
an even larger number of Pcdh-induced signaling networks.
Downstream signaling through the ICD has been mostly analyzed
in cancer. Despite fundamental contextual differences, interesting
Pcdh-related molecular network commonalities can be identified
between oncogenesis and neural development/function.
Therefore, by comprehensively examining knowledge from both
fields, it might be possible to gather novel insights regarding
Pcdh downstream signaling pathways.

Evolutionary studies have indicated the presence of conserved
motifs within the Pcdh ICD; however, their contribution to Pcdh
function is not yet fully understood (Hulpiau and van Roy, 2009).
Interesting to remark is that recent discoveries of independent
Pcdh family expansions in animal classes evolutionarily distant
from mammals, such as the Cephalopods (Albertin et al., 2015;
Styfhals et al., 2019), might shed a completely novel light on Pcdh-
related roles and action mechanisms, including signaling through
the ICD in neural development.

Wnt and WRC pathway components have been shown to
be very important mediators of Pcdh-driven functions both in
brain development and in cancer. Pcdh depletion has been shown
to result in neurodevelopmental defects due to a dysregulation
of WRC signaling. Both cPcdhs and ncPcdhs regulate the
WRC positively through the recruitment of GTPases in several
contexts. Interestingly, no study has linked the WRC pathway to
δ1-Pcdh functions yet. However, much less is currently known
about how the absence of Pcdhs in many cancers affects WRC
signaling and cytoskeletal remodeling. A hypothesis that remains
to be further investigated is that increased activity of the WRC
might enhance cancer cell motility, and thus malignancy.

In conclusion, the elucidation of the exact molecular
mechanisms underlying the translation of Pcdh-elicited signals
to the cellular machinery, as well as the components of those
signaling cascades, might represent interesting and important
avenues for future biomedical research. Research efforts in this
direction are bound to not only increase our understanding of
the mechanisms such as governing brain formation and function,
but also reveal the molecular etiology of cancer.
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Neurite Branching Regulated by
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HoYong Jin and Byunghyuk Kim*
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The high synaptic density in the nervous system results from the ability of neurites
to branch. Neuronal cell surface molecules play central roles during neurite branch
formation. The underlying mechanisms of surface molecule activity have often been
elucidated using invertebrates with simple nervous systems. Here, we review recent
advances in understanding the molecular mechanisms of neurite branching in the
nematode Caenorhabditis elegans. We discuss how cell surface receptor complexes
link to and modulate actin dynamics to regulate dendritic and axonal branch formation.
The mechanisms of neurite branching are often coupled with other neural circuit
developmental processes, such as synapse formation and axon guidance, via the same
cell-cell surface molecular interactions. We also cover ectopic and sex-specific neurite
branching in C. elegans in an attempt to illustrate the importance of these studies in
contributing to our understanding of conserved cell surface molecule regulation of neurite
branch formation.

Keywords: neurite branching, neuronal cell surface molecule, C. elegans, receptor complex, actin dynamics,
neural circuit formation

INTRODUCTION

An extensive neurite branching morphology is a fundamental aspect of neuronal structure. Each
axon and dendrite contain numerous neurite branches that enhance neural circuit complexity
by allowing for interaction with a large number of target neurons and non-neuronal cells. For
example, a single neuron can synapse onto multiple target neurons due to the extensive branching
of the axonal shaft. Dendrites have an extremely complex branching thereby producing a large
dendritic field to receive synaptic or sensory inputs. These neurite branch networks allow for
the formation of highly complex neural circuits that integrate and process information, thereby
coordinating specific nervous system functions. Growing evidence suggests that dysregulation of
neurite branching could underlie various neurological and neurodevelopmental disorders such as
autism, schizophrenia, and Down syndrome (Kulkarni and Firestein, 2012; Copf, 2016).

Numerous previous studies have identified molecules that regulate neurite
morphogenesis, including transcription factors, cell surface molecules, and regulators
of actin and microtubule dynamics (Jan and Jan, 2010; Kalil and Dent, 2014). Of
these molecules, cell surface proteins have been shown to modulate the precision
of neural circuitry wiring via extracellular interactions (De Wit and Ghosh, 2016).
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Most neural cell surface molecules are evolutionarily conserved
and play a critical role in neural circuit formation (Kim,
2019). Moreover, certain cell surface molecules can control
various steps of circuit assembly (Kim, 2019). Evidence shows
that the localization of neural cell surface receptors and their
respective extracellular ligands is highly correlated with branch
formation. Furthermore, these interactions are shown to control
branch formation by stimulating or inhibiting nascent branch
outgrowth. Subsequently, branch stabilization and outgrowth
require intracellular reorganization of actin and microtubules,
in which the actin cytoskeleton plays a role in an initial step
of branch formation (Jan and Jan, 2010; Kalil and Dent, 2014).
While the exact details of how extrinsic cues are transduced into
intracellular signals through cell surface receptors to control actin
dynamics during neurite branching remain poorly understood,
recent findings in Caenorhabditis elegans begin to provide
some insight.

Several features of the nematode C. elegans nervous system
make it a powerful model for studying molecular mechanisms
of neurite branching. First, because most C. elegans neurons
have simple, unbranched morphologies, the few neurons
with neurite branches can be observed with great specificity
(White et al., 1986). Branching patterns of these neurons are
highly stereotyped throughout development (Altun and Hall,
2011). Second, the entire nervous system structure and neural
connectivity map (connectome) have been described in great
detail in both sexes (White et al., 1986; Jarrell et al., 2012;
Cook et al., 2019). This provides information about specific
neural circuits and how synaptic connectivity is associated with
branching morphologies. Third, the C. elegans genome contains
about a hundred genes encoding neuronal cell surface proteins
with extracellular interaction domains (Hobert, 2013). The
majority of these genes are evolutionarily conserved and expected
to function for cell surface recognition (Hobert, 2013). Fourth,
C. elegans genetics are simple, and diverse genetic screening
methods are available, facilitating the rapid identification of
novel factors that act in specific genetic pathways (Jorgensen and
Mango, 2002).

In this review, we focus on C. elegans neurobiology to
highlight recent advances in the understanding of the molecular
mechanisms that control neurite branching. Specifically, we
discuss the regulation of actin dynamics by cell surface receptor
complexes during axonal and dendritic branch formation.
Furthermore, in an attempt to illustrate the importance of
conserved cell surface molecule regulation of neurite branch
formation, we discuss two specific types of neurite branching:
ectopic branching and sex-specific branching.

Dendritic Branching: A Multi-protein
Ligand-Receptor Complex That Regulates
Dendritic Arborization
Neurites of many C. elegans neurons both receive synaptic inputs
and outputs, but some neuron processes have only sensory
functions (dendrites) or synaptic output functions (axon; Altun
and Hall, 2011). A well-characterized C. elegans neuron for
neurite branching is a somatosensory neuron, termed PVD. The

C. elegans nervous system contains two PVD neurons located
on the lateral sides (both left and right) of the posterior section
of the body. These neurons extend elaborate dendritic branches
throughout the body excluding the head (Figure 1A). The C.
elegans head is covered by a PVD-like branched neuron, termed
FLP. Together, the PVD and FLP neurons comprise a sensory
network of the entire body that responds to harsh mechanical
stimuli (Way and Chalfie, 1989). PVD and FLP neurons show
some differences in function and morphology: PVD neurons
sense hot and cold temperature, high osmolarity and play a
role in proprioception, whereas FLP neurons sense noxious high
temperatures and humidity (Chatzigeorgiou et al., 2010; Albeg
et al., 2011; Mohammadi et al., 2013; Cohen et al., 2014; Tao
et al., 2019). Also, PVD is morphologically unciliated while FLP
is ciliated (Ward et al., 1975; Altun and Hall, 2011).

Studies on PVD dendritic branching mechanisms have
revealed that the neuronal cell surface protein DMA-1 is a
central component of a multi-protein ligand-receptor complex
that regulates branching. Mutants lacking the dma-1 gene display
reduced PVD branching phenotypes (i.e., reduced number of
multiple short branches that normally arise from the main
branches), leading to defects in harsh touch response (Liu and
Shen, 2011; Figure 1A). DMA-1/LRR-TM is a transmembrane
protein that contains extracellular leucine-rich repeat (LRR)
domains and acts as a cell-autonomous receptor during PVD
dendritic branching (Liu and Shen, 2011). A subsequent
forward genetic screen identified two adhesion-type cell surface
molecules, SAX-7/L1CAM and MNR-1/Menorin, which are
expressed in the skin, as ligands for the PVD receptor DMA-1
(Dong et al., 2013; Salzberg et al., 2013). Moreover, chemokine
LECT-2/Chondromodulin II, another identified ligand secreted
from muscles, forms a macromolecular complex together with
SAX-7, MNR-1, and DMA-1 (Díaz-Balzac et al., 2016; Zou et al.,
2016). Mutations in genes encoding SAX-7, MNR-1, and LECT-2
also result in reduced PVD dendritic arbors (Salzberg et al.,
2013; Díaz-Balzac et al., 2016). As a result, a current model of
the extracellular signals that govern PVD dendritic branching
has been developed. This model suggests that to initiate neurite
branching, PVD neurites expressing DMA-1 receive extracellular
signals via interactions with SAX-7 and MNR-1 in the skin, and,
subsequently, LECT-2 protein secreted frommuscles strengthens
the binding of DMA-1 to SAX-7 and MNR-1 (Figure 1B).

After a branch point is determined, remodeling of the actin
cytoskeleton is required to promote nascent neurite outgrowth.
Indeed, a large body of research has identified the Rho family of
small GTPases as a key actin regulator during neurite branching
(Jan and Jan, 2010; Kalil and Dent, 2014). Two recent C.
elegans studies have focused on the interacting partners of
DMA-1 to provide insights into the effects of extracellular
signaling on actin dynamics in PVD neurons (Zou et al., 2018;
Tang et al., 2019). The DMA-1intracellular domain was shown
to directly interact with TIAM-1/GEF, a conserved guanine
nucleotide exchange factor (GEF) that regulates the activity of
the small GTPase Rac to promote F-actin assembly (Zou et al.,
2018; Tang et al., 2019). Interestingly, TIAM-1 functions in
PVD branching independently of its GEF activity, possibly by
direct interaction with actin (Tang et al., 2019). DMA-1 also
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FIGURE 1 | Regulation of neurite branching by neuronal cell surface molecules in dendrites and axons. (A) The position of the cell body and branching pattern of
PVD (red) and FLP (blue). (B) The receptor-ligand complex consisting of DMA-1, SAX-7, MNR-1, LECT-2, and HPO-30 interacts with TIAM-1 and WAVE regulatory
complex (WRC) to induce F-actin assembly, thereby promoting dendritic branching. Adapted from Zou et al. (2018). (C) The position of the cell body and branching
pattern of HSN (green). (D) The interaction of SYG-1 and SYG-2 and the direct binding of the WRC interacting receptor sequence (WIRS) motif of SYG-1 with WRC
mediates localized F-actin assembly, which promotes axonal branching and synapse formation. Adapted from Chia et al. (2014) and Özkan et al. (2014). LRR,
leucine-rich repeat; FN III, fibronectin type-III; Ig, immunoglobulin.

interacts with the dendritic cell surface protein HPO-30/Claudin,
which recruits the actin nucleation promotion factor WAVE
regulatory complex (WRC) to induce F-actin assembly (Zou
et al., 2018). Thus, the interaction between DMA-1 and HPO-30
facilitates the recruitment of two F-actin assembly regulators,
TIAM-1 and WRC, into proximity to synergistically promote
dendritic branching (Figure 1B). While many of the major
molecular players are identified, the exact details of themolecular
mechanisms that govern the transduction of extracellular signals
through the DMA-1 receptor complex to regulate intracellular
actin dynamics remain unknown.

While many of the molecular mechanisms that control PVD
neurite branching have been identified, it is unknown whether
other highly branched C. elegans neurons are governed by similar
mechanisms. However, in addition to PVD neurons, studies
have shown that depletion of the DMA-1 receptor complex
components and associated proteins, including DMA-1, MNR-
1, LECT-2, HPO-30, TIAM-1, and ACT-4/Actin, causes reduced
branching phenotypes in FLP neurons, although these neurons
have distinct branching architectures during development (Liu
and Shen, 2011; Salzberg et al., 2013; Díaz-Balzac et al., 2016;
Androwski et al., 2019; Tang et al., 2019; Figure 1A). Moreover,
a proprotein convertase KPC-1/Furin, originally identified as a
negative regulator of the DMA-1 complex pathway, was shown
to promote both PVD and FLP branching by adjusting dendritic
DMA-1 levels (Salzberg et al., 2014; Dong et al., 2016). KPC-1

is also required for the dendritic arborization of IL2 neurons,
specifically induced during dauer stages (Schroeder et al., 2013).
Recently, it was shown that the DMA-1 complex components
are also required for IL2 arborization during dauer stages
(Androwski et al., 2019). Therefore, it is likely that different
neurons utilize similar DMA-1 receptor complexes to modulate
dendrite morphogenesis; however, individual ligand-receptor
complex components may differ.

Axonal Branching: Cell Surface Molecules
That Functionally Integrate Neurite
Branching to Other Neural Circuit
Formation Processes
By forming multiple neurite branches, neurons can increase
the number of synaptic connections made with multiple target
cells. Cell surface molecules can link synapse formation to
neurite branching, as newly formed synapses can induce
the formation and subsequent stabilization of branches. This
complex behavior has been well studied in axonal branching
of C. elegans HSN neurons. The axon of the hermaphrodite-
specific neuron HSN extends dorsal branches that synapse
onto the ventral cord motor neurons VC4 and VC5 and the
vulval muscles, thereby modulating egg-laying behavior (White
et al., 1986; Shen and Bargmann, 2003; Figure 1C). The Shen
group has shown that HSN axonal branching and synapse
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formation are closely linked and mediated by a cell surface
interaction between two immunoglobulin superfamily (IgSF)
proteins, SYG-1 and SYG-2 (Shen and Bargmann, 2003; Shen
et al., 2004; Chia et al., 2014). During HSN synaptogenesis,
SYG-1 is required for correct synaptic vesicle localization and
recruited to nascent synaptic regions via interactions with
SYG-2, a guidepost signal that is temporarily expressed in
primary vulval epithelial cells (Shen and Bargmann, 2003; Shen
et al., 2004). As a result, the cell surface interaction between
SYG-1 and SYG-2 specifies synapse formation at the correct
position of the HSN axon. SYG-1/SYG-2 interaction also plays
an important role in the formation of axon branching. The
cytoplasmic tail of the SYG-1 protein contains aWRC interacting
receptor sequence (WIRS), which directly binds to the actin
nucleation promotion factor WRC. This interaction between
SYG-1 and WRC directs the local assembly of F-actin (Chia
et al., 2014). Interestingly, WRC is required for both synapse
formation and axonal branch formation in HSN neurons. This
suggests that extracellular SYG-1/SYG-2 interaction mediates
local F-actin assembly through cytoplasmic SYG-1/WRC binding
to mark synaptic and axonal branch positions (Chia et al., 2014;
Figure 1D).

While conserved Netrin signaling plays a critical role during
axon guidance, numerous studies indicate that it functions in
multiple other neurodevelopmental processes, including synapse
formation, extrasynaptic neurosecretory terminal targeting, and
axonal branching (Hedgecock et al., 1990; Colón-Ramos et al.,
2007; Nelson and Colón-Ramos, 2013; Chen et al., 2017). In
C. elegans, secreted UNC-6/Netrin promotes synapse formation
of the interneuron AIY that expresses the Netrin receptor
UNC-40/deleted in colorectal cancer (DCC), an IgSF cell
surface protein (Colón-Ramos et al., 2007). During serotonergic
neuron NSM maturation, depletion of UNC-6 or UNC-40
leads to the reduction of axon arbors with the extrasynaptic
neurosecretory terminals (Nelson and Colón-Ramos, 2013).
Additionally, Netrin signaling induced by the UNC-6/UNC-
40 interaction was shown to regulate the axonal branch growth
of a touch mechanosensory neuron PLM via the promotion
of F-actin assembly (Chen et al., 2017). Perturbation of Netrin
signaling results in shorter or no branches at normal branching
sites of several other C. elegans neurons (Hao et al., 2010).
Importantly, Netrin receptors also have a WIRS domain,
which directly binds WRC, suggesting that Netrin signaling
can regulate the actin cytoskeleton (Chen et al., 2014). Taken
together, these data illustrate that Netrin signaling is involved
in axonal branching and multiple other neural circuit formation
processes; however, the mechanistic link between these steps is
less understood.

Another cell surface molecule that possibly links axonal
branching to other neural circuit developmental processes
is BAM-2, a transmembrane protein similar to the synaptic
adhesion protein Neurexin. BAM-2 has been shown to regulate
VC4 and VC5 axonal branch termination near the vulva, as
depletion of BAM-2 causes VC axon extension beyond normal
termination sites (Colavita and Tessier-Lavigne, 2003). Although
the study found a cell non-autonomous function of BAM-2
in vulval cells, BAM-2 receptors have not been identified in

VC neurons. BAM-2 was recently shown to interact with
another cell surface molecule, the cadherin family protein
CASY-1/calsyntenin. Moreover, this interaction mediates axon
fasciculation and synapse formation in a male sensory circuit
(Kim and Emmons, 2017). Future studies should examine if the
axonal branching of VC neurons is also dependent on the BAM-
2/CASY-1 interaction.

Ectopic Neurite Branching: A Useful Model
System for Identification of Conserved Cell
Surface Molecules That Regulate Neurite
Branching
Forced expression of neurite branching factors often results
in ectopic branch formation. For example, in neurons with
normally simple dendritic arbors, overexpression of the DMA-1
receptor complex components, such as DMA-1 or HPO-30,
promotes ectopic branching (Liu and Shen, 2011; Smith et al.,
2013). Similarly, forced expression of a branching factor KAL-
1/Anosmin-1 in a normally-unbranched AIY neuron leads to the
formation of extraneous branches (Bülow et al., 2002; Figure 2A).
The subsequent forward genetic screening provided insights into
the mechanisms of how conserved cell surface molecules act
together to regulate neurite branching.

The human KAL-1 gene encodes a secreted cell adhesion
protein Anosmin-1 and, when mutated, is known to cause
Kallmann syndrome, a genetic disease showing various
behavioral and neurological defects (Hardelin, 2001). Loss-
of-function or overexpressing mutants for the C. elegans KAL-1
homolog showed extra-branching in several types of neurons
(Rugarli et al., 2002). To investigate KAL-1 in C. elegans, the
Bülow group conducted a genetic modifier screen using KAL-
1-induced AIY branching as a model system. They discovered
that ectopic branch formation is dependent on heparan sulfate
proteoglycans (HSPGs) and their modifying enzymes (Bülow
et al., 2002; Díaz-Balzac et al., 2014). HSPGs are cell-surface and
extracellular matrix proteins with glycan chains and function
in diverse aspects of nervous system development in both
vertebrates and invertebrates (Saied-Santiago and Bülow, 2018).
Using a similar modifier screen combined with a candidate
approach, Bülow’s group further identified an IgSF protein,
SAX-7/L1CAM, and the fibroblast growth factor receptor EGL-
15/FGFR as members of the conserved KAL-1 receptor complex
(Díaz-Balzac et al., 2015). Under normal conditions, KAL-1 acts
as an autocrine co-factor for SAX-7 and EGL-15, together with
HSPGs and EGL-17/FGF, to regulate HSN axonal branching
(Figure 2B). These studies outline the successful identification
of multiple conserved cell surface proteins that regulates neurite
branching in a defined molecular pathway. Further studies on
ectopic branch factors will help provide a greater understanding
of branching mechanisms.

Sex-Specific Branching: Well-Known
Synaptic Adhesion Molecules That Shapes
Branching Pattern Only in One Sex
While C. elegans has sex-specific neurons (eight in
hermaphrodites; 91 in males), it also possesses 294 sex-shared
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FIGURE 2 | Neuronal cell surface mechanisms for neurite branching revealed by studying ectopic and sex-specific branches. (A) The morphology of the cell body
and neurite branches of a normal AIY (violet) or ectopic AIY branch (red) generated by Kal-1 overexpression (top); the normal branching pattern of HSN (green,
bottom). (B) The complex of cell surface molecules KAL-1, EGL-15 and SAX-7 interact with HSPG and EGL-17, which promotes neurite branching in HSN. Adapted
from Díaz-Balzac et al. (2015). (C) The position of the cell body and branching pattern of DVB (light violet) in the hermaphrodite (top) and male (bottom). (D) NRX-1
expressed in DVB promotes neurite branching, whereas NLG-1 expressed in postsynaptic target cells inhibits it. Adapted from Emmons (2018). FN III, fibronectin
type-III; Ig, immunoglobulin; WAP, whey acidic protein.

neurons, some of which show notable sex differences in
neuronal structure, branching pattern, and synaptic connectivity
(Cook et al., 2019). For example, DVB, a GABAergic motor
neuron, shows extensive sexual dimorphism in neurite branch
morphology and connectivity (Figure 2C). Hermaphrodites
display no DVB branches. However, males develop DVB neurite
branches in adulthood and establish new synaptic connections
with other neurons and muscles to control spicule movement,
which is a male copulatory structure (Hart and Hobert, 2018).
Consistent with the sexually dimorphic structures, DVB neurons
function differently between sexes. Specifically, DVB neurons
promote spicule protraction during mating in males, whereas,
in hermaphrodites, they control defecation behavior (LeBoeuf
and Garcia, 2017). Interestingly, DVB neurite outgrowth was
shown to be dependent on the mating experience of males
which affects the activity of DVB postsynaptic target cells or
environmental stress such as starvation or high temperature
during sexual maturation, suggesting a neurite branching
regulatory mechanism that involves a dynamic interaction
between a DVB neuron and its targets (Hart and Hobert, 2018;
Hart, 2019).

Using a candidate-based approach, Hart and Hobert found
that a pair of synaptic adhesion molecules, NRX-1/Neurexin,
and its partner NLG-1/Neuroligin, regulate DVB branching
(Hart and Hobert, 2018). Neurexin/Neuroligin interaction is
believed to mediate synaptic maturation by linking two synaptic
partner cells (Südhof, 2017). In C. elegans, NLG-1 is expressed
in the postsynaptic DVB target cells and suppresses neurite
branch formation, while NRX-1 is expressed in DVB to
promote neurite branching (Figure 2D). This antagonistic
relationship between Neurexin and Neuroligin suggests that the
Neurexin/Neuroligin interactions regulate neurite branching in a
synaptically independent manner. The underlying details of how
Neurexin/Neuroligin interaction can separately govern neurite
branching and synapse formation is currently unknown.

There are multiple other notable examples of sex-specific
modulation of neuronal structures including PDB neurons
(male-specific neurite branching), DD06 neurons (male-specific
neurite branching), and PHC neurons (male-specific axon
extension; Cook et al., 2019). Sexual dimorphism in neurite
structures appears to produce functional behavioral differences
as evidenced by the modulation of male PHC neurons for male
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mating behavior (Serrano-Saiz et al., 2017). Apart from the
structural change of neurites, sex-specific synaptic connectivity
in C. elegans was shown to be controlled by developmental
mechanisms (e.g., pruning) and regulated by conserved cell
surfacemolecules (e.g., Netrin and its receptor; Oren-Suissa et al.,
2016; Weinberg et al., 2018). Future research can focus on how
these neurons utilize several cell surface molecules to achieve
sex-specific neurite pattern formation.

CONCLUDING REMARKS

Over the past decades, studies have identified numerous
cell surface molecule interactions implicated in neural circuit
formation processes including neurite branching. Most of these
molecules possess conserved structural domains, such as LRR,
Ig domains, and cadherin repeats, which mediate protein-
protein interactions necessary during neuronal morphogenesis
(De Wit and Ghosh, 2016). All of the cell surface molecules
discussed in this review have mammalian homologs, suggesting
that the molecular mechanisms for neurite branching may
also be conserved. Indeed, it has been shown that Netrin-1
(a mammalian homolog of UNC-6) and Anosmin-1 (a
mammalian homolog of KAL-1) have branch-promoting activity
in mammalian CNS neurons (Soussi-Yanicostas et al., 2002;
Dent et al., 2004). The signal transduction mechanisms of neural
cell surface molecules highlighted here appear to be common
in axon and dendrite branching, as they link extracellular
signals to actin dynamics during neurite branching initiation;
however, individual ligand-receptor pairs controlling branch
formation may differ in axons and dendrites. Diverse cell surface

receptors, not covered in this review, such as Protocadherins,
Roundabouts (ROBOs), G-protein coupled receptors (GPCRs),
and ion channels, also contain theWIRSmotif that directly binds
WRC, suggesting that these proteins are also able to regulate the
actin cytoskeleton (Chen et al., 2014). Several actin regulators,
such as Rac and RhoA, and their roles in neurite branching
have been extensively studied in invertebrates (Jan and Jan,
2010). Also, a recent study using a new cell-surface proteomics
technique in the Drosophila brain revealed several conserved,
but previously unidentified, cell surface molecules that act as
regulators of neural circuit formation (Li et al., 2020). Therefore,
we expect that, by adopting new technical advances and/or by
using model organisms with a simpler nervous system, future
studies will continue to identify and examine how conserved
cell surface molecules linked to actin regulators control neurite
branching during neurodevelopment. These advances will aid us
in understanding how neuronal cell surfacemolecules coordinate
to govern neurite branching and other circuit assembly processes
and thereby organize functional neural circuits.

AUTHOR CONTRIBUTIONS

HJ and BK developed the concept. Both have written and edited
the text.

FUNDING

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT;
2018R1C1B5043569).

REFERENCES

Albeg, A., Smith, C. J., Chatzigeorgiou, M., Feitelson, D. G., Hall, D. H.,
Schafer, W. R., et al. (2011). C. elegans multi-dendritic sensory neurons:
morphology and function.Mol. Cell. Neurosci. 46, 308–317. doi: 10.1016/j.mcn.
2010.10.001

Altun, Z., and Hall, D. (2011). Nervous system, general description. WormAtlas
1–54. doi: 10.3908/wormatlas.1.18

Androwski, R. J., Asad, N., Wood, J. G., Hofer, A., Locke, S., Smith, C. M.,
et al. (2019). Stress-induced dendritic branching in C. elegans requires both
common arborization effectors and stress-responsive molecular pathways.
BioRxiv. [Preprint]. doi: 10.1101/808337

Bülow, H. E., Berry, K. L., Topper, L. H., Peles, E., and Hobert, O. (2002).
Heparan sulfate proteoglycan-dependent induction of axon branching and
axon misrouting by the kallmann syndrome gene kal-1. Proc. Natl. Acad. Sci.
U S A 99, 6346–6351. doi: 10.1073/pnas.092128099

Chatzigeorgiou, M., Yoo, S., Watson, J. D., Lee,W. H., Spencer,W. C., Kindt, K. S.,
et al. (2010). Specific roles for DEG/ENaC and TRP channels in touch
and thermosensation in C. elegans nociceptors. Nat. Neurosci. 13, 861–868.
doi: 10.1038/nn.2581

Chen, B., Brinkmann, K., Chen, Z., Pak, C. W., Liao, Y., Shi, S., et al. (2014). The
WAVE regulatory complex links diverse receptors to the actin cytoskeleton.
Cell 156, 195–207. doi: 10.1016/j.cell.2013.11.048

Chen, C.-H., He, C.-W., Liao, C.-P., and Pan, C.-L. (2017). A Wnt-planar polarity
pathway instructs neurite branching by restricting F-actin assembly through
endosomal signaling. PLoS Genet. 13:e1006720. doi: 10.1371/journal.pgen.
1006720

Chia, P. H., Chen, B., Li, P., Rosen, M. K., and Shen, K. (2014). Local F-actin
network links synapse formation and axon branching. Cell 156, 208–220.
doi: 10.1016/j.cell.2013.12.009

Cohen, E., Chatzigeorgiou, M., Husson, S. J., Steuer-Costa, W., Gottschalk, A.,
Schafer, W. R., et al. (2014). Caenorhabditis elegans nicotinic acetylcholine
receptors are required for nociception. Mol. Cell. Neurosci. 59, 85–96.
doi: 10.1016/j.mcn.2014.02.001

Colavita, A., and Tessier-Lavigne, M. (2003). A neurexin-related protein,
BAM-2, terminates axonal branches in C. elegans. Science 302, 293–296.
doi: 10.1126/science.1089163

Colón-Ramos, D. A., Margeta, M. A., and Shen, K. (2007). Glia promote local
synaptogenesis through UNC-6 (netrin) signaling in C. elegans. Science 318,
103–106. doi: 10.1126/science.1143762

Cook, S. J., Jarrell, T. A., Brittin, C. A., Wang, Y., Bloniarz, A. E., Yakovlev, M. A.,
et al. (2019). Whole-animal connectomes of both Caenorhabditis elegans sexes.
Nature 571, 63–71. doi: 10.1038/s41586-019-1352-7

Copf, T. (2016). Impairments in dendrite morphogenesis as etiology for
neurodevelopmental disorders and implications for therapeutic treatments.
Neurosci. Biobehav. Rev. 68, 946–978. doi: 10.1016/j.neubiorev.2016.
04.008

De Wit, J., and Ghosh, A. (2016). Specification of synaptic connectivity by
cell surface interactions. Nat. Rev. Neurosci. 17, 22–35. doi: 10.1038/nrn.
2015.3

Dent, E.W., Barnes, A.M., Tang, F., and Kalil, K. (2004). Netrin-1 and semaphorin
3A promote or inhibit cortical axon branching, respectively, by reorganization
of the cytoskeleton. J. Neurosci. 24, 3002–3012. doi: 10.1523/JNEUROSCI.4963-
03.2004

Díaz-Balzac, C. A., Lázaro-Peña, M. I., Ramos-Ortiz, G. A., and Bülow, H. E.
(2015). The adhesion molecule KAL-1/anosmin-1 regulates neurite branching
through a SAX-7/L1CAM-EGL-15/FGFR receptor complex. Cell Rep. 11,
1377–1384. doi: 10.1016/j.celrep.2015.04.057

Díaz-Balzac, C. A., Lázaro-Peña, M. I., Tecle, E., Gomez, N., and Bülow, H. E.
(2014). Complex cooperative functions of heparan sulfate proteoglycans shape

Frontiers in Neuroanatomy | www.frontiersin.org 6 August 2020 | Volume 14 | Article 5940

https://doi.org/10.1016/j.mcn.2010.10.001
https://doi.org/10.1016/j.mcn.2010.10.001
https://doi.org/10.3908/wormatlas.1.18
https://doi.org/10.1101/808337
https://doi.org/10.1073/pnas.092128099
https://doi.org/10.1038/nn.2581
https://doi.org/10.1016/j.cell.2013.11.048
https://doi.org/10.1371/journal.pgen.1006720
https://doi.org/10.1371/journal.pgen.1006720
https://doi.org/10.1016/j.cell.2013.12.009
https://doi.org/10.1016/j.mcn.2014.02.001
https://doi.org/10.1126/science.1089163
https://doi.org/10.1126/science.1143762
https://doi.org/10.1038/s41586-019-1352-7
https://doi.org/10.1016/j.neubiorev.2016.04.008
https://doi.org/10.1016/j.neubiorev.2016.04.008
https://doi.org/10.1038/nrn.2015.3
https://doi.org/10.1038/nrn.2015.3
https://doi.org/10.1523/JNEUROSCI.4963-03.2004
https://doi.org/10.1523/JNEUROSCI.4963-03.2004
https://doi.org/10.1016/j.celrep.2015.04.057
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Jin and Kim C. elegans Neurite Branching Mechanisms

nervous system development in Caenorhabditis elegans. G3 4, 1859–1870.
doi: 10.1534/g3.114.012591

Díaz-Balzac, C. A., Rahman, M., Lázaro-Peña, M. I., Martin Hernandez, L. A.,
Salzberg, Y., Aguirre-Chen, C., et al. (2016). Muscle- and skin-derived cues
jointly orchestrate patterning of somatosensory dendrites. Curr. Biol. 26,
2379–2387. doi: 10.1016/j.cub.2016.07.008

Dong, X., Chiu, H., Park, Y. J., Zou, W., Zou, Y., Özkan, E., et al. (2016). Precise
regulation of the guidance receptor DMA-1 by KPC-1/furin instructs dendritic
branching decisions. eLife 5:e11008. doi: 10.7554/eLife.11008

Dong, X., Liu, O. W., Howell, A. S., and Shen, K. (2013). An extracellular adhesion
molecule complex patterns dendritic branching and morphogenesis. Cell 155,
296–307. doi: 10.1016/j.cell.2013.08.059

Emmons, S. W. (2018). Neuronal plasticity in nematode worms. Nature 553,
159–160. doi: 10.1038/d41586-017-09031-5

Hao, J. C., Adler, C. E., Mebane, L., Gertler, F. B., Bargmann, C. I., and Tessier-
Lavigne, M. (2010). The tripartite motif protein MADD-2 functions with the
receptor UNC-40 (DCC) in netrin-mediated axon attraction and branching.
Dev. Cell 18, 950–960. doi: 10.1016/j.devcel.2010.02.019

Hardelin, J. P. (2001). Kallmann syndrome: towards molecular pathogenesis.
Mol. Cell. Endocrinol. 179, 75–81. doi: 10.1016/s0303-7207(01)
00462-2

Hart, M. P. (2019). Stress-induced neuron remodeling reveals differential interplay
between neurexin and environmental factors in Caenorhabditis elegans.
Genetics 213, 1415–1430. doi: 10.1534/genetics.119.302415

Hart, M. P., and Hobert, O. (2018). Neurexin controls plasticity of a
mature, sexually dimorphic neuron. Nature 553, 165–170. doi: 10.1038/nature
25192

Hedgecock, E. M., Culotti, J. G., and Hall, D. H. (1990). The unc-5,
unc-6 and unc-40 genes guide circumferential migrations of pioneer axons
and mesodermal cells on the epidermis in C. elegans. Neuron 4, 61–85.
doi: 10.1016/0896-6273(90)90444-k

Hobert, O. (2013). The neuronal genome of Caenorhabditis elegans. WormBook
1–106. doi: 10.1895/wormbook.1.161.1

Jan, Y. N., and Jan, L. Y. (2010). Branching out: mechanisms of dendritic
arborization. Nat. Rev. Neurosci. 11, 316–328. doi: 10.1038/nrn2836

Jarrell, T. A., Wang, Y., Bloniarz, A. E., Brittin, C. A., Xu, M., Thomson, J. N.,
et al. (2012). The connectome of a decision-making neural network. Science
337, 437–444. doi: 10.1126/science.1221762

Jorgensen, E. M., and Mango, S. E. (2002). The art and design of genetic screens:
Caenorhabditis elegans. Nat. Rev. Genet. 3, 356–369. doi: 10.1038/nrg794

Kalil, K., and Dent, E. W. (2014). Branch management: mechanisms of axon
branching in the developing vertebrate CNS. Nat. Rev. Neurosci. 15, 7–18.
doi: 10.1038/nrn3650

Kim, B. (2019). Evolutionarily conserved and divergent functions for cell adhesion
molecules in neural circuit assembly. J. Comp. Neurol. 527, 2061–2068.
doi: 10.1002/cne.24666

Kim, B., and Emmons, S. W. (2017). Multiple conserved cell adhesion protein
interactions mediate neural wiring of a sensory circuit in C. elegans. eLife
6:e29257. doi: 10.7554/eLife.29257

Kulkarni, V. A., and Firestein, B. L. (2012). The dendritic tree and brain disorders.
Mol. Cell. Neurosci. 50, 10–20. doi: 10.1016/j.mcn.2012.03.005

LeBoeuf, B., and Garcia, L. R. (2017). Caenorhabditis elegans male copulation
circuitry incorporates sex-shared defecation components to promote
intromission and sperm transfer. G3 Genes Genomes Genet. 7, 647–662.
doi: 10.1534/g3.116.036756

Li, J., Han, S., Li, H., Udeshi, N. D., Svinkina, T., Mani, D. R., et al. (2020). Cell-
surface proteomic profiling in the fly brain uncovers wiring regulators.Cell 180,
373.e15–386.e15. doi: 10.1016/j.cell.2019.12.029

Liu, O. W., and Shen, K. (2011). The transmembrane LRR protein DMA-1
promotes dendrite branching and growth in C. elegans. Nat. Neurosci. 15,
57–63. doi: 10.1038/nn.2978

Mohammadi, A., Byrne Rodgers, J., Kotera, I., and Ryu, W. S. (2013). Behavioral
response of Caenorhabditis elegans to localized thermal stimuli. BMC Neurosci.
14:66. doi: 10.1186/1471-2202-14-66

Nelson, J. C., and Colón-Ramos, D. A. (2013). Serotonergic neurosecretory
synapse targeting is controlled by netrin-releasing guidepost neurons in
Caenorhabditis elegans. J. Neurosci. 33, 1366–1376. doi: 10.1523/jneurosci.
3471-12.2012

Oren-Suissa, M., Bayer, E. A., and Hobert, O. (2016). Sex-specific pruning
of neuronal synapses in Caenorhabditis elegans. Nature 533, 206–211.
doi: 10.1038/nature17977

Özkan, E., Chia, P. H., Wang, R. R., Goriatcheva, N., Borek, D., Otwinowski, Z.,
et al. (2014). Extracellular architecture of the SYG-1/SYG-2 adhesion
complex instructs synaptogenesis. Cell 156, 482–494. doi: 10.1016/j.cell.2014.
01.004

Rugarli, E. I., Di Schiavi, E., Hilliard, M. A., Arbucci, S., Ghezzi, C., Facciolli, A.,
et al. (2002). The kallmann syndrome gene homolog in C. elegans is
involved in epidermalmorphogenesis and neurite branching.Development 129,
1283–1294. Available online at https://pubmed.ncbi.nlm.nih.gov/11874923/.

Saied-Santiago, K., and Bülow, H. E. (2018). Diverse roles for glycosaminoglycans
in neural patterning. Dev. Dyn. 247, 54–74. doi: 10.1002/dvdy.
24555

Salzberg, Y., Díaz-Balzac, C. A., Ramirez-Suarez, N. J., Attreed, M., Tecle, E.,
Desbois, M., et al. (2013). Skin-derived cues control arborization of sensory
dendrites in Caenorhabditis elegans. Cell 155, 308–320. doi: 10.1016/j.cell.2013.
08.058

Salzberg, Y., Ramirez-Suarez, N. J., and Bülow, H. E. (2014). The proprotein
convertase KPC-1/furin controls branching and self-avoidance of
sensory dendrites in Caenorhabditis elegans. PLoS Genet. 10:e1004657.
doi: 10.1371/journal.pgen.1004657

Schroeder, N. E., Androwski, R. J., Rashid, A., Lee, H., Lee, J., and
Barr, M. M. (2013). Dauer-specific dendrite arborization in C. elegans is
regulated by KPC-1/furin. Curr. Biol. 23, 1527–1535. doi: 10.1016/j.cub.2013.
06.058

Serrano-Saiz, E., Oren-Suissa, M., Bayer, E. A., and Hobert, O. (2017). Sexually
dimorphic differentiation of a C. elegans hub neuron is cell autonomously
controlled by a conserved transcription factor. Curr. Biol. 27, 199–209.
doi: 10.1016/j.cub.2016.11.045

Shen, K., and Bargmann, C. I. (2003). The immunoglobulin superfamily protein
SYG-1 determines the location of specific synapses in C. elegans. Cell 112,
619–630. doi: 10.1016/s0092-8674(03)00113-2

Shen, K., Fetter, R. D., and Bargmann, C. I. (2004). Synaptic specificity is generated
by the synaptic guidepost protein SYG-2 and its receptor, SYG-1. Cell 116,
869–881. doi: 10.1016/s0092-8674(04)00251-x

Smith, C. J., O’Brien, T., Chatzigeorgiou, M., Clay Spencer, W., Feingold-Link, E.,
Husson, S. J., et al. (2013). Sensory neuron fates are distinguished by a
transcriptional switch that regulates dendrite branch stabilization. Neuron 79,
266–280. doi: 10.1016/j.neuron.2013.05.009

Soussi-Yanicostas, N., de Castro, F., Julliard, A. K., Perfettini, I., Chédotal, A.,
and Petit, C. (2002). Anosmin-1, defective in the X-linked form of
Kallmann syndrome, promotes axonal branch formation from olfactory
bulb output neurons. Cell 109, 217–228. doi: 10.1016/s0092-8674(02)
00713-4

Südhof, T. C. (2017). Synaptic neurexin complexes: a molecular code for
the logic of neural circuits. Cell 171, 745–769. doi: 10.1016/j.cell.2017.
10.024

Tang, L. T., Diaz-Balzac, C. A., Rahman, M., Ramirez-Suarez, N. J., Salzberg, Y.,
Lázaro-Peña, M. I., et al. (2019). TIAM-1/GEF can shape somatosensory
dendrites independently of its GEF activity by regulating F-actin localization.
eLife 8:e38949. doi: 10.7554/eLife.38949

Tao, L., Porto, D., Li, Z., Fechner, S., Lee, S. A., Goodman, M. B., et al.
(2019). Parallel processing of two mechanosensory modalities by a single
neuron in C. elegans. Dev. Cell 51, 617.e3–631.e3. doi: 10.1016/j.devcel.2019.
10.008

Ward, S., Thomson, N., White, J. G., and Brenner, S. (1975). Electron
microscopical reconstruction of the anterior sensory anatomy of the nematode
Caenorhabditis elegans. J. Comp. Neurol. 160, 313–337. doi: 10.1002/cne.
901600305

Way, J. C., and Chalfie, M. (1989). The mec-3 gene of Caenorhabditis elegans
requires its own product for maintained expression and is expressed in
three neuronal cell types. Genes Dev. 3, 1823–1833. doi: 10.1101/gad.3.
12a.1823

Weinberg, P., Berkseth, M., Zarkower, D., and Hobert, O. (2018). Sexually
dimorphic unc-6/netrin expression controls sex-specific maintenance of
synaptic connectivity. Curr. Biol. 28, 623.e3–629.e3. doi: 10.1016/j.cub.2018.
01.002

Frontiers in Neuroanatomy | www.frontiersin.org 7 August 2020 | Volume 14 | Article 5941

https://doi.org/10.1534/g3.114.012591
https://doi.org/10.1016/j.cub.2016.07.008
https://doi.org/10.7554/eLife.11008
https://doi.org/10.1016/j.cell.2013.08.059
https://doi.org/10.1038/d41586-017-09031-5
https://doi.org/10.1016/j.devcel.2010.02.019
https://doi.org/10.1016/s0303-7207(01)00462-2
https://doi.org/10.1016/s0303-7207(01)00462-2
https://doi.org/10.1534/genetics.119.302415
https://doi.org/10.1038/nature25192
https://doi.org/10.1038/nature25192
https://doi.org/10.1016/0896-6273(90)90444-k
https://doi.org/10.1895/wormbook.1.161.1
https://doi.org/10.1038/nrn2836
https://doi.org/10.1126/science.1221762
https://doi.org/10.1038/nrg794
https://doi.org/10.1038/nrn3650
https://doi.org/10.1002/cne.24666
https://doi.org/10.7554/eLife.29257
https://doi.org/10.1016/j.mcn.2012.03.005
https://doi.org/10.1534/g3.116.036756
https://doi.org/10.1016/j.cell.2019.12.029
https://doi.org/10.1038/nn.2978
https://doi.org/10.1186/1471-2202-14-66
https://doi.org/10.1523/jneurosci.3471-12.2012
https://doi.org/10.1523/jneurosci.3471-12.2012
https://doi.org/10.1038/nature17977
https://doi.org/10.1016/j.cell.2014.01.004
https://doi.org/10.1016/j.cell.2014.01.004
https://pubmed.ncbi.nlm.nih.gov/11874923/
https://doi.org/10.1002/dvdy.24555
https://doi.org/10.1002/dvdy.24555
https://doi.org/10.1016/j.cell.2013.08.058
https://doi.org/10.1016/j.cell.2013.08.058
https://doi.org/10.1371/journal.pgen.1004657
https://doi.org/10.1016/j.cub.2013.06.058
https://doi.org/10.1016/j.cub.2013.06.058
https://doi.org/10.1016/j.cub.2016.11.045
https://doi.org/10.1016/s0092-8674(03)00113-2
https://doi.org/10.1016/s0092-8674(04)00251-x
https://doi.org/10.1016/j.neuron.2013.05.009
https://doi.org/10.1016/s0092-8674(02)00713-4
https://doi.org/10.1016/s0092-8674(02)00713-4
https://doi.org/10.1016/j.cell.2017.10.024
https://doi.org/10.1016/j.cell.2017.10.024
https://doi.org/10.7554/eLife.38949
https://doi.org/10.1016/j.devcel.2019.10.008
https://doi.org/10.1016/j.devcel.2019.10.008
https://doi.org/10.1002/cne.901600305
https://doi.org/10.1002/cne.901600305
https://doi.org/10.1101/gad.3.12a.1823
https://doi.org/10.1101/gad.3.12a.1823
https://doi.org/10.1016/j.cub.2018.01.002
https://doi.org/10.1016/j.cub.2018.01.002
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Jin and Kim C. elegans Neurite Branching Mechanisms

White, J., Southgate, E., Thomson, J., and Brenner, S. (1986). The structure of the
nervous system of the nematode Caenorhabditis elegans. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 314, 1–340. doi: 10.1098/rstb.1986.0056

Zou,W., Dong, X., Broederdorf, T. R., Shen, A., Kramer, D. A., Shi, R., et al. (2018).
A dendritic guidance receptor complex brings together distinct actin regulators
to drive efficient F-actin assembly and branching. Dev. Cell 45, 362.e3–375.e3.
doi: 10.1016/j.devcel.2018.04.008

Zou, W., Shen, A., Dong, X., Tugizova, M., Xiang, Y. K., and Shen, K. (2016).
A multi-protein receptor-ligand complex underlies combinatorial dendrite
guidance choices in C. elegans. eLife 5:e18345. doi: 10.7554/eLife.18345

Conflict of Interest: The authors declare 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 © 2020 Jin and Kim. 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) and
the copyright owner(s) 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 Neuroanatomy | www.frontiersin.org 8 August 2020 | Volume 14 | Article 5942

https://doi.org/10.1098/rstb.1986.0056
https://doi.org/10.1016/j.devcel.2018.04.008
https://doi.org/10.7554/eLife.18345
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


fnmol-13-00139 August 25, 2020 Time: 11:47 # 1

REVIEW
published: 25 August 2020

doi: 10.3389/fnmol.2020.00139

Edited by:
Fritz Rathjen,

Helmholtz Association of German
Research Centers (HZ), Germany

Reviewed by:
Esther Stoeckli,

University of Zurich, Switzerland
Larry Zipursky,

Howard Hughes Medical Institute
(HHMI), United States

*Correspondence:
Masahito Yamagata

yamagatm@mcb.harvard.edu

Received: 30 April 2020
Accepted: 09 July 2020

Published: 25 August 2020

Citation:
Yamagata M (2020) Structure

and Functions of Sidekicks.
Front. Mol. Neurosci. 13:139.

doi: 10.3389/fnmol.2020.00139

Structure and Functions of Sidekicks
Masahito Yamagata*

Department of Molecular and Cellular Biology, Center for Brain Science, Harvard University, Cambridge, MA, United States

Many of the immunoglobulin superfamily (IgSF) molecules play pivotal roles in cell
communication. The Sidekick (Sdk) gene, first described in Drosophila, encodes the
single-pass transmembrane protein, Sdk, which is one of the largest among IgSF
membrane proteins. Sdk first appeared in multicellular animals during the Precambrian
age and later evolved to Sdk1 and Sdk2 in vertebrates by gene duplication. In flies,
a single Sdk is involved in positioning photoreceptor neurons and their axons in the
visual system and is responsible for dynamically rearranging cell shapes by strictly
populating tricellular adherens junctions in epithelia. In vertebrates, Sdk1 and Sdk2
are expressed by unique sets of cell types and distinctively participate in the formation
and/or maintenance of neural circuits in the retina, indicating that they are determinants
of synaptic specificity. These functions are mediated by specific homophilic binding
of their ectodomains and by intracellular association with PDZ scaffold proteins.
Recent human genetic studies as well as animal experiments implicate that Sdk genes
may influence various neurodevelopmental and psychiatric disorders, such as autism
spectrum disorders, attention-deficit hyperactivity disorder, addiction, and depression.
The gigantic Sdk1 gene is susceptible to erratic gene rearrangements or mutations in
both somatic and germ-line cells, potentially contributing to neurological disorders and
some types of cancers. This review summarizes what is known about the structure and
roles of Sdks.

Keywords: immunoglobulin superfamily, sidekick, Sdk1, Sdk2, adhesion molecule, Drosophila, retina, evolution

INTRODUCTION

The immunoglobulin superfamily (IgSF) is a large group of cell surface or secreted proteins,
characterized by the occurrence of a variable number of cognate 70–110 amino acid
immunoglobulin (Ig)-like domains, originally noticed in antibodies (Shapiro et al., 2007). Most
members of the IgSF have been studied as cell surface receptors, co-receptors, co-effectors,
or adhesion molecules. In the immune system, they serve as antigen binding molecules,
cytokine receptors, and recognition molecules between distinct classes of immune cells (Barclay,
2003). In the nervous system, they function as neurotrophin receptors (e.g., TrkA) and cell
recognition/adhesion molecules (e.g., NCAM, nectins), which play roles in the development and
maintenance of nervous tissues and neural circuits (Leshchyns’ka and Sytnyk, 2016; Zinn and
Özkan, 2017; Cameron and McAllister, 2018; Sanes and Zipursky, 2020).
Encoding one of the largest IgSFs, the Sidekick (Sdk) gene was initially identified in a mutant
screen of Drosophila melanogaster for defects in eye development. An Sdk-null mutant was
identified by its rough-eye phenotype, and the gene was suggested to play a role in controlling
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proper photoreceptor development in the fly eye (Nguyen et al.,
1997). The vertebrate ortholog of Sdk, Sidekick-1 (Sdk1), was
initially identified in a screen for molecular subset markers of
retinal ganglion cells (RGCs) in the developing chick retina, and
its close homolog, Sidekick-2 (Sdk2), was subsequently identified
(Yamagata et al., 2002). By searching the GenBank for Sdk
homologs in other species, mouse and human Sdk1 and Sdk2,
as well as a single Caenorhabditis elegans (C. elegans) Sdk, were
identified. Mouse Sdks were also cloned using a differential gene
expression analysis of HIV-infected versus non-infected kidney
cells (Kaufman et al., 2004). C. elegans Sdk was later characterized
as RIG-4 (Schwarz et al., 2009). All vertebrates have two Sdks,
although some species, such as zebrafish, contain extra genes
due to gene duplication (Galicia et al., 2018). As discussed later,
it appears that non-vertebrate species, including insects and
nematodes, have only one Sdk.

STRUCTURE

Domain Organization
The predicted vertebrate Sdk1 and Sdk2, as well as fly and
worm Sdk proteins, share an identical domain organization.
From N to C terminus, each Sdk contains a signal sequence,
with 6 Ig domains, 13 fibronectin type III (FNIII) domains,
a transmembrane domain, and a ∼200-amino acid cytoplasmic
domain (Figure 1). The FNIII domains, originally described in
fibronectin, are composed of ∼90 amino acids and have been
found in many different proteins, including other extracellular
matrix molecules, cell surface adhesion molecules, and receptors.
These Sdks possess the unique C-terminal hexapeptide -GFSSFV,
which incorporates a tripeptide motif (-SXV) to bind to PDZ
domain proteins (Amacher et al., 2020) as discussed below.
Vertebrate Sdk1 and Sdk2 are ∼60% identical to each other
at the amino acid level, and both are ∼35% identical to
Drosophila Sdk.

Evolution of Sdk Structure
It appears that most, if not all, animal phyla have Sdk or
Sdk-like molecules (Table 1). All vertebrates have two Sdks: Sdk1
and Sdk2. The sequences of Sdk1 and Sdk2 are conveniently
distinguishable by their C-terminal heptapeptide sequences,
where Sdk1 and Sdk2 terminate with -TGFSSFV and -AGFSSFV,
respectively (Figure 1 and Table 1). Interestingly, lancelets
(amphioxus) have only one Sdk (-PGFSSFV), which is neither
Sdk1 nor Sdk2. The genome of this cephalochordate appears
to be closer to the genome of the ancestral chordate than
those of any other extant organism (Holland et al., 2008).
Since cartilaginous fish and teleosts possess Sdk1 and Sdk2,
it is likely that Sdk1 and Sdk2 were generated by a whole
genome duplication event which occurred before the emergence
of vertebrates. Supporting this idea, lamprey, a jawless fish,
already has two Sdk genes. Lamprey is considered to be a
link between lancelets and vertebrates (Shimeld and Donoghue,
2012). Lamprey Sdk2 ends with -AGFSSFV, but lamprey
Sdk1 contains -SGFSSFV, a non-canonical Sdk1 sequence. In
vertebrates, Sdk1 and Sdk2 are expressed differentially at the
cellular level, often in non-overlapping patterns (see below).
The mechanism and contribution of the two Sdks in their body
plan is an interesting conjecture.

Besides vertebrates, other bilaterians, including Arthropoda
(e.g., insects), Echinodermata (e.g., sea urchin, starfish), and
Nematoda (e.g., C. elegans) possess one Sdk with -GFSSFV.
Each of the non-bilaterians (cnidarians and one placozoa) also
has a protein homologous to Sdk. These non-bilaterian Sdk-like
proteins have a domain architecture identical to Sdk: 6 Ig and 13
FNIII domains, as well as one transmembrane and cytoplasmic
domain. Their cytoplasmic domain is ∼400 amino acids, which
is longer than that of vertebrate Sdks, and most strikingly, lacks
-GFSSFV. Among cnidarians, Sdk-like proteins in corals and
sea anemones end with -SFV, a canonical PDZ-binding motif.
However, this -SFV is not present in Sdk-like proteins in Hydra
and Trichoplax. These non-bilaterian animals are a group of

FIGURE 1 | Structure of Sdks. Each Sdk contains a signal sequence, 6 Ig domains (Ig), 13 fibronectin type III (FNIII) domains, a transmembrane domain, and a
∼200–400 amino acid cytoplasmic domain. Vertebrates have two Sdks (also see Table 1). The predicted lengths of typical human Sdk1, human Sdk2, and
Drosophila Sdk are 2,213 amino acids, 2,172 amino acids, and 2,168 amino acids, respectively, although each Sdk protein with a cleavable N-terminal signal
peptide is translated from spliced mRNA variants and potentially modified by glycosylation.
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TABLE 1 | Sdk1, Sdk2, Sdk, and Sdk prototype.

Species Common name Annotation C-terminal sequence GenBank
Accession #

Homo sapiens Human Sdk11 -VYTPAGPGARTPLTGFSSFV NP_689957.3

Mus musculus Mouse Sdk1 -VYTPAGPGARAPLTGFSSFV NP_808547.3

Monodelphis domestica Opossum Sdk1 -PTGQQAPGSRTPV GFSSFV XP_007498476.1

Ornithorhynchus anatinus Platypus Sdk1 -PSGQQAPGSRTPV GFSSFV XP_028913331.1

Gallus gallus Chicken Sdk1 -PTGQPAPGSRTPV GFSSFV NP_989436.2

Alligator mississippiensis Alligator Sdk1 -PTGQPAPGSRTPV GFSSFV XP_019350208.1

Rhinatrema bivittatum Caecilian Sdk1 -PTGQQAPGSRTPV GFSSFV XP_029432777.1

Latimeria chalumnae Coelacanth Sdk1 -PTGQPAPGSRTPV GFSSFV XM_014488585.1

Danio rerio Zebrafish Sdk1 -PAGQPAPGSRTPV GFSSFV XP_009297968.1

Amblyraja radiata Skate Sdk1 -PSGQPASGSRTPV GFSSFV XP_032897023.1

Petromyzon marinus Lamprey Sdk12 -AEGLAGLGPGFTMSGFSSFV XP_032825778.1

Homo sapiens Human Sdk2 -PPSSLAPGSRAPIAGFSSFV NP_001138424.1

Mus musculus Mouse Sdk2 -PPSSLAPGSRAPI GFSSFV NP_766388.2

Monodelphis domestica Opossum Sdk2 -PPSSLAPGSRAPI GFSSFV XP_016286156.1

Ornithorhynchus anatinus Platypus Sdk2 -PPSSLGPGSRAPI GFSSFV XP_028935753.1

Gallus gallus Chicken Sdk2 -PPSSLAPGSRAPI GFSSFV NP_989869.2

Lacerta agilis Lizard Sdk2 -PPSSLAPGSRAPI GFSSFV XP_032994830.1

Rhinatrema bivittatum Caecilian Sdk2 -PPSSLGPASRAPI GFSSFV XP_029455108.1

Xenopus tropicalis Xenopus Sdk2 -PPSSLAPAARAPI GFSSFV XP_031750128.1

Latimeria chalumnae Coelacanth Sdk2 -PPSSLAPGSRAPI GFSSFV XP_014350112.1

Danio rerio Zebrafish Sdk2 -PPSSLAPGSRAPI GFSSFV XP_009305142.1

Amblyraja radiata Skate Sdk2 -PASSLAPGSRTPVAGFSSFV XP_032900435.1

Petromyzon marinus Lamprey Sdk2 -SANGLGPGTRPPVAGFSSFV XP_032822787.1

Branchiostoma belcheri Lancelet (amphioxus) Sdk -LANGMAAGSRAPLPGFSSFV XP_019643491.1

Crassostrea virginica Oyster Sdk -VIMNNAAGSRAPLPGFSSFV XP_022314291.1

Octopus bimaculoides Octopus Sdk -MMVNNTAGSRTPVAGFSSFV XP_029641972.1

Drosophila melanogaster Fruit fly Sdk -IIVNNMARSRAPLPGFSSFV NP_001284758.1

Stegodyphus mimosarum Spider Sdk -IVMNNMAGSRAPLPGFSSFV KFM81271.1

Caenorhabditis elegans Nematode Sdk/RIG-4 -GPWANIPATPNLTTGFSSFV NP_501339.2

Caenorhabditis briggsae Nematode Sdk -GPWANIPATPNLTAGFSSFV XP_002634371.1

Oesophagostomum dentatum Nodule worm (parasitic nematode) Sdk -SSVWQPQPAPNLTSGFSSFV KHJ92754.1

Strongylocentrotus purpuratus Sea urchin Sdk -NLAKMQPGSRAPVHGFSSFV XP_030840152.1

Acanthaster planci Starfish Sdk -GLAGMPAGSRAPLHGFSSFV XP_022080214.1

Acropora millepora Coral (anthozoan) Sdk prototype3 -YNNDNFSASEPHISSYSSFV XP_029192231.1

Nematostella vectensis Sea anemone (anthozoan) Sdk prototype -GATELLDNSEPQISAYQSFV XP_032221176.1

Hydra vulgaris Hydra (medusozoan) Sdk prototype -FNDELKEDEIDGFKTDTTLV XP_012557393.1

Trichoplax adhaerens Trichoplax Sdk prototype -YYHSEQGRVKPGLPDPSYFI RDD40754.1

Including arthropods and nematodes, all bilaterian Sdks possess a unique C-terminal hexapeptide -GFSSFV which includes a type I tripeptide motif (-S/T-X-V) for binding to
PDZ domain proteins (Bold). The cnidarian and placozoan Sdk-like molecules lack -GFSSFV. Instead, the diversified C-terminal sequences correspond to the type I or type II
PDZ-binding motif. Nonetheless, the domain architecture of these Sdk-like proteins is essentially same as that of bilaterian Sdks, making them the prototypes of Sdk. 1Sdk1
in other vertebrates: https://www.ncbi.nlm.nih.gov/gene/221935/ortholog/Sdk2 in other vertebrates: https://www.ncbi.nlm.nih.gov/gene/54549/ortholog/ 2Petromyzon
marinus (sea lamprey) is one of extant agnathan vertebrates that reside at the evolutionary juncture where vertebrates diverged from invertebrates. The C-terminal
heptapeptide sequence of Petromyzon marinus Sdk1 differs from that of all other vertebrates, although the substitution is relevant (T vs S). At this moment, no Sdks are
annotated in Urochordata (ascidians). 3The domain architecture of non-bilaterian Sdk-like proteins in cnidarians (coral, sea anemone, hydra) and placozoan (trichoplax) is
identical to that of bilaterian Sdks (6 Ig domains, 13 FNIII domains, single-pass transmembrane domain, and a cytoplastic domain). However, they do not have -GFSSFV.
Currently, no Sdk-like molecules have been annotated in Porifera (sponges) and Ctenophora.

the most primitive multicellular animals which appeared in the
Precambrian age (Simion et al., 2017), suggesting that these
Sdk-like proteins are prototypes of Sdk.

Ectodomain
Drosophila Sdk protein is a homophilic adhesion molecule
(Astigarraga et al., 2018). Vertebrate Sdk1 and Sdk2 also show

homophilic binding: Sdk1 binds to Sdk1, and Sdk2 binds to
Sdk2 (Yamagata et al., 2002; Hayashi et al., 2005; Goodman
et al., 2016; Tang et al., 2018). Moreover, neither exhibits
heterophilic interactions with other IgSF molecules tested
(Yamagata and Sanes, 2008, 2012), although biochemical assays
have demonstrated weak cross-binding to other IgSFs under
restricted conditions in vitro (Visser et al., 2015).
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The structural basis of this homophilic interaction has
been revealed by crystal structures and synthetic constructs
of Sdk ectodomain regions (Goodman et al., 2016). The four
N-terminal Ig domains (Ig1–4) of both Sdk1 and Sdk2 take
on a horseshoe-like conformation, like other IgSF proteins
(Figures 2A,B), but they interact in a distinct back-to-back
anti-parallel manner (Honig and Shapiro, 2020). Amino acid
mutations at the interface (especially N22), and Sdk1/Sdk2
chimeric constructs show that this dimer (Ig1-4/Ig1-4 with
Ig1:Ig2 and Ig3:Ig4 interfaces) is not only essential for homophilic
interaction in vitro and cell-cell aggregation (Figures 2C,D) but
also forms cis Sdk clusters on the cell surface of solitary cells
(Figure 2E). Here, only the horseshoe-like structure (Ig1-4) is
required for the homophilic binding between two different Sdk
molecules (also see Tang et al., 2018). The dimer (Ig1-4/Ig1-4)
cannot bind to the second dimer (Ig1-4/Ig1-4) in either cis
or trans because both cis and trans interactions use the same
interface. Thus, to achieve a robust cell–cell adhesion in trans, a
Sdk molecule on an adjacent cell needs to compete with an Sdk’s
cis dimer. Interestingly, weak heterophilic binding between Sdk1
and Sdk2 is observed biochemically in vitro, although homophilic
binding is very strong (Goodman et al., 2016). Here, Sdk1 on
Cell-X can bind to Sdk2 on Cell-Y (Figure 2E). However, this
heterophilic binding is too weak to pull the Sdk2 away from its cis
partner; only another Sdk2 molecule on Cell-Z can do that. Thus,
competition between cis and trans interactions may ensure the
homophilic specificity of Sdk-mediated adhesion in the crowded

synaptic layers of the central nervous system, where neuronal
processes possessing the two Sdks are intermingled.

By contrast, roles of lengthy FNIII domains in Sdk proteins are
poorly understood. One possibility is that unknown molecules
bind to these domains, although such novel ligands for Sdks
have not been reported. An electron microscope analysis of
Sdk proteins has demonstrated that the whole ectodomain of
Sdk protein has a flexible string-like shape, and that FNIII
domains are associated with membranes (Tang et al., 2018).
Taken together, the Ig domains of Sdk determine the specificity
of trans and cis interaction, and FNIII domains tighten cell-cell
adhesion by closely apposing two cell membranes (Figure 2A).

Sdks have several splicing variants, including a major Sdk1
variant lacking some Ig domains (Kaufman et al., 2004; Yamagata
and Sanes, 2019). However, their biological significance has not
yet been elucidated.

Cytoplasmic Domain
Sdks possess a cytoplasmic domain of approximately 200 amino
acids, and several clusters of these sequences are conserved
across species. Most notably, the C-terminal hexapeptide,
-GFSSFV, is conserved in all bilaterian Sdks as discussed
earlier. It includes a motif (-SXV) for anchoring to PDZ
domain proteins, indicating that it determines the localization
of Sdk proteins. It is indeed required for synaptic localization
in the retina (Yamagata and Sanes, 2010) and cytoskeletal
organization in the kidney podocytes (Kaufman et al., 2010).

FIGURE 2 | Structural basis of homophilic adhesion in Sdks. (A) A horseshoe-like structure of N-terminal Ig domains (Ig1-4) is responsible for homophilic adhesion.
Ig5, Ig6, and FNIII domains are associated with plasma membranes (Tang et al., 2018). (B) The crystal structure of Sdk1 Ig1-Ig5 homodimers
(https://www.rcsb.org/3d-view/5K6W) (Goodman et al., 2016). Four Ig domains of the first molecule (green) faces to those of the second molecule (red) in a
back-to-back anti-parallel manner: Ig1 to Ig3, and Ig2 to Ig4. (C) The lateral view of (B) (arrows in B) to display the interactive interface. (D) The squared area in (C).
The substitution of N22 (Ig1 domain) abolishes the adhesion of Sdk1-transfected cells. This residue resides in the interface between Ig1 and Ig3 domains.
(E) Competition between cis- and trans- interactions to ensure the homophilic specificity of Sdk-expressing cells (see text). Note that cis and trans interactions use
the same interface as shown in (B).
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Using yeast two-hybrid screening, several molecules possessing
PDZ domains were identified as robust interactors with this motif
(Yamagata and Sanes, 2010), confirming earlier observations
(Meyer et al., 2004). Among these interactors, MAGIs, which
are one family of PDZ/membrane-associated guanylate kinase
(MAGUK) molecules (Figure 3A), colocalize with the Sdk
protein in the retina (Yamagata and Sanes, 2010) and kidney
podocytes (Kaufman et al., 2010). Thus, Sdk proteins are
associated with MAGI proteins in vivo. Several lines of
evidence suggest that various PDZ-binding motifs show a unique
spectrum of binding to distinct PDZ domains in MAGI proteins
(e.g., Stiffler et al., 2007). MAGI proteins also directly and
indirectly interact with other transmembrane proteins such as
neuroligins and cadherins via β-catenin, which are also important
components of cell interactions, especially at synapses (Zhu et al.,
2016). An intriguing possibility is that MAGI proteins act by
orchestrating multiple transmembrane interactions (Yamagata
and Sanes, 2010). In addition to MAGIs, it has been shown that
Drosophila Polychaetoid, another PDZ/MAGUK scaffold protein,
is functionally and biochemically associated with the cytoplasmic
domain of Sdk (Letizia et al., 2019; Figure 3B). Polychaetoid is a
mammalian homolog of ZO-1, which is a major component of
tight junctions (Figure 3C). It is interesting to note that these
scaffolding proteins can trigger phase separation, which leads to
efficient signaling and the high stability of the adhesion apparatus
(Su et al., 2016; Canever et al., 2020).

FUNCTIONS

Sdk in Drosophila Photoreceptors and
Tricellular Adherens Junctions
The compound eyes of the Drosophila visual system consist
of many ommatidia and transmit visual information to the
underlying optic lobes via four neuropils:the lamina, medulla,
lobula, and lobular plate. Each ommatidium contains eight

FIGURE 3 | MAGIs and Polychaetoid. The cytoplasmic tail of Sdks binds to
two PDZ scaffolding proteins, MAGIs and Polychaetoid, in vertebrates and
flies, respectively (Kaufman et al., 2010; Yamagata and Sanes, 2010; Letizia
et al., 2019). (A) Neuroligin-1, Sdks, and β-catenin bind to the different PDZ
domains (see Yamagata and Sanes, 2010). (B,C) Drosophila Polychaetoid (B)
is an ortholog of vertebrate ZO-1 (C), a tight junction protein, although its
direct interaction with Sdks has not been demonstrated. It is not known which
PDZ domains of Polychaetoid bind to Sdk.

photoreceptors (R1–R8) which project to either the lamina or
medulla (Figure 4A). Sdk was initially identified as a gene
necessary to control the number and arrangement of cells,
including photoreceptors in each ommatidium duringDrosophila
eye development (Nguyen et al., 1997). Further analysis showed
that Sdk helps to locate lamina neurons, arrange them into
columns, and sort photoreceptor axons into lamina cartridges,
thereby establishing correct visual motion detection circuits
(Astigarraga et al., 2018). For this purpose, Sdk is required
solely in photoreceptors, but neither in the lamina neurons
nor other neurons responsible for motion detection circuits.
This mode of action is in contrast to that in the vertebrates
where the distinct Sdk mediates homophilic interaction between
different cells in trans (see below), although Drosophila Sdk is a
homophilic adhesion molecule (Astigarraga et al., 2018). It raises
the possibility that Sdk in flies plays a role in regulating the
interaction between photoreceptors and their axons, especially at
extending growth cones (Astigarraga et al., 2018). Other models
include the expression of heterologous binding partners in the
surrounding cells, and/or the release of Sdk fragments from
photoreceptors to influence non-cell-autonomously.

Epithelial cells build adhesive contacts along their apical-basal
axes, both at bicellular junctions and at tricellular adherens
junctions (tAJs) to ensure epithelial integrity, dynamics, and
function (Higashi and Miller, 2017; Bosveld et al., 2018)
(Figures 4B,C). In a Drosophila protein trap project, the
GFP-tagged Sdk protein was found to be highly enriched at
tAJs (Lye et al., 2014). In an earlier report on the Sdk-null
mutant (Nguyen et al., 1997), other mysterious phenotypes,
such as fused ommatidia, disrupted bristle pattern, and missing
pigment cells were also noticed, in addition to photoreceptor
abnormalities. In the absence of Sdk, disorganization was
also seen in several other epithelia such as the epidermis,
tracheae, and male genitalia (Finegan et al., 2019; Letizia et al.,
2019; Uechi and Kuranaga, 2019). Detailed analyses of these
defects revealed that Sdk proteins at tAJs control dynamic
junctional rearrangements in developing epithelia. Sdk protein
is functionally linked to Polychaetoid and Canoe at tAJs
(Letizia et al., 2019) and dynamically modulates the bicellular
adhesion molecule, E-cadherin, via actin cytoskeletons (Uechi
and Kuranaga, 2019; Figure 4D). Polychaetoid and Canoe
correspond to the PDZ/MAGUK protein, ZO-1, and another
PDZ protein, afadin, respectively, in vertebrates (Takai and
Nakanishi, 2003; Zhu et al., 2016). Sdk can directly bind to
Polychaetoid (Letizia et al., 2019). Super-resolution imaging has
revealed that Sdk proteins form string-like structures at tAJ
vertices (Finegan et al., 2019), indicating that the large Sdk
ectodomain is responsible for adopting the structures. It is not
clear whether the similar restricted distribution of Sdk proteins
contributes to defects of axonal sorting. However, Sdk protein
is distributed within small patches associated with axons in the
lamina cartridges (Astigarraga et al., 2018), suggesting that the
related mechanism may underlie.

Sdks in Vertebrate Neural Circuits
Vertebrates have two distinct Sdks, which are homophilic. In
the developing chick retina, Sdk1 and Sdk2 are expressed by
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FIGURE 4 | Functions of Sdk in Drosophila. (A) The compound eyes of the Drosophila visual system consist of many ommatidia. Each ommatidium contains eight
photoreceptors that project to either lamina (R1–R6) or medulla (R7 and R8). In the lamina plexus, a group of axons from both R1–R6 photoreceptors and lamina
neurons make a plexus, which later organized as a lamina cartridge (wildtype, left). In the absence of Sdk (w/o Sdk, right), the lamina neurons fall off from the packed
columns, and the R1–R6 axons occasionally overshoot into the medulla where R7/R8 axons normally terminate (Astigarraga et al., 2018). In the lamina cartridges,
the photoreceptor axons are disorganized (transverse section at the right side). (B) Epithelial cells build adhesive contacts along their apical-basal axes, both at the
bicellular adherens junctions (bAJs) and at the tricellular adherens junctions (tAJs) in Drosophila. Sdk is highly concentrated at tAJs which are at the vertex of three
mature epithelial cells (Cell-1, Cell-2, and Cell-3) whereas E-cadherin participates in forming bAJ (Finegan et al., 2019; Letizia et al., 2019; Uechi and Kuranaga,
2019) (B). (C) At tAJs, the Sdk protein functionally links to Polychaetoid (Figure 3) and Canoe, modulates dynamically E-cadherin by associating with actomyosin
cytoskeletons during development, and maintains epithelial sheets. (D) Lateral view. In insects, epithelial cells also contact to adjacent cells at septate junctions.

non-overlapping subsets of retinal neurons (Yamagata et al.,
2002). In mice, a majority of cell types express either Sdk1 or Sdk2,
but some cell types express both Sdk1 and Sdk2 (Krishnaswamy
et al., 2015; Yamagata and Sanes, 2019; Figure 5A). Likewise,
the two proteins are accumulated in the different synaptic
layers of the retinal inner plexiform layer (IPL) (Yamagata
et al., 2002; Yamagata and Sanes, 2008, 2010, 2012, 2019;
Krishnaswamy et al., 2015).

In the IPL, which is one of two retinal synaptic layers,
neurites of more than 50 types of interneurons (bipolar and
amacrine cells) form synapses on over 40 types of RGC dendrites.
This results in the assembly of a synaptic neuropil, consisting
of multiple sublaminae (Figure 5A). Functional neural circuits
with stereotyped features are formed in each sublamina, since
different RGC types selectively respond to specific visual features,
such as motion in a specific direction, edges, or color contrasts

(Sanes and Masland, 2015). Such laminar specificity in neural
circuits is a key feature in many parts of the central nervous
system (Sanes and Yamagata, 1999, 2009). A series of experiments
using gain-of-function and loss-of-function approaches suggest
that both Sdk1 and Sdk2 are required for the restriction
of neuronal processes to specific sublaminae within the IPL
in chicks and mice (Yamagata et al., 2002; Yamagata and
Sanes, 2008, 2019; Krishnaswamy et al., 2015). Their nearest
relatives, two Dscams (Dscam and DscamL), and six contactins
(Contactin 1–6), are also expressed by neuronal subsets in the
chick retina and play relevant roles, formulating the hypothesis
that they comprise an “IgSF code” for laminar specificity
(Yamagata and Sanes, 2008, 2012).

More specifically, in mice, Sdk2 is expressed by restricted
subsets of retinal neurons, including non-canonical
glutamatergic interneurons called Vesicular glutamate
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FIGURE 5 | Sdks in vertebrate retinal circuits. (A) In the inner plexiform layer (IPL), one of two synaptic layers in the retina, neurites of more than 50 types of
interneurons (bipolar and amacrine cells) in the inner nuclear layer (INL) form synapses on dendrites of more than 40 types of retinal ganglion cells (RGCs) in the
ganglion cell layer (GCL), thereby assembling the synaptic neuropil consisting of multiple sublaminae. In mice, Sdk1 and Sdk2 are expressed by distinct types of
retinal neurons (adapted and modified from Yamagata and Sanes, 2019). Some RGC types as well as rod bipolar cells express both Sdk1 and Sdk2 (Right panel)
(Krishnaswamy et al., 2015; Yamagata and Sanes, 2019). Sdk2 is expressed by restricted subsets of retinal neurons, including a non-canonical glutamatergic
amacrine interneuron (AC) named VGlut3-positive (VG3) ACs and an RGC type called W3B. Sdk1 is not expressed by these Sdk2-positive neurons but expressed by
a subset of interneurons (type 2CA cells) and a unique Sdk1 + RGC. Those Sdk1-expressing ACs (2CA) and RGC (S3 RGC) stratify narrowly in the same strata.
Similarly, Sdk2-expressing amacrine cells (VG3) and W3B-RGC arborize diffusely in the same IPL strata. (B) In the absence of Sdk1, 2CA-ACs exhibit a reduced
sublaminar restriction (arrows) (Yamagata and Sanes, 2019). Similarly, the deletion of Sdk2 leads to the reduced sublaminar restriction of VG3 arbors as well as
dysfunction of this neural circuit with W3B-RGC (Krishnaswamy et al., 2015). Overexpression of Sdk1 in VG3 cells that normally express Sdk2 demonstrated that it
plays an instructive role in sublaminar targeting in IPL and that it does so only in the presence of Sdk1 in the sublamina (shown in yellow), supporting the “IgSF code”
hypothesis for laminar specificity during development. However, this Sdk1-mediated wiring cannot be changed once developed (Yamagata and Sanes, 2019),
suggesting that the instructive role of Sdk1 is limited during development.

transporter-3 (VGlut3)-positive amacrine cells (VG3-ACs),
and an RGC type called W3B (Krishnaswamy et al., 2015).
W3Bs have the unique property of responding when the
timing of small object movement differs from that of the
background, but not when they coincide. A line of evidence
has suggested that VG3-ACs form synapses on W3B-RGCs;
that VG3 input is essential for W3B-RGC function; that Sdk2
is required for the restriction of VG3-AC and W3B-RGC
processes to appropriate sublamina (Figure 5B); and that
the number and strength of functional connections between
VG3-ACs and W3B-RGCs are specifically diminished in the
absence of Sdk2 (Krishnaswamy et al., 2015). This evidence
suggests that Sdk2 has a pivotal role in the formation and/or
maintenance of this specific circuit. In mice, Sdk1 is not
expressed by the Sdk2-positive sublamina but is expressed by

a subset of interneurons and RGCs that are largely distinct
from Sdk2-expressing cells. The Sdk1-expressing amacrine
cells and RGC arborize in the same strata, as well as the
neurites of these cells, and all exhibit a reduced sublaminar
restriction in the absence of Sdk1 (Yamagata and Sanes,
2019). Overexpression of Sdk1 in cells that normally express
Sdk2 demonstrates that Sdk1 plays an instructive role in
sublaminar targeting, and that it does so by a homophilic
mechanism (Figure 5B). This evidence further supports
the “IgSF code” hypothesis for laminar specificity during
development, potentially also in the different parts of the
nervous system (e.g., Gu et al., 2015). Moreover, Sdk proteins
are found in synaptic sites (Yamagata et al., 2002; Yamagata
and Sanes, 2010), indicating that they are involved in specific
trans-synaptic interactions.
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Thus, in both mice and chicks, two Sdks serve as a part of “IgSF
code” for laminar specificity. In mouse retina, the expression and
functions of the closest IgSF homologs of Sdks such as Dscams
and contactin-5 are similar to those of Sdks: they are expressed in
neuronal subsets, and mutations affect the lamination of synaptic
layers probably through distinct mechanisms (Fuerst et al., 2008,
2009, 2012; Li et al., 2015; Peng et al., 2017; Simmons et al.,
2017). In recent years, other superfamily molecules are implicated
for the development of synaptic specificity in various parts of
the nervous system, including the vertebrate and invertebrate
retina (Yamagata et al., 2003; Sanes and Yamagata, 2009; Shen and
Scheiffele, 2010; de Wit and Ghosh, 2016; Sanes and Zipursky,
2020). Sdks play a predominant role in synaptic specificity
between RGCs and ACs in the retina. By contrast, in other
cell types such as the retinal bipolar cells, distinct adhesion
molecules such as type II cadherins play an important role
in synaptic specificity (Duan et al., 2018) and constitute a
panoply of additional and/or redundant “codes”. In some cases,
combinatorial mechanisms could also regulate function of those
molecules (Garrett et al., 2018; Yamagata et al., 2018).

The invertebrate and vertebrate retinas share common
processing principles but operate through different molecular
and cellular mechanisms (Sanes and Zipursky, 2010; Clark and
Demb, 2016). Accordingly, mouse Sdk2 and Drosophila Sdk share
a similar function in visual cue detection but act through distinct
cellular mechanisms (Krishnaswamy et al., 2015; Astigarraga
et al., 2018). As discussed here, in vertebrates, the Sdk-mediated
homophilic adhesion among synaptic partners drives the
development of synaptic specificity and function. In Drosophila,
Sdk is required presynaptically, but not postsynaptically, although
it mediates homophilic adhesion molecularly (Astigarraga et al.,
2018). Thus, the divergence may include the repurposing of
the same mechanism to different anatomical features and the
multifunctionality of the same molecule.

DISEASES

Sdks in Neurodevelopmental and
Neurological Disorders
Experimental animal studies have also pinpointed that
Sdk1-mediated neural circuits may be responsible for addiction
and depression. Sdk1 is upregulated in the nucleus accumbens
after chronic cocaine usage in mice (Scobie et al., 2014). In
addition, overexpression of Sdk1 promotes the behavioral effects
of cocaine and increases dendritic plasticity in the nucleus
accumbens. Sdk1 may also be involved in depression (Bagot
et al., 2016; Hultman et al., 2018). Sdk1 has been identified
as a transcript regulated in the brain areas of control mice
and those susceptible or resilient to chronic social defeat
stress (Bagot et al., 2016). Sdk1 overexpression in the ventral
hippocampus using a herpes virus vector also increases
stress vulnerability (Hultman et al., 2018), suggesting that
Sdk1 could be a key factor in understanding stress, such as
early life trauma.

In humans, SDK1 and SDK2 genes are mapped to 7p22.2 and
17q25.1, respectively. By genome-wide association studies, SDK1

polymorphism is implicated in autism spectrum disorders (Gai
et al., 2012; Connolly et al., 2013; Tsang et al., 2013; Iossifov
et al., 2014; Butler et al., 2015; Krishnan et al., 2016; Guo et al.,
2019), attention-deficit hyperactivity disorder (Elia et al., 2010;
Lima et al., 2016), and motion sickness (Hromatka et al., 2015).
In contrast to SDK1, SDK2 has not been noted as a gene linked to
many disorders. SDK2 polymorphism may be related to autism
spectrum disorders (Kuwano et al., 2011; Iossifov et al., 2014) and
panic disorders (Otowa et al., 2009). Follow-up studies including
various transcriptome and connectome analyses are needed to
ask if Sdks play roles in these disorders.

In addition to the sequence polymorphisms in SDKs,
some disease states could be generated because the large Sdk
genes are unstable and disrupted. During development, DNA
double-strand breaks (DSBs) are repaired by non-homologous
end joining. Neurons often contain somatic genomic variations
caused by this process. Sdk1 has been identified using an
unbiased, high-throughput method, to map genomic regions
harboring frequent DSBs in neural stem/progenitor cells (Wei
et al., 2016). Most of this repair was observed in long and
transcribed genes, including Sdk1. This indicates that the
Sdk1 gene is hyperfragile and that this type of recurrent
somatic mutation in the Sdk1 gene in vivo could impinge on
neurodevelopment and neural functions, as have been discussed
for other genes (D’Gama and Walsh, 2018).

In humans, chromosomal anomalies including
microduplication and deletion at 7p22 are frequently mapped
down to 7p22.1. The 7p22.1 microduplication syndrome is
mainly characterized by intellectual disability, speech delay,
craniofacial dysmorphisms, and skeletal abnormalities (Ronzoni
et al., 2017). However, anomalies in some 7p22.1 syndrome
patients extend to 7p22.2, where SDK1 resides (Cox and Butler,
2015; Ronzoni et al., 2017).

Sdks in Other Diseases
Kidney disease is among the major causes of mortality in human
immunodeficiency virus (HIV)-1-positive patients. Sdk1 was
independently identified in a PCR-coupled subtraction analysis
of HIV-1 transgenic versus wild-type immortalized kidney
podocytes (Kaufman et al., 2004). Sdk1, but not Sdk2, was found
to be highly upregulated in HIV-1-transgenic podocytes. This
suggests a role for Sdk1 in the pathogenesis of glomerular disease
in HIV-1-associated nephropathy (Kaufman et al., 2004, 2007).
Some SNPs in the human SDK1 gene are linked to hypertension,
although their relationship to renal function has not yet been
determined (Tayo et al., 2009; Oguri et al., 2010).

In humans, SDK1 mutations are frequently observed in
malignant mesothelioma (Cadby et al., 2013), adrenocortical
carcinoma (Juhlin et al., 2015), gastric carcinoma (Rokutan et al.,
2016), and lung adenocarcinoma (Mäki-Nevala et al., 2016),
raising that possibility that the mutations are related to the
etiology of some types of cancers. Other genomic sequences that
potentially influence oncogenesis are also seen in the SDK1 gene
(Rezzoug et al., 2016).

Finally, in some prostate cancer patients, gene fusions of
SDK1 to AMACR (a-methylacyl-CoA racemase gene) and its
transcript have been previously observed (Ren et al., 2012;
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Zhang et al., 2015).A causal relationship between this
SDK1:AMACR fusion and prostate cancer progression remains
to be clarified.

PERSPECTIVE

Sdks are unusually large membrane proteins that have been
refractory to structural and biochemical studies. They are often
overlooked in molecular screening and systems biology, where
the 5’-end of long transcripts is underrepresented. However,
recent reports on human SDK genes call for further analysis
on their pleiotropic roles. Sdk is an evolutionarily conserved
protein which first appeared in the Precambrian age and later
duplicated to generate Sdk1 and Sdk2 when vertebrates emerged
and evolved. The function of Sdk in primitive multicellular

animals is totally unknown. Sdk proteins are concentrated
at cell-cell junctions, including at tAJs in Drosophila, and at
chemical synapses in vertebrates. Inspired by localization of Sdk
at tAJs, more studies on vertebrates are required to reveal the
precise localization of Sdk proteins at various cell-cell contacts,
including synaptic sites, to understand detailed functions of
Sdks in diverse neural circuits. Nonetheless, animals without
Sdk genes are still viable (Nguyen et al., 1997; Yamagata and
Sanes, 2019). It is puzzling to consider what kind of selection
pressures have enabled Sdk to remain in a variety of living and
behaving animals.
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Muscle dystrophin–glycoprotein complex (DGC) links the intracellular cytoskeleton to the
extracellular matrix. In neurons, dystroglycan and dystrophin, two major components of
the DGC, localize in a subset of GABAergic synapses, where their function is unclear.
Here we used mouse models to analyze the specific role of the DGC in the organization
and function of inhibitory synapses. Loss of full-length dystrophin in mdx mice resulted
in a selective depletion of the transmembrane β-dystroglycan isoform from inhibitory
post-synaptic sites in cerebellar Purkinje cells. Remarkably, there were no differences in
the synaptic distribution of the extracellular α-dystroglycan subunit, of GABAA receptors
and neuroligin 2. In contrast, conditional deletion of the dystroglycan gene from Purkinje
cells caused a disruption of the DGC and severely impaired post-synaptic clustering
of neuroligin 2, GABAA receptors and scaffolding proteins. Accordingly, whole-cell
patch-clamp analysis revealed a significant reduction in the frequency and amplitude
of spontaneous IPSCs recorded from Purkinje cells. In the long-term, deletion of
dystroglycan resulted in a significant decrease of GABAergic innervation of Purkinje
cells and caused an impairment of motor learning functions. These results show that
dystroglycan is an essential synaptic organizer at GABAergic synapses in Purkinje cells.

Keywords: neuroligin 2, GABAA receptors, cell adhesion molecules, dystrophin, synapse organizer

INTRODUCTION

Synapse formation is a key step in the development of neuronal networks. Research over the
past few decades has led to the identification of several factors that play a role in the assembly,
maturation and remodeling of synaptic connections, and provide a basis for the molecular and
functional specificity of synapses (Shen and Scheiffele, 2010; Yogev and Shen, 2014). It is believed
that cell type-specific formation of a nascent synapse and its subsequent maturation, involving
the assembly of pre- and post-synaptic signaling machinery, are mainly mediated by synaptic cell-
adhesion molecules (Yamagata et al., 2003). Interestingly, a substantial number of different synaptic
cell-adhesion systems have been shown to control the formation of glutamatergic synapses, through
specific PDZ-binding domains (Siddiqui and Craig, 2011). In contrast, GABAergic post-synaptic
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compartments comprise very few PDZ-domain-containing
proteins and instead require gephyrin, a scaffolding protein,
to accumulate GABAA receptors (GABAARs) (Tyagarajan and
Fritschy, 2014). GABAergic synapses also contain selective cell-
adhesion proteins, such as neuroligin 2 (NL2) (Varoqueaux
et al., 2004), and in some cases the dystrophin–glycoprotein
complex (DGC) has been shown to play a role in inhibitory
synaptic function (Anderson et al., 2003; Kueh et al., 2008;
Pribiag et al., 2014).

The DGC is a large, membrane-spanning protein complex that
links the extracellular matrix to the actin-associated cytoskeleton
in both skeletal muscle and non-muscle tissues (Barresi and
Campbell, 2006). The DGC can be resolved into three classes of
proteins: (1) α and β-dystroglycan (DG), (2) the cytoplasmatic
subcomplex composed by dystrophin and dystrobrevin, and
(3) the sarcoglycan complex (Blake et al., 2002). Studies on
brain have revealed that the DGC is expressed both in glia
and in neurons, and is localized post-synaptically in a subset
of inhibitory synapses, where its stoichiometric composition
and function remain poorly characterized (Blake et al., 1999;
Moukhles and Carbonetto, 2001).

The importance of the DGC for brain function is testified
by clinical observations revealing that dystrophies, a group
of muscular diseases driven by mutation of dystrophin, and
dystroglycanopathies, a heterogenous group of muscular
dystrophies caused by hypoglycosylation of α-DG with
O-linked carbohydrates (Martin, 2005), are frequently
accompanied by cognitive impairments and epilepsy with
or without structural brain abnormalities (Godfrey et al., 2011;
Devisme et al., 2012).

Dystroglycan is present in a subset of GABA synapses in
forebrain neurons and cerebellar Purkinje cells (PCs), where it
co-localizes with other members of the GABAergic post-synaptic
specialization (Levi et al., 2002; Grady et al., 2006; Briatore
et al., 2010). It comprises two subunits, the extracellular α-DG
and the transmembrane β-DG, derived from post-translational
cleavage of a precursor polypeptide (Ibraghimov-Beskrovnaya
et al., 1992). The α subunit is heavily glycosylated and binds with
high affinity to laminin and other laminin G (LG)-like domain-
containing molecules, such as agrin, perlecan and pikachurin, via
O-linked sugar chains associated with its central mucin domain
(Barresi and Campbell, 2006; Muntoni et al., 2007; Goddeeris
et al., 2013). The β subunit has a single transmembrane domain
that binds dystrophin at its cytoplasmic tail and extracellularly
interacts with α-DG (Ervasti and Campbell, 1993). Biochemical
studies have revealed that at synapses the α/β-DG complex
can interact both with presynaptic adhesion proteins, such as
NRX and NRX-like family components (Sugita et al., 2001;
Siddiqui and Craig, 2011), and with post-synaptic intracellular
scaffolds, such as S-SCAM, a member of the membrane-
associated guanylate kinase (MAGUK) family of PDZ-domain-
containing proteins. In turn, the PDZ domain of S-SCAM
interacts with the C-terminal tail of NL2, linking the NRX-NL
adhesion system with the DGC (Sumita et al., 2007). Thus, α/β-
DG binds to essential extracellular and intracellular synaptic
components, supporting the idea that it is a suitable candidate as
a mediator of synaptic specificity (Sassoe-Pognetto and Patrizi,

2017). However, the role of DG in trans-synaptic signaling is
poorly characterized (Sugita et al., 2001; Früh et al., 2016).

In the present study, we explored the role of DG in
GABAergic synapse organization in PCs. We show that DG is
required for post-synaptic localization of NL2, GABAARs and
S-SCAM. Deletion of DG causes a severe reduction of GABAergic
innervation of PCs, and affects motor learning, indicating that
GABAergic synapses are critically dependent on DG in vivo.
Furthermore, comparison of conditional DG knockout (KO)
mice with mdx mice lacking full-length dystrophin indicates that
the extracellularly-located α-DG acts as a major organizer of
GABAergic synapses. These results suggest that trans-synaptic
interactions mediated by α-DG regulate the organization and
maintenance of GABAergic synapses in cerebellar PCs.

MATERIALS AND METHODS

Mice
Adult mdx mice (C57BL/10ScSn-Dmdmdx/J) lacking dystrophin
and C57BL/10J controls were used in the study (Vaillend
et al., 2004). Mice carrying a floxed version of the Dag1
gene (Cohn et al., 2002) were purchased from the Jackson
laboratory (129-Dag1TM2Kcam/J, # 006835). The homozygous
mice were crossed with mice hemizygous for L7Cre transgene
(Barski et al., 2000). Littermates of the following genotypes
were used for the experiments: Dag1lx/Dag1lx/L7Cre (PC-
1DG) and Dag1lx/Dag1lx (c-WT). Briefly, mice were genotyped
by PCR analysis of genomic DNA from biopsies using the
following primer pairs: DG1 (5′-GGAGAGGATCAATCATGG-
3′) plus DG2 (5′-CAACTGCTGCATCTCTAC-3′) to test for
the Dag1 allele (516 bp band for wt, 615 bp band for
mutant); Cre1 (5′-GACCAGGTTCGTTCACTCATGG-3′) plus
Cre2 (5′-AGGCTAAGTGCCTTCTCTACAC-3′) to test for the
Cre recombinase transgene (250 bp band for L7Cre).

The experimental procedures were designed in accordance
with national (Legislative Decree 116/92 and law n.
413/1993) and international (Directive 86/609/EEC and the
recommendation 2007/526/EC from the Europen Community)
laws and policies, and approved by the Italian Ministry of
Health (Department of Public Veterinary Health) and by the
ethical committee of Turin University. All efforts were made to
minimize the animal suffering and the number of animals used.

Immunofluorescence
For detection of post-synaptic molecules, we used the protocol
described in Patrizi et al. (2008). Briefly, mice were anesthetized
and decapitated, the brains were excised and the cerebellum
was cut manually in sagittal slabs that were fixed by immersion
in ice-cold formaldehyde (4% in 0.1M phosphate buffer, PB,
pH 7.4) for 30 min. For detection of presynaptic molecules,
mice were perfused with 4% formaldehyde in PB, and their
brains were post-fixed overnight. Tissue slabs were cryoprotected
in sucrose, sectioned with a cryostat, and the sections were
collected on gelatin-coated slides. Following a blocking step
in normal goat or donkey serum (3% in PBS with 0.5%
Triton X-100), the sections were incubated overnight with
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a combination of the following antibodies: anti-GABAARα1
(rabbit, 1:5000) and anti-GABAARγ2 (guinea pig, 1:2000)
kindly provided by Dr. J.-M. Fritschy (University of Zurich,
Switzerland); anti-neuroligin 2 (NL 2) (rabbit, 1:2000) kindly
provided by Dr. F. Varoqueaux (Max-Planck Institute of
Experimental Medicine, Göttingen, Germany); anti-carbonic
anhydrase 8 (Car8) (guinea pig, 1:500) kindly provided by
Dr. M. Watanabe (University School of Medicine, Sapporo,
Japan); anti-gephyrin (mouse, 1:1000, #147 011) and anti-VGAT
(rabbit, 1:3000, #131 003) purchased from Synaptic Systems
(SYSY, Germany); anti-dystrophin (mouse, 1:20, #DYS2-CE-S)
and anti-β-dystroglycan (mouse, 1:500, #B-DG-CE) purchased
from Leica Biosystem (Buffalo Grove, IL, United States);
anti-α-dystroglycan (mouse, 1:100, #05-298, clone VIA4-1,
Upstate-Millipore, Germany); anti-S-SCAM/MAGI-2 (rabbit,
1:100, #M2441, Sigma-Aldrich, Germany); anti-bassoon (mouse,
1:3000, #VAM-PS003, clone SAP7F407, Enzo Life Science, East
Farmingdale, NY, United States); anti-calbindin (mouse, 1:10000,
#300, Swant, Switzerland); anti-GAD65 (mouse, 1:1000, #GAD-
6, Developmental Studies Hybridoma Bank, Iowa City, IA,
United States). The sections were then rinsed and incubated
with the appropriate secondary antibodies, raised either in goat
or in donkey, conjugated to one of the following fluorophores:
Alexa 488 and Alexa 568 (Molecular Probes, Eugene, OR,
United States), or the cyanine-derived Cy3 and Cy5 (Jackson
Immunoresearch, West Grove, PA, United States). The sections
were rinsed again and coverslipped with Dako fluorescence
mounting medium (Dako Italia, Italy).

Confocal Microscopy and Data Analysis
The sections were analyzed with a laser-scanning confocal
microscope (Zeiss LSM5 Pascal, Germany) using the
multichannel acquisition mode to avoid fluorescence crosstalk.
Quantitative analyses were performed on a minimum of three
mice per group. Synaptic structures were analyzed on images
acquired with a × 100 oil-immersion objective (1.4 numerical
aperture) at a magnification of 8.1 × 10−3 µm2/pixel, and the
pinhole set at 1 Airy unit. The images were processed with the
image-analysis program Imaris (release 4.2; Bitplane, Zurich,
Switzerland). After segmentation, synapse density was quantified
with NIH Fiji:Image J software1. In PC-1DG mice, quantitative
analysis of the number of PCs expressing DG was done with
α-DG immunostaining. The number of perisomatic and axo-
dendritic synapses was determined by counting manually
synaptic clusters at the surface of PCs, some of which were
labeled for Car8 or calbindin. Gephyrin clusters were quantified
only at axo-dendritic synapses due to the absence of gephyrin at
mature perisomatic synapses (Viltono et al., 2008). For pinceau
analysis, we measured both the area covered by VGAT staining
and the mean pixel intensity of the single VGAT-positive pinceau
using NIH Fiji:Image J software.

Electron Microscopy
Mice aged 6 months or more were perfused with 1%
formaldehyde and 1% glutaraldehyde in PB. The cerebellum

1https://imagej.net/Fiji

was dissected, post-fixed in the same fixative overnight, and the
vermis was cut into sagittal sections with a scalpel. The sections
were post-fixed in osmium tetroxide (1% in 0.1M cacodylate
buffer), dehydrated in ethanol and embedded in Epon-Araldite.
Ultrathin sections were collected on copper mesh grids, stained
with uranyl acetate and lead citrate and observed with a JEM-
1010 and a JEM-1400Flash electron microscope (Jeol, Japan)
equipped with a side-mounted sCMOS camera. The number
of perisomatic synapses was determined by counting synaptic
boutons at the surface of PCs.

Immunogold Labeling
Adult mice (aged 3 months) were perfused with 2%
formaldehyde and 0.1% glutaraldehyde in sodium acetate
buffer, followed by 1 h perfusion with 2% formaldehyde
and 0.1% glutaraldehyde in 0.1M borate buffer. Brains were
post-fixed in the second fixative solution overnight. Tissue
blocks from the cerebellar vermis were freeze-substituted and
embedded in Lowicryl HM20. Ultrathin sections were processed
for the immunogold method using as secondary antibodies
goat Fab fragments coupled to 10 nm colloidal gold particles
(Sassoe-Pognetto and Ottersen, 2000).

Electrophysiology
Slice Preparation
Cerebellar slices were routinely prepared from PC-1DG and
wild-type (c-WT) littermate controls, at different postnatal
weeks. Mice were decapitated under halothane anesthesia, and
whole brains were rapidly removed and incubated in chilled,
oxygenated (95% O2, 5% CO2) glycerol-based cutting solution
(in mM): 2.5 KCl, 2.4 CaCl2, 1.2 MgCl2, 1.2 NaHPO4, 26
NaHCO3, 11 glucose, 250 glycerol. Sagittal cerebellar slices
(250 µm) were cut at 4◦C, using a Vibratome (DSK, Dosaka
EM, Kyoto, Japan). Before use, slices were maintained for
at least 1 h at room temperature (22–25◦C) in oxygenated
(95% O2, 5% CO2) ACSF, containing the following (in mM):
125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2,
1 MgCl2, and 10 glucose, pH 7.35. All recordings were
performed at room temperature on slices submerged in ACSF
in the recording chamber. The ACSF was perfused at a
rate of 1 ml/min.

Patch-Clamp Recording
Neurons were visualized at × 640 with Nomarski optics with
an upright Zeiss Axioscope microscope. Patch-clamp recordings
were obtained using glass electrodes (3–5 M�) filled with the
following (in mM): 140 Cs-methanesulfonate, 2 MgCl2, 10
HEPES, 2 MgATP, 0.5 EGTA; pH 7.3, with CsOH. Neurons were
clamped at −70 or 0 mV. Membrane currents, recorded with a
patchclamp amplifier (Axopatch 200A; Molecular Devices), were
filtered at 2 kHz, digitized (10 kHz), and acquired with Clampex
10 software (Molecular Devices). The stability of the patch was
checked by repetitively monitoring the input and series resistance
during the experiment, and recordings were discarded when any
of these parameters changed by 10%. Data were analyzed offline
with Clampfit 10 (Molecular Devices).
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Behavioral Analysis
Behavioral Tests Were Performed Blind to the
Genotype
Inverted screen
PC-1DG and littermate controls were placed individually on a
cage wire screen about 35 cm above a table. After slowly inverting
the screen upside-down to 180◦, the ability to maintain a grip was
monitored (grip latency) and a maximum score of 120 was given
if the animal did not fall. Testing was repeated three times with
10-min inter-trial intervals.

Wire suspension
The front paws of the mice were positioned on a horizontal steel
wire (0.6 mm thick) suspended at a height of 30 cm above a table.
Three trials spaced by a 5-min pause were performed with each
trial limited to 60 s duration. The latency to touch the wire with
one hind paw were recorded during each trial; a mean score was
then calculated. Other qualitive parameters were recorded and
a score was attributed corresponding to the best performance
achieved within the minute of testing according to the following
scale (Helleringer et al., 2018): (0) fell off; (1) clung to the bar
with two forepaws; (2) attempted to climb on to the bar besides
clinging to it with two forepaws; (3) hung on to the bar with two
forepaws and one or both hind paws; (4) hung on to the bar with
all four paws with the tail additionally wrapped around the bar;
(5) escaped to one of the supports.

Rotarod
Motor coordination and learning were evaluated by using a
mouse rotarod with adjustable speed and accelerating mode (Ugo
Basile, Italy). Mice were habituated to the rod for 2 days prior
to the test, by placing them on to non-rotating rod on the first
day to test equilibrium (speed: 0 rotation per minute, 0 rmp) and
then the second day on the rod rotating at a constant speed of
rpm to evaluate basal motor coordination. The fall latency was
recorded with a 180 s cut-off duration. Ina second study phase,
motor synchronization learning was tested for three consecutive
days by placing the mice on the rotating rod with an acceleration
protocol (4 to 40 rpm in 5 min). Mice were submitted to five
training sessions, one session on the first training day and then
two daily sessions during day 2 and day 3. Each session was
composed of five successive trials. Between each trial the mouse
was placed back in its cage for a minimum of 5 min to recover
from physical fatigue. The fall latency recorded during the five
trials of a session was averaged for each mouse. Motor learning
performance was assessed by comparing the changes in mean fall
latency across the five successive sessions in the two genotypes.

Statistical Analysis
All data are presented as mean ± standard error. Behavioral
differences between groups were verified using two-way
ANOVAs with repeated measures (training days, trials).
Patch-clamp recordings, immunohistochemistry and electron
microscopy quantifications were compared using unpaired t-test.
p < 0.05 was used to define statistical significance. Statistics
were performed using the Statview 5.0 (SPSS, United States) or
GraphPad version 5.0 (Prism) softwares.

RESULTS

Dystroglycan Is Essential for Assembly
of the Dystrophin–Glycoprotein Complex
in Purkinje Cells
To start addressing the role of two major constituents of the DGC,
dystrophin and DG, we analyzed specific mouse models in which
one of these proteins was missing. We first analyzed mdx mice, a
murine model of Duchenne muscular dystrophy (DMD) lacking
full length (427 kDa) dystrophin. As previously reported (Knuesel
et al., 1999; Brunig et al., 2002; Patrizi et al., 2008), labeling of
dystrophin, α-DG and β-DG can be detected in large perisomatic
and dendritic clusters along PCs (Figure 1A), where these
molecules co-localize precisely with GABAARs and NL2 (Patrizi
et al., 2008). Surprisingly, the lack of dystrophin in mdx mice
affected the synaptic localization of β-DG without altering the
localization of α-DG (Figures 1A,B). Thus, α-DG and β-DG have
different dependencies on dystrophin in GABAergic synapses.

We then evaluated the role of DG at the GABAergic post-
synaptic compartment. First, we analyzed the distribution of
DG using immunogold labeling and electron microscopy with
an antibody against α-DG. Ultrastructural analyses confirmed
that in c-WT cerebella labeling for α-DG was present in
symmetric synaptic specializations of PCs (Figure 1C, left).
Gold particles were mainly localized in the synaptic cleft,
consistent with an extracellular localization of α-DG (Figure 1C,
right). Moreover, labeling for α-DG was observed in the basal
lamina surrounding brain capillaries (Figure 1D) (Nickolls and
Bonnemann, 2018). Then, we generated conditional DG KO
mice by crossing mice harboring loxP sites in Dag1 gene
(Dag1 loxP/loxP) (Cohn et al., 2002) with the L7Cre transgenic
line (L7Cre Tg/Tg), which exhibits a selective Cre recombinase
expression in PCs (PC-1DG; L7Cre Tg/+, Dag1 loxP/loxP). PC-
1DG mice appeared healthy and showed no obvious neurological
abnormalities (not shown). Interestingly, we found that α-DG
immunoreactivity was gradually lost starting in the second and
third postnatal weeks. Thus, in P16 mice labeling of PCs had
a mosaic-like pattern, characterized by immunopositive (α-DG-
pos) and immunonegative (α-DG-neg) cells, which in several
cases were adjacent (Figure 1E). At these early stages, only a
small percentage of PCs had lost DG immunoreactivity, whereas
at P45 more than 50% of PCs were α-DG-neg (Figure 1F).
By the age of P90, the large majority of PCs were DG-neg
(Figure 1F). This mosaic-like pattern is consistent with the
asynchronous expression of L7 in different PCs (Barski et al.,
2000; Briatore et al., 2010). Immunogold labeling in P90 PC-
1DG mice showed an almost complete elimination of α-DG
from synaptic profiles, where gold particles were found only
occasionally (Figure 1G), confirming the selective ablation of DG
from PCs. Notably, ablation of DG was enough for the complete
disappearing of dystrophin from post-synaptic compartments
(Figure 1H), demonstrating that the synaptic localization of
dystrophin depends on DG in vivo, as previously reported in
forebrain neurons (Levi et al., 2002; Früh et al., 2016).

We then evaluated the functional consequences of DG loss
from PCs in P90 mice, when the majority of PCs were α-DG-neg.
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FIGURE 1 | Organization and function of the DGC at GABA synapses. (A) Representative confocal images showing immunofluorescence labeling for dystrophin
(DYS), α-dystroglycan (DG) and β-DG in adult control (Ctrl) cerebellum. Note punctate staining outlining the cell body of Purkinje cells (PCs) and their dendrites in the
molecular layer (ML). (B) Immunofluorescence labeling for DYS, α-DG and β-DG in adult mdx cerebellum. PCs show labeling for α-DG but are immunonegative for
DYS and β-DG. (C) Immunogold labeling of a control (c-WT) mouse reveals the presence of α-DG at symmetric synaptic specializations on PCs. The left panel
shows an axon terminal contacting the cell body of a PC. Labeling for α-DG is concentrated selectively at the active zones (arrows). The right panel shows a
symmetric synapse (arrows) at higher magnification. Note that gold particles mainly localize in the synaptic extracellular space. (D) Immunogold labeling for α-DG at
the basal lamina (bl) of a blood vessels (bv). (E) Immunostaining for α-DG in PC-1DG mice of different ages shows the progressive ablation of DG from PCs.
Asterisks identify α-DG-negative PCs. (F) Quantification of α-DG-negative PCs cells at different ages (n = 71 cells at P16, n = 176 cells at P45, n = 71 cells at P90,
2–4 mice per age). (G) Immunogold labeling for α-DG in a PC-1DG cerebellum shows an unlabeled symmetric synapse (arrow). (H) Representative confocal images
of DYS, α-DG and β-DG immunofluorescence in the cerebellum of P90 PC-1DG mice. Note the dramatic reduction of cluster density for the three constituents of
the DGC. (I) Representative traces of sIPSCs recorded from c-WT and PC-1DG cells at P90 and P180. Vertical bar: 50 pA; horizontal bar: 250 ms. (J,K)
Quantitative analysis showing reduced amplitude (J) and frequency (K) of sIPSCs recorded from PCs of PC-1DG mice (n = 7–8 cells, two mice) compared to control
littermates (c-WT, n = 9 cells, two mice). Unpaired t-test. ∗p < 0.05; ∗∗p < 0.01. Data represent mean ± SEM. Scale bar: 20 µm (A,B,E,H); 200 nm (C,D,G).
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Spontaneous inhibitory post-synaptic currents (IPSCs) measured
from PCs by patch-clamp recordings in acute cerebellar slices
revealed a significant reduction of both the amplitude and
frequency of iPSCs in PC-1DG mice compared to c-WT
littermate controls (Figures 1I–k). This difference became even
stronger in older PC-1DG mice (Figures 1I–k), suggesting that
deletion of DG causes a progressive decrease in the number of
functional synapses in the cerebellum.

These data indicate that the DGC is important for inhibitory
synapse organization and function. Moreover, mutation of
selective DGC components differentially affects the molecular
organization of GABAergic synapses.

Dystroglycan Promotes the Clustering of
GABAergic Post-synaptic Components
To understand how the DGC organizes GABAergic synapses,
we used immunofluorescence with antibodies raised against
post-synaptic proteins. Inhibitory synapses onto PCs express a
homogenous repertoire of post-synaptic molecules, including
GABAARs with the α1 and γ2 subunits, NL2 and gephyrin,
together with dystrophin and DG (Patrizi et al., 2008). We
therefore analyzed the clustering organization of NL2, GABAARs
and gephyrin in mdx and control mice. Surprisingly, these
analyses failed to reveal any significant difference between the two
genotypes (Figures 2A,B), suggesting that dystrophin is not an
absolute requirement for clustering of GABAergic post-synaptic
molecules in PCs.

We then analyzed the molecular organization of GABAergic
synapses in PCs of PC-1DG mice. In control condition,
α-DG precisely co-localized with GABAARα1 and NL2 (Patrizi
et al., 2008) (Figures 2C1,D1). In contrast, clustering of
both NL2 and GABAARα1 was severely altered in α-DG-
neg PCs (Figures 2C2,D2). Quantitative analyses showed an
extensive ablation of NL2 and GABAARα1 in the somatic
and dendritic compartments of DG-mutant PCs compared to
control littermates (Figures 2E,F). The sporadic puncta that
remained detectable along the PC profiles of PC-1DG mice
(Figures 2C2,D2) generally had a small size and a weak
fluorescence intensity, suggesting impaired aggregation of post-
synaptic proteins. Accordingly, the density of dendritic gephyrin
clusters was also significantly reduced in PC-1DG mice (c-
WT: 16.1 ± 1.6 clusters/100 µm; PC-1DG: 8.6 ± 0.8; n = 3
mice; p = 0.0059). These results indicate that selective ablation
of DG from individual PCs strongly affects GABAergic post-
synaptic constituents.

Similar results were obtained by comparing α-DG-pos
and α-DG-neg PCs in younger (P45) animals (Figure 3).
Interestingly, there was a gradient in the elimination of DG
from the cell body and the dendrites of PCs, that was mirrored
by a gradual loss of NL2 (Figure 3A). At these early stages,
rare NL2 clusters lacking α-DG could be identified along PC
dendrites (Figure 3B), likely representing a transient phase of
post-synaptic rearrangement. Quantification at P45 and P90
revealed that conditional knockout of DG caused a disappearance
of almost 60% of perisomatic NL2 and GABAARα1 clusters at
both ages (Figure 3C). On the other hand, the reorganization

of axodendritic synapses was slower, resulting in a ∼50% cluster
reduction only at P90 (Figure 3D). These results indicate that
perisomatic synapses are more susceptible to ablation of DG. It is
tempting to link this to the fact that mature perisomatic synapses
lack gephyrin (Viltono et al., 2008).

S-SCAM is a scaffolding protein essential for the clustering
of synaptic receptors and the dynamic turnover of synaptic
components (Danielson et al., 2012). At GABAergic synapses,
S-SCAM interacts with key post-synaptic molecules, such as
β-DG and NL2 (Sumita et al., 2007). We therefore analyzed how
the absence of DG affects S-SCAM localization in PCs. In control
mice, we noticed that the majority of S-SCAM-positive puncta
co-localized with α-DG, suggesting a preferential association
of S-SCAM with GABAergic synapses. Interestingly, in PC-
1DG mice α-DG-neg PCs showed a significant downregulation
of S-SCAM clusters, whereas α-DG-pos PCs did not differ
from littermate controls (Figures 2G,H). In the molecular layer,
practically all S-SCAM clusters were associated with DG clusters,
suggesting that their density was strongly reduced after ablation
of DG (Figure 2I). These data indicate that in PCs S-SCAM
localization at GABA synapses requires DG.

All together, our findings indicate that DG is essential
for organizing GABAergic post-synaptic assemblies. Deletion
of DG dramatically affects all major GABAergic post-synaptic
components, including GABAARs, the cell adhesion molecule
NL2 and the scaffolding proteins S-SCAM and gephyrin.

Dystroglycan Is Required for GABAergic
Innervation
Both DG and NL2 can bind to presynaptic NRXs (Sugita et al.,
2001), suggesting that these molecules may play a role in trans-
synaptic adhesion. Therefore, we decided to investigate to what
extent the deletion of DG, and the resulting loss of NL2, affects
presynaptic GABAergic innervation. To evaluate the presynaptic
compartment, we used an antibody raised against the vesicular
inhibitory amino acid transporter (VGAT), which is responsible
for GABA uptake and storage in synaptic vesicles. We observed
a significant reduction in the density of VGAT-positive terminals
contacting PCs (Figure 4A), both in the somatic and dendritic
domains (Figure 4B), suggesting that the absence of DG affects
GABAergic afferents. Notably, the organization of the pinceau at
the axon initial segment of PCs was not overtly altered in PC-
1DG mice (Figure 4A); in fact both the mean labeling intensity
and the overall area of the VGAT-positive terminals at the pinceau
were indistinguishable in the two genotypes (Figures 4C,D),
consistent with the fact that the pinceau lacks the protein
machinery typical of GABAergic synapses (Iwakura et al., 2012).

The observations reported above may reflect diminished
expression of VGAT in presynaptic terminals and/or reduced
GABAergic innervation of PCs. To distinguish between
these possibilities, we investigated the expression of another
presynaptic protein, bassoon, and we found a dramatic decrease
in the density of perisomatic bassoon-positive puncta in PC-
1DG PCs (Figures 4E,F). Because bassoon is also present
in excitatory synapses, we did not assess its expression in
the molecular layer due to the very high density of puncta.
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FIGURE 2 | Dystroglycan is required for clustering of post-synaptic proteins. (A) Organization of GABAergic post-synaptic molecules in mdx and control (Ctrl)
littermates. (A1) Double labeling for dystrophin (DYS) and neuroligin 2 (NL2). Note that clustering of NL2 is not affected by the lack of DYS in mdx mice. (A2) double
labeling for gephyrin (geph) and GABAARα1 reveals no obvious difference between control and mutant mice. Note that gephyrin clusters are normally not present at
perisomatic synapses of PCs. ML: molecular layer. (B) Quantification showing similar densities of NL2 and GABAARγ2 clusters in the molecular layer of Ctrl and mdx
mice (n = 3–4 mice per genotype). (C) Triple immunofluorescence labeling for Car8 (a marker of PCs), α-DG and NL2 in c-WT (C1) and PC-1DG mice aged
∼3 months (C2). In c-WT mice, NL2 colocalizes with α-DG (triple labeling results in white puncta). In contrast, NL2 clusters are almost completely absent from PCs
of PC-1DG mice. The NL2-positive clusters visible outside of PCs (red puncta) represent synapses on cerebellar interneurons, which do not normally express DG.
(D) Triple labeling for Car8, α-DG and GABAARα1 in c-WT and PC-1DG mice. GABAARα1 colocalizes with α-DG in c-WT PCs (D1), whereas GABAARα1 clusters
are almost completely absent from PCs of PC-1DG mice (D2). Quantitative analysis showing the density of somatic (E) and axodendritic (F) GABAARα1 and NL2
clusters in control and PC-1DG mice (n = 3 mice per genotype). (G) Representative confocal images showing immunofluorescence labeling for α-DG and S-SCAM
in a P90 PC-1DG cerebellum. S-SCAM colocalizes precisely with α-DG in a α-DG-positive PC, whereas the density of S-SCAM clusters is reduced in α-DG-negative
PC (asterisk). (H) Quantitative analysis of the density of perisomatic S-SCAM clusters does not show any difference between c-WT and α-DG-positive PCs (αDG +).
In contrast, S-SCAM is significantly downregulated in α-DG-negative PCs (αDG–) compared to c-WT littermates (n = 8–10 cells per genotype, four mice per
genotype). (I) The percentage of S-SCAM clusters colocalized with α-DG in the molecular layer was similar in PC-1DG and c-WT mice. Unpaired t-test. ∗∗p < 0.01;
∗∗∗p < 0.001. Data represent mean ± SEM. Scale bar: 20 µm (A,C,D), 5 µm (G).

Finally, we used electron microscopy to analyze the density of
presynaptic boutons establishing contacts with the cell body of
PCs. This ultrastructural analysis revealed a remarkable (almost
50%) decrease of perisomatic contacts in PCs of PC-1DG
mice (Figures 5A–C). The axon terminals establishing these
symmetric junctions were very similar to those seen in control
animals, although some were characterized by a paucity of
presynaptic vesicles (Figure 5B). Heterologous contacts made
by climbing fibers or other glutamatergic axons were not

observed. Thus, it is likely that the residual symmetric synapses
on mutant PCs are made by molecular layer interneurons.
Together, these data indicate that DG plays a pivotal role
in trans-synaptic signaling required for the maintenance of
GABAergic synapses in PCs.

Finally, we investigated whether DG mutants have impaired
motor performances and motor learning. PC-1DG mice showed
no obvious signs of tremor or ataxia (not shown). In contrast, the
accelerating rotarod test revealed significantly impaired motor
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FIGURE 3 | Gradual disappearance of α-dystroglycan from Purkinje cells. (A) Triple immunofluorescence labeling for Car8, α-DG and NL2 in a P45 PC-1DG
cerebellum showing adjacent α-DG-positive and α-DG-negative (asterisk) PCs. In the α-DG-positive PC, α-DG and NL2 colocalize precisely at the perisomatic and
dendritic clusters, whereas in the α-DG-negative PC there is a somatodendritic gradient in the loss of α-DG and NL2-positive puncta. (B) White box insert shows the
residual presence of α-DG and NL2 clusters along the dendritic domain of the α-DG-negative PC. Quantitative analysis showing the reduction of the GABAARα1 and
NL2 perisomatic (C) and dendritic (D) clusters at P45 and P90 (n = 3 mice per genotype). Data represent mean ± SEM. Scale bar: 15 µm.

learning performance in the mutants (Figure 6A). Indeed, during
the accommodation period (rpm 0 and rpm 4) the two groups
showed a comparable fall latency, suggesting unaltered static
equilibrium and basal dynamic coordination, respectively. In
contrast, during the acceleration phase (day 1 to day 3) the
motor abilities improved in control but not in mutant mice
(Figure 6A). We did not find significant differences between PC-
1DG and c-WT mice in the inverted screen (not shown) and
wire suspension tests (Figure 6B), thus, confirming that muscle
strength and basal motor coordination were not affected in PC-
1DG. These data suggest that selective deletion of DG from PCs
causes a severe alteration of GABAergic synaptic compartments,
leading to impaired motor synchronization learning.

DISCUSSION

DG is a central component of the DGC, which links the
cytoskeleton to the extracellular matrix in different cell

types. Mutations affecting DGC components lead to muscular
dystrophies with variable degrees of central nervous system
involvement (Barresi and Campbell, 2006; Godfrey et al., 2011).
Deletion of DG selectively from neurons causes subtle defects,
such as altered long-term potentiation in the hippocampus
(Satz et al., 2010), but the precise mechanisms by which DG
regulates synaptic function and plasticity remain unknown. In
this study, we dissected DG function in cerebellar PCs. The
major findings are summarized in Figure 7. Briefly, we show that
DG is a crucial organizer of GABA synapses, linking structural
scaffolding proteins with synaptic cell-adhesion molecules. In
particular, selective ablation of DG from PCs disrupts the
clustering of major constituents of the GABAergic post-synaptic
protein network, causing reduced GABAergic currents and
delayed learning of motor synchronization. The drastic alteration
of the post-synaptic compartment in DG-deprived PCs is
accompanied by a severe reduction of GABAergic innervation,
suggesting that DG is required for synapse maintenance.
Remarkably, these synaptic alterations were not present in
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FIGURE 4 | Dystroglycan is required for GABAergic innervation. (A) Double immunofluorescence labeling for VGAT and calbindin (calb) showing the perisomatic
arrangement of GABAergic presynaptic terminals (white arrows) in PCs of control (c-WT) and PC-1DG mice aged ∼3 months. (B) Quantitative analysis showing that
perisomatic appositions by VGAT-positive elements are dramatically reduced in PCs of PC-1DG mice. (C,D) Quantitative analysis showing no differences in the
pinceau mean intensity and mean area between c-WT and PC-1DG mice (n = 3–5 mice per genotype). (E) Immunofluorescence labeling showing the arrangement
of bassoon-positive clusters surrounding PCs in c-WT and PC-1DG mice aged ∼3 months. (F) Quantitative analysis showing the significant reduction of
bassoon-positive perisomatic clusters in PCs of PC-1DG mice (n = 3–4 mice per genotype). Unpaired t-test, *p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE 5 | GABAergic synapse elimination in PC-1DG mice. (A) Representative electron micrographs showing PCs of c-WT and PC-1DG mice. Red dots identify
GABAergic axon terminals establishing symmetric synaptic contacts. (B) Perisomatic synapses shown at higher magnification. Arrows point to symmetric synaptic
specializations. (C) Quantitative analysis showing a significant reduction of axon terminals contacting PC somas in PC-1DG mice compared with c-WT (n = 8–10
PCs per genotype). Unpaired t-test. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. Scale bar: 2 µPC-Dm (A), 200 nm (C).

mdx mice that retain α-DG at synapses, supporting the idea
that the stability of GABAergic synapses in PCs depends on
extracellular interactions mediated by α-DG. Thus, α-DG is a

novel secreted synaptic organizer that localizes in the synaptic
cleft and mediates trans-synaptic interactions in a subset of
GABAergic synapses.
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FIGURE 6 | Motor learning defects in PC-1DG mice. (A) The latency to fall from rotarod does not differ between PC-1DG and c-WT littermates during the
accommodation trials at 0 and 4 rotations per minute (rpm). In contrast, motor-coordination learning significantly decreases in PC-1DG compared to c-WT mice
during the acceleration trials (4 to 40 rpm) developed over 3 days (d) (Two-way ANOVA, Genotype x session: p < 0.05, n = 9 mice per group). (B) No differences in
the best score (left panel) and in the latency to grip the wire (right panel) in the wire suspension test between PC-1DG and c-WT controls (n = 9 mice per group).
Data represent mean ± SEM.

Dystroglycan Is Required for Clustering
of Post-synaptic Proteins
A key finding of our study is that deletion of DG from PCs
impaired the post-synaptic accumulation of major post-synaptic
proteins, such as NL2, S-SCAM, gephyrin and GABAARs.
Historically, it has been assumed that a subset of inhibitory
synapses is dependent upon the presence of NL2 or the gephyrin-
and NL2-binding guanine nucleotide exchange factor (GEF)
collybistin (Patrizi et al., 2008; Krueger et al., 2012). However, to
our knowledge, no study has addressed the role of NL2 or other
cell-adhesion molecules in the clustering of the DGC complex
at central synapses. Our data suggest that in PCs DG may act
upstream of NL2 as a nucleation site that governs the assembly of
the GABAergic post-synaptic specialization. This is a particularly
dramatic effect in light of the fact that neither synaptic GABAARs
nor collybistin are required for post-synaptic clustering of NL2
(Patrizi et al., 2008; Poulopoulos et al., 2009; Frola et al., 2013).

The clustering of NL2 by DG may appear at first surprising,
because NL2 also binds presynaptically to NRX, and it is generally
assumed that NRX-NL interactions represent a key step in
the developmental assembly of synapses (Sudhof, 2008; Shen
and Scheiffele, 2010; Siddiqui and Craig, 2011; Krueger et al.,
2012). However, we have previously demonstrated that NRX
expression is developmentally regulated at GABA synapses in
PCs. Specifically, NRX is associated with GABAergic synapses
during early postnatal development, and is downregulated in
mature circuits (Pregno et al., 2013). This raises the intriguing
possibility that NRX-NL2 interactions could be involved in early
stages of synaptic adhesion (Craig and Kang, 2007), whereas DG
stabilizes newly formed synapses. Unfortunately, this hypothesis
cannot be verified in our mouse model. In fact, due to the late
temporal profile of L7Cre recombinase expression in PCs (Barski
et al., 2000; Briatore et al., 2010), the deletion of DG starts around
the time when NRX is downregulated at GABAergic synapses
(Pregno et al., 2013).

Our findings suggest that distinct components of the DGC
play exquisitely specific roles in regulating the GABAergic
post-synaptic protein network. In particular, the analysis of
mdx mice reveals that dystrophin is not essential for post-
synaptic clustering of NL2, GABAARs and gephyrin. Similarly,
in hippocampal CA1 the absence of dystrophin did not abolish
synaptic clustering of NL2 per se, although the authors reported
a complex pattern of alterations in the distribution of pre-
and post-synaptic proteins of inhibitory synapses in dystrophin-
deficient mice, most likely reflecting a rearrangement of the
GABAergic synaptic network (Krasowska et al., 2014). Our
results contrast with previous analyses revealing selective deficits
in the synaptic clustering of GABAARs, but not gephyrin, in
the cerebellum and amygdala of mdx mice (Knuesel et al., 1999;
Sekiguchi et al., 2009). However, the selective loss of GABAAR,
but not gephyrin, clusters is surprising, also considering that
deletion of GABAARs from PCs causes a severe defect in the
clustering of gephyrin (Kralic et al., 2006; Patrizi et al., 2008),
without affecting dystrophin and DG (Patrizi et al., 2008). It
is important to notice that dystrophin is required for normal
GABAergic function in PCs, CA1 pyramidal cells and amygdala
neurons (Anderson et al., 2003; Vaillend et al., 2004; Kueh
et al., 2008; Sekiguchi et al., 2009). One possible explanation,
which could reconcile our data with those of Knuesel et al.
(1999), is that dystrophin contributes to stabilize post-synaptic
GABAARs by regulating the trafficking of peri/extra-synaptic
receptors (Vaillend and Chaussenot, 2017) and that loss of
dystrophin causes subtle effects not readily detected by our
sensitive immunofluorescence procedure.

While post-synaptic changes in mdx mice were minor,
the selective deletion of DG from PCs caused a dramatic
decrease of both GABAARs and gephyrin clusters, accompanied
by a significant downregulation of sIPSC frequency and
amplitude. Our results differ from those of a recent study
in which conditional deletion of DG from hippocampal
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FIGURE 7 | Reorganization of major pre-and post-synaptic proteins after ablation of dystroglycan from PCs. Summary of the distribution of essential GABAergic
synaptic components in PCs of control (Ctrl, left panel), mdx (middle panel) and PC-1DG mice (right panel). Briefly, α- and β-dystroglycan (DG) bridge presynaptic
neurexin (NRX) or NRX-like proteins with post-synaptic structural proteins, such as dystrophin (DYS) and S-SCAM. In turn, S-SCAM establishes a link between
neuroligin 2 (NL2) and β-DG. Note that both NL2 and α-DG are capable of interacting with presynaptic NRX or NRX-like proteins. GABAA receptors are stabilized by
a submembranous lattice of gephyrin by direct interaction. In mdx mice, the absence of dystrophin alters the synaptic localization of β-DG. However, α-DG and other
post-synaptic proteins are largely unaffected. Ablation of DG in PC-1DG mice causes impaired clustering of post-synaptic proteins and GABAergic synaptic
instability.

pyramidal neurons, under the Nex promoter, only lead to
minor alterations in GABAergic protein clustering (Früh
et al., 2016). One possible explanation for this discrepancy
is that the arrangement of the DGC may differ in PCs
and telencephalic pyramidal neurons. For example, the DGC
mainly localizes in perisomatic synapses of pyramidal neurons
(Knuesel et al., 1999), whereas in PCs all perisomatic and
axo-dendritic GABAergic synapses contain dystrophin and DG
(Patrizi et al., 2008; Briatore et al., 2010). Früh et al. (2016)
also reported a selective loss of GABAergic synapses established
by cholecystokinin (CCK)-positive basket cells after deletion of
DG, but failed to detect differences in the density of VGAT-
positive boutons, suggesting that overall GABAergic innervation
was normal in their mutant. This raises the possibility that
compensation by other basket cell terminals may have masked
post-synaptic effects caused by DG deletion. However, it
remains possible that DG plays a somewhat different role
in different types of GABAergic synapses, requiring a better
understanding of the neuron type-specific function of DG in
trans-synaptic signaling.

Dystroglycan Is Required for GABAergic
Synapse Maintenance
In addition to the disruption of the post-synaptic compartment,
ablation of DG from PCs leads to a bona fide elimination of
synapses. In particular, deletion of DG resulted in reduced
GABAergic innervation of PCs, as evidenced by both
immunofluorescence and electron microscopy, accompanied
by a prominent downregulation of sIPSC frequencies. This is a
particularly dramatic effect, considering that genetic ablation of
synaptic adhesion proteins frequently does not result in synapse
loss (Piechotta et al., 2006). For example, single, double or triple
conditional knockout of NL1, NL2, and NL3 from PCs selectively
decreases the amplitude of IPSCs in PCs but does not affect
inhibitory synapse density (Zhang et al., 2015).

Our findings are reminiscent of the situation described for
cerebellin 1 precursor protein (Cbln1), a glycoprotein of the
complement C1q-related family secreted from granule cells
axons. Cbln1 mediates the formation and maintenance of
glutamatergic synapses between parallel fibers and PC spines
by binding to presynaptic NRX and to post-synaptic GluD2
(Uemura et al., 2010; Joo et al., 2011). Although the presynaptic
binding partner of DG remains to be identified, our findings
suggest that DG, similar to Cbln1, mediates trans-synaptic
interactions that are essential for synapse maintenance. In
particular, the extracellularly located α-DG could establish
a link between the post-synaptic site, through its binding
to transmembrane β-DG, and the presynaptic compartment,
most likely through a NRX-like molecule that remains to be
identified (Figure 7). Thus, α-DG joins the list of secreted
synaptic organizers that reside in the extracellular matrix
and act bidirectionally to coordinate selective interactions
between the pre- and post-synaptic compartments (Johnson-
Venkatesh and Umemori, 2010; Sassoe-Pognetto and Patrizi,
2017; Yuzaki, 2018). In the future, it will be important
to implement transcriptional and proteomic analyses, such
as single-cell RNA sequencing (Carter et al., 2018; Peng
et al., 2019) and immunoprecipitation of α-DG from murine
cerebellum in combination with mass spectrometry to identify
new bridge molecules.

How Does the DGC Organize GABAergic
Synapses?
Comparison of the synaptic phenotype of and mdx mice
(Figure 7) offers the opportunity for a molecular dissection
of the role of individual DGC constituents. One possible
mechanism by which the DGC may contribute to stabilize
GABAergic post-synaptic proteins and maintain GABA synapses
involves intracellular interactions mediated by the multi-PDZ
scaffold S-SCAM, which links β-DG to the NL2 cytoplasmic
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tail (Sumita et al., 2007) (Figure 7). S-SCAM, which has
been implicated in the assembly of GABAergic synapses (Woo
et al., 2013), also appears to form bridges between dystrophin
and SynArfGEF, a guanine exchange factor for the Arf6
small GTPases, thereby establishing potential links between
distinct subdomains of the inhibitory post-synaptic specialization
(Fukaya et al., 2011). However, synaptic clustering of NL2,
gephyrin and GABAARs was not overtly modified in mdx mice,
which lack dystrophin and β-DG (Figure 7), suggesting that
intracellular interactions mediated by β-DG are not required
for assembly of the GABAergic post-synaptic protein network
and for synapse maintenance. Rather, our results indicate that
persistence of α-DG in mdx mice is sufficient for preserving
a largely intact post-synaptic specialization. We propose that
the heavily glycosylated α-DG subunit may stabilize GABAergic
synapses via extracellular interactions with cell-surface proteins
containing laminin G-like domains (Barresi and Campbell,
2006). The extensive glycosylation of α-DG and the broad
range of extracellular ligands suggest that this protein has the
potential to act as a multidomain connector that brings together
distinct complexes of proteins that act synergistically within the
synaptic specialization.

NRX is a likely synaptic α-DG binding partner, as this
protein can establish interactions with both α-DG and NL2
(Sugita et al., 2001). However, NRX is downregulated in
mature cerebellar GABAergic synapses (Pregno et al., 2013),
suggesting that α-DG could interact with other presynaptic
molecules, potentially including NRX-like cell-surface proteins
(Missler and Sudhof, 1998). One example is contactin associated
protein-like 4 (CNTNAP4), also known as CASPR4, that has
been localized presynaptically in developing murine cortical
interneurons (Karayannis et al., 2014). Future studies will be
needed to confirm the absence of NRX in mature GABAergic
synapses onto PCs as well as to identify novel DG presynaptic
binding partners.

Dystroglycan Is a New Organizer of
Inhibitory Synapses
The present findings reveal that DG is a new organizer
of a subset of GABAergic synapses, and support the idea
that secreted proteins can act bidirectionally to coordinate
interactions between the pre- and post-synaptic compartments
(Yuzaki, 2018). The selective localization of DG and other
DGC constituents in selected types of GABAergic synapses also
suggests that these molecules are part of a molecular signature
that contributes to generate synapse specificity (Sassoe-Pognetto
and Patrizi, 2017). Indeed, GABAergic synaptic specializations
differ molecularly and functionally in different interneuron
subtypes throughout the brain (Contreras et al., 2019), but
our understanding of the distribution and function of selective
trans-synaptic adhesion systems at inhibitory synapses is still
incomplete. A recent study demonstrated that distinct secreted
synaptic organizers selectively drive cortical GABAergic synapse
formation in distinct compartments of their post-synaptic cells.
For example, Cbln4 was shown to be essential for dendritic
targeting of GABAergic axons, whereas leucine-rich repeat LGI

family member 2 (LGI2) emerged as a promising candidate
to regulate the development of perisomatic inhibitory synapses
(Favuzzi et al., 2019). Together, these data support the emerging
notion of a cell type-specific molecular code of GABAergic
synapses, which results from the presence of multiple trans-
synaptic adhesion systems characterized by partially overlapping
distributions and variable degrees of redundancy.
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Synaptic pathology is one of the major hallmarks observed from the early stage of
Alzheimer’s disease (AD), leading to cognitive and memory impairment characteristic
of AD patients. Synaptic connectivity and specificity are regulated by multiple
trans-bindings between pre- and post-synaptic organizers, the complex of which
exerts synaptogenic activity. Neurexins (NRXs) and Leukocyte common antigen-
related receptor protein tyrosine phosphatases (LAR-RPTPs) are the major presynaptic
organizers promoting synaptogenesis through their distinct binding to a wide array of
postsynaptic organizers. Recent studies have shown that amyloid-β oligomers (AβOs), a
major detrimental molecule in AD, interact with NRXs and neuroligin-1, an NRX-binding
postsynaptic organizer, to cause synaptic impairment. On the other hand, LAR-RPTPs
and their postsynaptic binding partners have no interaction with AβOs, and their
synaptogenic activity is maintained even in the presence of AβOs. Here, we review the
current evidence regarding the involvement of synaptic organizers in AD, with a focus on
Aβ synaptic pathology, to propose a new classification where NRX-based and LAR-
RPTP-based synaptic organizing complexes are classified into Aβ-sensitive and Aβ-
insensitive synaptic organizers, respectively. We further discuss how their different Aβ

sensitivity is involved in Aβ vulnerability and tolerance of synapses for exploring potential
therapeutic approaches for AD.

Keywords: Alzheimer’s disease, amyloid-β, synaptic organizers, neurexin, neuroligin, in situ binding assay,
artificial synapse formation assay

INTRODUCTION

Alzheimer’s disease (AD), the most common age-related neurodegenerative disease with
progressive cognitive decline including memory loss, has seen a sharp increase in the number of
cases and AD-related deaths over the past decades. Although some therapies are clinically applied
to AD patients, at best they slightly delay the disease progression and temporarily improve some
symptoms (Weller and Budson, 2018; Long and Holtzman, 2019). Thus, a deeper understanding
of the mechanisms involved in AD development and progression is indispensable for establishing
better treatments for this disease.
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There are two major pathohistological hallmarks of the
AD brain: extracellular senile plaques and intracellular
neurofibrillary tangles (NFT), the major constituents of
which are amyloid β (Aβ) peptides and hyper-phosphorylated
tau proteins, respectively (Ballard et al., 2011; DeTure and
Dickson, 2019). Aβ has been reported to be a key detrimental
molecule that plays a major role in AD pathogenesis (Reiss
et al., 2018). Aβ is produced from the cleavage of amyloid
precursor protein (APP) by β- and γ-secretases (Haass and
Selkoe, 2007; O’Brien and Wong, 2011), after which it is secreted
to the extracellular space and forms oligomers. Aβ oligomers
(AβOs) are thought to be toxic for neurons and their synaptic
connections in AD patient brains (Haass and Selkoe, 2007;
Sheng et al., 2012). Indeed, many in vitro studies using primary
neuron cultures (Parodi et al., 2010; He et al., 2019), brain
slices (Hsieh et al., 2006; Shankar et al., 2007; Li et al., 2011)
and in vivo studies (Spires-Jones et al., 2007; Hong et al.,
2016) using AD model mouse lines overproducing Aβ (e.g.,
J20 and Tg2576) have supported the toxic effects of AβOs by
showing Aβ-induced synaptic loss, decreased presynaptic release
probability and impaired postsynaptic long-term potentiation
(LTP), which is synaptic plasticity depending on postsynaptic
N-Methyl-D-aspartate-type glutamate receptor (NMDAR)-
mediated pathways (Nicoll, 2017). According to previous
studies, Aβ pathology seems to precede tau pathology and
importantly to start even from preclinical AD stage (Jansen
et al., 2015; Sasaguri et al., 2017; van der Kant et al., 2020).
Furthermore, synapse loss is an early pathological feature of
AD and one of the best correlates of cognitive impairment
(Scheff and Price, 2003; Sheng et al., 2012). These suggest
the importance of understanding the mechanism of Aβ

synaptic pathology.
When neurons establish synaptic connections in the

brain, many neuronal adhesion molecules mediate physical
connections between axons and target neurons (Li and Sheng,
2003; Waites et al., 2005; Dalva et al., 2007). Importantly,
a specific subset of the adhesion molecules has a further
biological activity called ‘‘synaptogenic activity,’’ by which
they promote pre- and/or post-synaptic organization to
make synapses functional for neurotransmitter release and
reception (Siddiqui and Craig, 2011; Missler et al., 2012). Such
synaptogenic adhesion molecules have been called ‘‘synaptic
organizers.’’ In general, their trans-synaptic complexes (herein
called ‘‘synaptic organizing complexes’’) drive bidirectional
trans-cellular synaptogenic signals: (i) a retrograde signal
from the target neuron to trigger the clustering of synaptic
vesicles and assembly of the fusion apparatus on the axon; and
(ii) an anterograde signal from the axon to trigger postsynaptic
clustering of neurotransmitter receptors including α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate
receptors (AMPARs) and NMDARs and scaffolding molecules
on the target neuron (Siddiqui and Craig, 2011; Missler
et al., 2012). Such synaptogenic activities can be assessed by
an artificial synapse formation assay based on co-culturing
primary neurons with non-neuronal cells (e.g., COS-7 and
HEK293 cells) transfected with the gene of interest (Craig
et al., 2006). Numerous efforts over the years have identified

and characterized many synaptic organizers, which can be
grouped into two major categories; either neurexin (NRX)-
based or Leukocyte common antigen-related receptor protein
tyrosine phosphatases (LAR-RPTPs: composed of PTPσ,
PTPδ as well as LAR)-based synaptic organizing complexes.
NRXs and LAR-RPTPs act as presynaptic molecular hubs
to trans-synaptically regulate synapse structure and function
by making multiple trans-interactions with their specific
postsynaptic organizers, such as NRX-neuroligin (NLGN),
NRX-leucine-rich-repeat transmembrane neuronal proteins
(LRRTMs), PTPσ-neurotrophin receptor tropomyosin-related
kinase C (TrkC), PTPσ/δ-Slit and Trk-like proteins (Slitrks),
LAR-netrin-G-ligand 3 (NGL3) and so on (Takahashi and
Craig, 2013; Südhof, 2017; Figure 1). The most well-studied
synaptic organizing complex is the NRX-NLGN complex,
essential for synapse organization, transmission and plasticity
as well as genetically linked with cognitive disorders such as
autism spectrum disorders (ASD) and schizophrenia (Craig
and Kang, 2007; Südhof, 2008, 2017; Kasem et al., 2018). Given
the evidence of synaptic impairments in AD, recent studies
have been trying to test whether and how Aβ interferes with
synaptic organizers because of their pivotal roles in synapse
physiology and cognitive function. Interestingly, our recent
study has identified NRXs as a direct binding protein of AβOs
(Naito et al., 2017b). Other groups have further uncovered
the binding of Aβ with NLGN1 (Dinamarca et al., 2011;
Brito-Moreira et al., 2017). This highlights the importance of
studying the roles of synaptic organizers in the Aβ pathology
of AD.

In this review, we first review the physiological synaptic
roles of NRX-based and LAR-RPTP-based synaptic organizing
complexes, which are closely relevant to AD synaptic pathology.
We then review the emerging evidence of how synaptic
organizers are involved in AD pathology, mainly focusing
on Aβ pathology. Furthermore, considering their capability
of Aβ binding (Dinamarca et al., 2011; Brito-Moreira et al.,
2017; Naito et al., 2017b), we propose a new classification of
synaptic organizers divided into two groups: Aβ-sensitive and
Aβ-insensitive organizers, and discuss their implications in Aβ

vulnerability and tolerance of synapses in AD. This would be
essential to better understand the mechanisms involved in AD
progression and give some insights into the development of novel
therapeutic approaches for AD.

NEUREXIN-BASED SYNAPTIC
ORGANIZING COMPLEXES

Neurexin
NRX is one of the most well understood presynaptic organizers.
NRX is composed of six laminin/neurexin/sex-hormone-binding
globulin (LNS) domains and three epidermal growth factor
(EGF) domains, and additionally is one of the biggest genes
existing in mammals (Missler and Südhof, 1998; Reissner et al.,
2013). In mammals, NRX has three isoforms existing in different
gene loci; NRXN1, NRXN2, and NRXN3 (Südhof, 2008; Reissner
et al., 2013). Moreover, each of these NRXN genes contains
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FIGURE 1 | Neurexins (NRXs) and Leukocyte common antigen-related receptor protein tyrosine phosphatases (LAR-RPTPs) serve as presynaptic hubs to
orchestrate synapse organization. The trans-interaction between pre- and post-synaptic organizers generate retrograde and anterograde “synaptogenic” signals
through the synaptic cleft, resulting in the presynaptic organization, including synaptic vesicles clustering, and in the postsynaptic organization, encompassing the
recruitment of neurotransmitter receptors [e.g., AMPA-type and NMDA-type glutamate receptor (AMPAR and NMDAR)] and scaffold proteins (e.g., PSD-95). As
presynaptic molecular hubs, NRXs and LAR-RPTPs trans-synaptically interact with multiple specific postsynaptic organizers, for instance, NRXs-neuroligins (NLGNs),
NRXs-leucine-rich-repeat transmembrane neuronal proteins (LRRTMs), PTPσ-neurotrophin receptor tropomyosin-related kinase C (TrkC), PTPσ/δ-Slit and Trk-like
proteins (Slitrks), along with others. Furthermore, SS4 insertion modulates NRX interactome by regulating its binding properties with its diverse ligands. Solid lines
indicate protein interactions, and the dashed line indicates that the insertion of SS4 in NRXs weakens NRX-NLGN interaction.

two alternative promoters leading to two different sizes: α-
NRX, the longer isoform containing all six LNS domains, and
β-NRX, the shorter isoform composed of only one LNS domain
(identical to the sixth LNS domain of each α-NRX) as well
as a unique short amino acid sequence at the N-terminal
called histidine-rich domain (HRD; Südhof, 2008; Reissner
et al., 2013). Using the common LNS domain, α/β-NRXs trans-
synaptically interact with many postsynaptic organizers such
as NLGNs and LRRTMs to act as a major presynaptic hub
(Reissner et al., 2013; Südhof, 2017; Figure 1). The mRNA
coding individual NRXs are broadly expressed in the brain
in both overlapping and differential patterns (Uchigashima
et al., 2019). For example, in the hippocampus, NRXN1/2/3α
and 2β are highly expressed in all CA1/2/3 and dentate

gyrus (DG) regions and NRXN1β is highly expressed in these
regions except the CA1, although NRXN3β displays modulate
and weak expression in the CA1–CA3 and DG, respectively
(Uchigashima et al., 2019). At the synapse level, both α-
NRXs and β-NRXs are thought to exist in both excitatory
(glutamatergic) and inhibitory (GABAergic) synapses (Craig
and Kang, 2007; Uchigashima et al., 2019). Although α-
NRX has a higher expression level in comparison to β-NRX,
β-NRX is more enriched at excitatory synapses (Neupert
et al., 2015). Meanwhile, α-NRX and β-NRX expression levels
have no significant difference at inhibitory synapses (Neupert
et al., 2015). These suggest that both α-NRX and β-NRX
play important roles at synapses. Artificial synapse formation
assays have shown that β-NRXs can exert synaptogenic activity
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to induce postsynaptic organization for both excitatory and
inhibitory synapses, whereas α-NRXs can induce postsynaptic
organization for only inhibitory synapses, suggesting their
different roles in synapse organization (Graf et al., 2004; Kang
et al., 2008).

Triple-α-NRX knockout (KO) mice show a decrease in the
neurotransmitter release from excitatory and inhibitory synapses
by impairing presynaptic calcium channel function, despite
reducing only inhibitory synapse number (Missler et al., 2003).
Behavioral experiments on global KOmice for NRX1α or NRX2α
have exhibited cognitive impairments similar to neurological
symptoms of ASD and Schizophrenia (Etherton et al., 2009;
Grayton et al., 2013; Dachtler et al., 2014, 2015). On the other
hand, triple-β-NRX KO decreases excitatory synapse release
probability via synaptic endocannabinoid signaling, leading to
the impairment of presynaptic LTP and contextual memory
(Anderson et al., 2015). These suggest that α/β-NRXs differently
regulate synaptic functions and are indispensable for normal
cognitive functions.

Also, each NRX has six alternative splicing sites (SS1-6) that
regulate its binding properties with its binding partners (Tabuchi
and Südhof, 2002; Treutlein et al., 2014; Südhof, 2017). Most
of the studies on the NRX splicing sites so far have focused on
addressing the roles of SS4. SS4 inclusion in NRX decreases its
interaction with NLGN1 and loses its interaction with LRRTM2
(Koehnke et al., 2008; Ko et al., 2009a; Yamagata et al., 2018). On
the other hand, at the parallel fiber-Purkinje cell synapses in the
cerebellum, SS4 inclusion allows NRX to interact with cerebellin
1 (Cbln1) tomake a triad complex with postsynaptic δ2 glutamate
receptor (GluD2), which regulates the formation of this type of
synapses and motor functions (Matsuda et al., 2010; Uemura
et al., 2010). At the hippocampal CA1-subiculum synapses,
SS4 insertion in NRX1 enhances NMDAR-mediated response,
whereas SS4 insertion in NRX3 suppresses AMPAR-mediated
response (Aoto et al., 2013; Dai et al., 2019). Thus, SS4 of
NRX1 and NRX3 regulate different synaptic properties, even
though NRX1 and NRX3 are supposed to largely share the same
binding partners. Taken together, given the exceptional variety
of NRX transcript variants expressed from three different genes
with two independent promoters and six alternative splicings
including SS4 (Reissner et al., 2013; Treutlein et al., 2014), the
distinct roles of α/β-NRXs and those of NRX1/3 SS4 splicing
have suggested that NRX variety may underlie the diversity and
complexity of brain synaptic function and cognitive function.

Neuroligin
NLGNhas been well studied as one of themajor NRX-interacting
postsynaptic organizers (Bemben et al., 2015). NLGN has five
subtypes: NLGN1-3, 4X, and 4Y (Bemben et al., 2015). In
adult mouse brains, NLGN1/2/3 mRNA is expressed in almost
all neuronal populations with a different pattern, in which
NLGN2/3 mRNA expression is relatively higher than NLGN1 in
the brainstem, hypothalamus, and thalamus (Varoqueaux et al.,
2006). In contrast, NLGN4X and 4Y mRNA expression are very
low in the human brain (Bolliger et al., 2001; Jamain et al.,
2003). At the synapse level, NLGN1 and NLGN2 are mostly
localized at excitatory and inhibitory synapses, respectively,

whereas NLGN3 is localized at both excitatory and inhibitory
synapses (Song et al., 1999; Varoqueaux et al., 2004; Budreck
and Scheiffele, 2007). Artificial synapse formation assays have
shown that NLGNs have a synaptogenic activity to induce
presynaptic organization of excitatory and inhibitory synapses
(Scheiffele et al., 2000; Graf et al., 2004; Chubykin et al., 2005;
Craig et al., 2006; Naito et al., 2017b) through their trans-
interaction with presynaptic NRXs (Ko et al., 2009b; Gokce
and Südhof, 2013). Further, a recent study using NLGN1-4
conditional KO mouse brain slices with rescue experiments
has shown that the NLGN1 extracellular domain, particularly
its trans-interaction with presynaptic NRXs, is crucial for
LTP (Wu et al., 2019). The extracellular domain of NLGN,
mainly composed of acetylcholinesterase (ACE)-like domain,
binds to the LNS6 domain of NRX in a calcium-dependent
manner (Nguyen and Südhof, 1997; Südhof, 2008; Bemben
et al., 2015). The ACE-like domain of NLGN contains an
alternative splicing site that regulates their binding properties
with NRXs, with exception to NLGN1 that has two alternative
splicing sites (A and B; Chih et al., 2006; Ko et al., 2009a).
Also, NLGN1 can form a complex with the major postsynaptic
scaffold protein PSD-95 by its intracellular C-terminal tail,
and this NLGN1-PSD-95 interaction is thought to be involved
in postsynaptic molecular assembly (Irie et al., 1997). Indeed,
NMDAR-mediated synaptic transmission is required for the
intracellular domain of NLGN1 (Wu et al., 2019). On the
other hand, the extracellular domain of NLGN1 also has a
capability for postsynaptic recruitment of NMDARs, suggesting
molecular and/or functional extracellular interaction between
NLGN1 and NMDARs (Budreck et al., 2013). These extracellular
and intercellular interactions of NLGN1 have been proposed to
be the molecular basis underlying how NLGN1 is involved in
synapse formation and function. Both in vitro and in vivoNLGN
knockdown (KD) experiments result in a reduction of synapse
number (Chih et al., 2005; Shipman et al., 2011; Shipman and
Nicoll, 2012), while NLGN overexpression increases it (Prange
et al., 2004; Boucard et al., 2005; Chih et al., 2005; Shipman
et al., 2011). Also, NLGN1 KO shows LTP impairment in
the hippocampus and spatial memory deficit (Blundell et al.,
2010). On the other hand, NLGN1-3 triple KO impairs synapse
transmission in both excitatory and inhibitory synapses without
affecting their number (Chanda et al., 2017). Although the KD
and KO studies show controversial results in synapse number,
it is evident that NLGNs are crucial for synapse transmission
and plasticity.

LRRTM
LRRTM is another NRX-binding postsynaptic organizer.
LRRTM family consists of LRRTM1-4 (Roppongi et al., 2017),
which have distinct expression patterns in the brain (Laurén
et al., 2003). LRRTM1/2 are highly expressed in all the layers
of the cerebral cortex except layer 1, the granular layer in the
hippocampal DG, and the hippocampal CA1-CA3 pyramidal
layers (Laurén et al., 2003; Francks et al., 2007). LRRTM3/4 are
highly expressed in the hippocampal DG, the cerebral cortex
layer 2 and moderately expressed in the cerebral cortex layers
3–6 (Laurén et al., 2003). LRRTMs can promote the presynaptic
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organization of excitatory, but not inhibitory, synapses (Ko
et al., 2009a; Linhoff et al., 2009; de Wit et al., 2013; Naito
et al., 2017b). Interestingly, LRRTM1/2 bind to SS4-negative
NRX [NRX SS4(−)], but not SS4-positive NRX [NRX SS4(+)],
regardless of α- and β-NRX isoforms (Ko et al., 2009a; Siddiqui
et al., 2010). Recently, it was reported that LRRTM3/4 bind
to all NRX isoforms at the glycosylated region in the presence
of heparan sulfate (HS; Roppongi et al., 2020). These NRX
binding codes of LRRTMs may underlie the selective induction
of excitatory, but not inhibitory, presynaptic organization by
LRRTMs (Roppongi et al., 2017). Indeed, neuronal KD of
LRRTM2 causes a significant reduction of excitatory synapses
(de Wit et al., 2009). Also, LRRTM1/2 double KO mice show
a selective reduction in AMPAR-mediated, but not NMDAR-
mediated, synaptic transmission which leads to LTP impairment
in hippocampal CA1 pyramidal neurons (Bhouri et al., 2018).
This double KO mouse line also displays spatial memory
impairment, suggesting that LRRTMs play a crucial role in
memory formation by controlling synaptic transmission and
plasticity (Bhouri et al., 2018).

LAR-RPTP-BASED SYNAPTIC
ORGANIZING COMPLEXES

LAR/PTPσ/PTPδ
Besides NRX family members, LAR-RPTPs are the other major
presynaptic organizers, consisting of LAR, PTPσ, and PTPδ

(Takahashi and Craig, 2013). The mRNAs coding LAR, PTPσ

and PTPδ are broadly expressed in various mouse brain
areas in overlapping and differential patterns, for instance,
in the hippocampal area, LAR is mainly expressed in the
DG region, PTPσ is widely expressed in the CA1/2/3 as well
as DG regions, and PTPδ is strongly expressed in the DG
and the CA2 regions (Kwon et al., 2010). At synapse level,
PTPσ is localized at excitatory, but not inhibitory, synaptic
sites, whereas PTPδ is localized at inhibitory, rather than
excitatory, synaptic sites (Takahashi et al., 2011; Han et al.,
2018). According to artificial synapse formation assays, LAR,
PTPσ, and PTPδ promote the postsynaptic organization of
excitatory synapses, but not that of inhibitory synapses, as an
anterograde synaptogenic signal (Woo et al., 2009; Takahashi
et al., 2011; Yoshida et al., 2011). Also, as a retrograde
synaptogenic signal, LAR, PTPσ and PTPδ mediate presynaptic
organization of excitatory and/or inhibitory synapses induced by
their postsynaptic binding partners (Woo et al., 2009; Takahashi
et al., 2011, 2012; Yoshida et al., 2011; Han et al., 2018;
Bomkamp et al., 2019). As a major presynaptic hub other than
NRXs, LAR-RPTPs have capabilities to bind with many different
postsynaptic binding partners such as TrkC, NGL3, Slitrk1-6,
interleukin-1-receptor accessory protein-like 1 (IL1RAPL1) and
interleukin-1 receptor accessory protein (IL1RAcP; Kwon et al.,
2010; Takahashi et al., 2011, 2012; Yoshida et al., 2011, 2012;
Takahashi and Craig, 2013; Um and Ko, 2013; Yim et al., 2013;
Han et al., 2018).

Importantly, each of the LAR-RPTPs varies in their binding
partner selectivity. For example, NGL3 binds to all the

LAR-RPTPs, whereas TrkC binds to only PTPσ, and Slitrks
bind to PTPσ/δ, but not LAR (Kwon et al., 2010; Takahashi
et al., 2011; Yim et al., 2013). LAR-RPTPs are composed
of three immunoglobulin (Ig) domains and eight or four
Fibronectin III (FNIII) domains at the extracellular region, which
are responsible for trans-synaptic interactions with the above-
mentioned postsynaptic organizers (Takahashi and Craig, 2013;
Um and Ko, 2013). Intracellularly, LAR-RPTPs bind to the
scaffolding protein liprin-α to mediate presynaptic assembly
(Dunah et al., 2005; Han et al., 2016a; Xie et al., 2020). These
molecular interactions are essential for the anterograde and
retrograde synaptogenic signals driven by the LAR-RPTP-based
synaptic organizing complexes.

Previous KO mouse studies have revealed the importance of
LAR-RPTPs for synaptic and cognitive function. Specifically,
PTPσ KO decreases presynaptic release probability and
NMDAR-dependent LTP in the hippocampal Schaffer-CA1
synapses and abnormally enhances novel object recognition
(Horn et al., 2012; Han et al., 2020a; Kim et al., 2020). In
contrast, a previous study by Uetani et al. (2000) showed that
PTPδ KO increases release probability and LTP in the same
type of synapses and impairs spatial learning and memory.
Thus, PTPσ and PTPδ are indispensable for normal synaptic
and cognitive functions in a distinct manner, which may be due
to their different expression patterns and binding partners. To
support this, mutations in PTPσ and PTPδ genes are associated
with ASD and/or attention-deficit hyperactivity disorder
(ADHD; Takahashi and Craig, 2013). Conversely, however, a
more recent study has shown that PTPδ conditional KO does not
affect release probability (Han et al., 2020b). Moreover, recent
studies on conditional KO of all LAR-RPTPs have shown that
they are involved in NMDAR-mediated synaptic transmission
and LTP without affecting AMPAR-mediated transmission or
synapse number (Sclip and Südhof, 2020). Further studies would
be required to explain the apparent discrepancies and to more
specifically address the synaptic roles of LAR-RPTPs.

TrkC
TrkC is a member of the tropomyosin-receptor-kinase (Trk)
family, which also includes TrkA and TrkB (Barbacid, 1994).
The classical role of the Trk family is to recognize neurotrophins
(NTs) such as NGF, BDNF, NT-3, and NT-4. TrkC is a
specific receptor for NT-3, which promotes both neural crest
cell proliferation and neuronal differentiation (Barbacid, 1994;
Chao, 2003). TrkC mRNA is substantially expressed in the
hippocampus and cortex of adult rat brains (Ringstedt et al.,
1993), and TrkC protein is localized at excitatory, but not
inhibitory, synapses in rat hippocampal neurons (Takahashi
et al., 2011). Among the Trk family, only TrkC has a synaptogenic
activity to selectively induce excitatory, but not inhibitory,
the presynaptic organization as shown in artificial synapse
formation assays and neuronal overexpression experiments
(Takahashi et al., 2011; Naito et al., 2017b). While alternative
splicing produces two subtypes of TrkC in terms of the
presence or absence of an intracellular tyrosine kinase (TK)
domain, both subtypes of TrkC contain an identical extracellular
region composed of one LRR domain and two Ig domains
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(Valenzuela et al., 1993; Barbacid, 1994; Naito et al., 2017a).
TrkC binds to PTPσ using the LRR and the first Ig domains
(Takahashi et al., 2011; Coles et al., 2014) and binds to
NT-3 using the second Ig domain (Urfer et al., 1995,
1998), suggesting distinct responsible domains for PTPσ-
and NT3-binding and possible simultaneous binding of both
PTPσ and NT3 to TrkC (Takahashi and Craig, 2013; Naito
et al., 2017a), in which NT-3 may modulate a PTPσ-TrkC
complex. To support this, recent studies including our own
have revealed that NT-3 enhances the interaction between
TrkC and PTPσ and the synaptogenic activity of TrkC,
presumably through NT-3-induced dimerization of PTPσ-TrkC
complexes (Ammendrup-Johnsen et al., 2015; Han et al., 2016b).
Previous studies that characterized TrkC gene in transgenic
or mutant mice also support the synaptic roles of TrkC and
the involvement of TrkC in normal behaviors. For instance, a
TrkC-overexpressing transgenic mouse line displays the elevated
excitatory synaptic response in hippocampal CA1 as well as
increased anxiety-like behavior and panic reaction (Dierssen
et al., 2006; Sahún et al., 2007). Furthermore, TrkC KO mice
show a decrease in hippocampal mossy fiber synapses as well
as the impairment of synaptic maturation (Martínez et al., 1998;
Otal et al., 2005).

Slitrk
Slitrks have six isoforms found in three different chromosomes,
and they are composed of two extracellular LRR domains at
the extracellular region as well as a transmembrane and an
intracellular domain that shares homology with Trks (Aruga and
Mikoshiba, 2003; Aruga et al., 2003). An in situ hybridization
study has shown different expression levels and patterns for
each Slitrk isoform in the brain, especially high expression
of Slitrk1/3/5 and moderate expression of Slitrk2/4 in the
hippocampus and cortex of young mice (postnatal 10 days;
Beaubien and Cloutier, 2009). Previous artificial synapse
formation assays have shown that Slitrks have a unique
synaptogenic activity, by which Slitrk1/2 induce both excitatory
and inhibitory presynaptic organization via presynaptic PTPσ

and PTPδ, respectively, while Slitrk3 selectively induces
inhibitory, but not excitatory, presynaptic organization
via presynaptic PTPδ (Takahashi et al., 2012; Yim et al.,
2013). The study characterizing Slitrk3 KO mice has further
supported selective involvement of Slitrk3 in inhibitory
synapse development (Takahashi et al., 2012) by detecting
a decrease in inhibitory synapse number and function as
well as seizure behaviors. On the other hand, RNAi-based
knockdown studies as well as neuronal overexpression ones
have indicated selective involvement of Slitrk1/2 in excitatory
synapse number and function (Yim et al., 2013; Schroeder
et al., 2018; Han et al., 2019). Also, Slitrk1 KO mice exhibit
elevated anxiety behaviors (Katayama et al., 2010), and
Slitrk5 KO mice display obsessive-compulsive–like behaviors
with decreases in glutamate receptors and excitatory synaptic
transmission in cortico-striatum synapses (Shmelkov et al.,
2010). Together, each Slitrk isoform plays a distinct role
in organizing excitatory or inhibitory synapses for normal
cognitive functions.

SYNAPTIC ORGANIZERS IN AD

Considering the above-mentioned crucial roles of synaptic
organizers in physiological synaptic functions, they are expected
to be also substantially involved in synaptic dysfunction
in AD. Indeed, we have recently uncovered that NRXs
interact with AβOs and that this interaction impairs normal
trafficking of NRXs on axon surface as well as excitatory
presynaptic organization induced by NRX-binding partners
such as NLGN1/2 and LRRTM2 (Naito et al., 2017b).
Furthermore, given our artificial synapse formation data and
cell surface Aβ binding data, we propose a new classification
of synaptic organizers into two groups with regards to Aβ

pathology: Aβ-sensitive and Aβ-insensitive synaptic organizers
as discussed below.

Aβ-SENSITIVE SYNAPTIC ORGANIZERS
IN AD

Neurexin: A Novel Binding Partner of
Aβ Oligomers
Our group has performed an in situ binding assay screen
using a non-physiological concentration of AβOs (250 nM,
monomer equivalent) to identify synaptic organizers that interact
with AβOs. Out of the 19 synaptic organizers that we tested,
interestingly, only NRXs were isolated (Naito et al., 2017b).
Similarly, another group has also reported that NRX1α and
NRX2α bind to AβOs (Brito-Moreira et al., 2017) by performing
a plate binding assay using recombinant proteins of NRX1α
and NRX2α with AβOs. Our group has further performed a
domain analysis and identified that the HRDs of all β-NRXs are
responsible for AβO binding (Naito et al., 2017b). Moreover,
the oligomeric but not the monomeric form of Aβ has an
interaction with NRX1β. Interestingly, the interaction of AβOs
with NRX1β does not interfere with its ability to bind to its
synaptic partners such as NLGN1 or LRRTM2 (Naito et al.,
2017b). To further clarify the AβO influence on β-NRX function
in the neurons, we quantified the cell surface expression level
of NRX1β on axons by performing time-lapse imaging of
NRX1β extracellularly tagged with a pH-sensitive GFP (SEP-
NRX1β; Mahon, 2011) transfected in hippocampal primary
neurons before and after AβO treatment (Naito et al., 2017b).
Interestingly, AβO treatment reduces surface expression of
NRX1β on the axons (Naito et al., 2017b). However, SEP-
NRX1β lacking the HRD is not affected by AβOs, suggesting
that AβOs trigger cell surface reduction of NRX1β by binding
to its HRD (Naito et al., 2017b). Currently, the physiological role
of HRD in β-NRXs is not well understood, therefore it should
be addressed for a better understanding of Aβ-induced synaptic
pathology. Taken together, AβOs interact with β-NRXs in an
HRD-dependent manner, and this interaction reduces β-NRX
expression on the axon surface, presumably through enhanced
endocytosis, leading to an impairment in NRX-mediated
presynaptic assembly (Figure 2). Further, interestingly, β-NRX
conditional triple KO increases tonic endocannabinoid signaling,
such as the tonic activation of cannabinoid receptor type 1
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(CB1R), to impair excitatory synaptic transmission and LTP
(Anderson et al., 2015). Therefore, it is also possible that
AβO-induced β-NRX surface reduction may enhance tonic
endocannabinoid signaling for synaptic impairment. Indeed, it
has been reported that CB1R activity is enhanced in the anterior
thalamus in an AD mouse model named 3XTg-AD (Manuel
et al., 2016; Basavarajappa et al., 2017). Moreover, the synaptic
phenotypes of the β-NRX triple KO are detected in burst-firing,
but not regular-firing, subiculum neurons, indicating synapse
specificity of β-NRXs at the cellular level. Therefore, it would
be interesting to elucidate whether and how Aβ affects the
β-NRX-mediated endocannabinoid signaling and the synaptic
specificity of β-NRXs in AD.

We also identified that the SS4 of both the α and
β isoforms of NRX1/2 are responsible for AβO binding
(Naito et al., 2017b). However, the role of AβO binding
to the SS4 sites of NRX1/2 remains to be elucidated. Our
time-lapse imaging has suggested no effect of the AβO
binding to NRX1β SS4 site on NRX1β expression on axon
surface (Naito et al., 2017b), suggesting that it may play
a different role from the HRD of NRX1β. Given that the
SS4 insertion of presynaptic NRX1 increases postsynaptic
NMDAR responses and thereby enhances NMDAR-dependent
LTP at the hippocampal CA1-subiculum synapses (Dai et al.,
2019), it is likely that the AβO binding to NRX1 SS4 site could
impact NMDAR-dependent LTP, which is impaired by AβO
treatment and in ADmodel mouse lines with Aβ overproduction
(Wang et al., 2004; Hwang et al., 2017; Liu et al., 2019). On
the other hand, the SS4 insertion of presynaptic NRX2 does not
affect either NMDAR or AMPAR responses in the subiculum.
Further studies on NRX2 SS4 as well as NRX1 SS4 are necessary
to elucidate their physiological synaptic roles and involvement in
Aβ synaptic pathology.

In addition to synaptic dysfunction, AβO binding to NRX
could potentially play other roles in Aβ pathology, such as Aβ

oligomer formation as an Aβ nucleation factor and/or neuronal
AβO uptake as an Aβ receptor. To determine whether NRX can
accelerate Aβ oligomerization as well as fibrillar aggregation,
the thioflavin T fluorescence assay (Xue et al., 2017), in which
Aβ monomers are incubated with/without NRX recombinant
proteins, would be useful in further studies. Furthermore, to
test whether and how NRXs are involved in neuronal uptake
of AβOs, it would be worthy to perform live-cell imaging
of NRX KO/KD neurons or control neurons treated with
AβOs tagged with pH-sensitive dye [e.g., pHrodo (Han and
Burgess, 2010; Mao et al., 2016)] that allows imaging of only
internalized AβOs.

Due to the toxic and dysfunctional effects of AD pathology
on neurons, the expression level of many genes including
NRXs is altered in AD patients compared to healthy controls.
A recent study has reported the differentially-expressed genes
(DEG) in AD patients’ brains based on published microarray
data sets. Interestingly, NRXN3 gene expression is significantly
decreased and has the second-highest DEG in AD patients.
Moreover, in the hippocampus, NRXN3 gene expression is
decreased in both AD- and aging-related groups (Zheng et al.,
2018). Similarly, we have reported that synaptosome fractions of

J20 mice [Alzheimer’s model mice overproducing Aβ (Mucke
et al., 2000)] have a significant reduction in β-NRXs as well
as a reduction trend in α-NRXs, compared to their wild-type
littermates (Naito et al., 2017b). These reports suggest that the
expression levels of NRXs in AD are downregulated. However,
it is not fully understood which of the NRX isoforms are
mainly affected in AD and which brain regions in AD display
changes in NRX expression. Therefore, in situ hybridization
for each NRX isoform in AD model mice could provide us
with a better understanding of how AD pathology affects
NRX-mediated synapses.

Neuroligin: Aβ-Induced Synaptogenic
Dysfunction and a Role as Aβ Deposition
Stabilizer
Our artificial synapse formation assay has shown that AβO
treatment significantly diminishes excitatory, but not inhibitory,
presynaptic organization induced by NLGN1 and NLGN2
(Naito et al., 2017b). Given that AβO treatment reduces
surface expression of NRX1β on axons, but has no effect
on NRX1β-NLGN1 interaction, Aβ impairment of NLGN1-
induced presynaptic organization may be due to decreased
amount of axonal β-NRXs rather than direct interference with
β-NRX-NLGN1 interaction (Naito et al., 2017b; Figure 2).
While the artificial synapse formation assay is thus useful to
determine Aβ sensitivity of NLGNs by assessing the effect of
AβOs on the formation of NRX-NLGN-based synapses, it is
also crucial to investigate their effect on the maintenance of
NRX-NLGN-based synapses for better understanding of Aβ

synaptic pathology. To address this, additional research needs
to be carried out by performing artificial synapse formation
assays with AβO treatment after synapses have been formed by
NLGN-expressing fibroblasts.

A recent study has shown that NRXs are modified with
heparan sulfate (HS) and that the synaptogenic activity of
NLGN1/2 requires their interaction with the NRX HS chains
as well as their protein domain-based NRX interaction (Zhang
et al., 2018). Although it remains to be tested whether and how
Aβ pathology and NRX HS modification are involved with each
other, it has been shown that Aβ can directly interact with HS
chains and HS core proteins (Buée et al., 1993; Watson et al.,
1997; Cui et al., 2013). Furthermore, neuronal HS deficiency
suppresses Aβ deposit in the brain of AD model mice (Liu et al.,
2016), suggesting a physical and functional interaction between
Aβ and HS-modified proteins, which presumably could include
NRXs. Given that NRX HS modification does not affect NRX
surface trafficking itself (Zhang et al., 2018), Aβ sensitivity of
NRX-NLGN1/2 complexes might depend on not only the Aβ-
impaired NRX trafficking on axon surface but also NRX HS
modification level in AD condition.

Although our group performed in situ binding assays
and concluded that AβOs did not interact with NLGN1
(total four different splicing isoforms), NLGN2 or NLGN3
(Naito et al., 2017b), two independent groups have reported
that AβOs interact with at least NLGN1 (Dinamarca et al.,
2011; Brito-Moreira et al., 2017). To demonstrate the AβO-
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FIGURE 2 | Amyloid-β oligomers (AβOs) impair presynaptic organization by reducing β-NRXs on the axon surface. AβOs bind to the histidine-rich domain (HRD) of
β-NRXs. This interaction leads to the reduction of β-NRX surface expression on the axons without interfering with its ability to bind to NLGN1 or LRRTM2. By
reducing the surface level of β-NRXs, presumably through enhanced endocytosis, AβOs impair NLGN1/2- and LRRTM2-mediated presynaptic organization.

NLGN1 interaction, one group performed a plate binding
assay using NLGN1 recombinant proteins and AβOs (Brito-
Moreira et al., 2017), and the other group used fluorescence
spectroscopy to monitor Aβ-induced quenching of intrinsic
tryptophan fluorescence from NLGN1 because of the prevalence
of tryptophan amino acids in NLGN1, while not at all present in
Aβ (Dinamarca et al., 2011). The discrepancy between our results
and theirs might come from the sensitivity of the experimental
methods. In this sense, a plate binding assay and fluorescence
spectroscopy may have higher sensitivity than the in situ binding
assays we performed. Also, their study using a thioflavin T
fluorescence assay and electron microscopy have suggested that
NLGN1 plays a role as a nucleating factor on Aβ aggregation,
ultimately facilitating Aβ oligomer formation at the excitatory
postsynaptic sites (Dinamarca et al., 2011; Figure 3). Given the
three previously described pieces of evidence: (1) NRXs, as well as
NLGN1, interact with AβOs; (2) NRXs trans-synaptically interact
with NLGNs; and (3) NLGN1 is localized at excitatory synapses,
it would be interesting to test whether and howNRXs regulate Aβ

aggregation process together with NLGN1 at excitatory synapses
as synaptic Aβ nucleating factors.

LRRTM: Aβ-Induced Synaptogenic
Dysfunction and a Role in APP Processing
Like the case of NLGN1/2, the synaptogenic activity of
LRRTM2 is sensitive to AβOs (Naito et al., 2017b). Specifically,

our artificial synapse formation assay has shown that AβO
treatment significantly decreases LRRTM2-induced excitatory
presynaptic organization in cultured hippocampal neurons.
On the other hand, AβO treatment does not affect NRX1β-
LRRTM2 binding. Given that AβO treatment reduces the surface
expression level of NRXs on the axons (Naito et al., 2017b)
and that LRRTM1/2 share same NRX binding code (Siddiqui
et al., 2010), AβOs are supposed to dampen the synaptogenic
activity of LRRTM1/2 by decreasing the amount of cell surface
NRXs on axons (Naito et al., 2017b). More specifically, the AβO-
mediated LRRTM1/2 dysfunction may be due to the reduction of
axonal expression of β-NRX SS4(−) rather than α-NRX SS4(−)
or α/β-NRX SS4(+) for the two reasons: LRRTM1/2 selectively
bind to α/β-NRX SS4(−; Siddiqui et al., 2010); and AβOs do
not bind to α-NRX SS4(−; Naito et al., 2017b). These suggest
that β-NRX SS4(−) may be a key determinant for Aβ sensitivity
of LRRTM1/2-mediated excitatory synapses. Importantly, the
J20 AD model mouse line shows a more significant reduction
in synaptic expression of β-NRX than that of α-NRX (Naito
et al., 2017b). Therefore, it would be worthy to analyze the
expression of β-NRX SS4(−) and SS4(+) separately and that
of LRRTM1/2 in AD animal models and/or in AD patients’
brain for better understanding of Aβ vulnerability of excitatory
synapses in vivo condition.

In contrast to LRRTM1/2, LRRTM3/4 bind to all NRX
isoforms including NRX1γ, which lacks the LNS domain
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FIGURE 3 | NRX-based and LAR-RPTP-based synaptic organizing complexes display contrasting Aβ sensitivity. AβOs exert a pathological influence on NRX-based
synaptic organizing complexes. In contrast, LAR-RPTPs and their post-synaptic binding partners appear to be resistant to AβO-induced deleterious effects on
synapses. AβOs bind to the HRD of β-NRXs as well as to the SS4 of NRX1/2. Furthermore, AβOs reduce the expression of β-NRXs on axon surface in an
HRD-dependent but SS4-independent manner. However, the role of the NRX SS4 in Aβ synaptic pathology remains to be understood. In addition to NRXs,
NLGN1 can interact with Aβ and act as an Aβ deposition stabilizer to accelerate Aβ oligomer formation and fibrillar aggregation. Although AβOs affect not only NRXs
but also LRRTMs and NLGNs, we propose that AβO-mediated β-NRX surface reduction may account the most in Aβ-impaired synapse organization. As an
additional role of LRRTMs in the Aβ pathway, LRRTM3 interacts with amyloid precursor protein (APP) as well as β-site APP cleaving enzyme 1 (BACE1) and
promotes amyloidogenic APP processing to enhance Aβ production. Thus, NRXs and their partners are highly linked with Aβ pathology, which may result in Aβ

vulnerability of synapses in Alzheimer’s disease (AD). In contrast, AβOs do not interact with LAR-RPTPs or their postsynaptic partners including TrkC and Slitrks.
Accordingly, LAR-RPTP-based complexes may contribute to making synapses more tolerant of Aβ pathology in AD. Solid lines indicate protein interactions.

(Roppongi et al., 2020). So far, no study has tested whether and
how AβOs affect the synaptogenic activity of LRRTM3/4, and
given that NRX-LRRTM3/4 interaction requires the NRX HS
modification, but not the LNS domain (Roppongi et al., 2020),
investigating this matter would be helpful to understand how
AβOs physically and functionally interact with NRX HS chain.

In addition to the synaptogenic role of LRRTM3, a previous
study using a siRNA screen has identified LRRTM3 as a positive
modulator of APP processing (Majercak et al., 2006). The siRNA-
based LRRTM3 knockdown in SH-SY5Y human neuroblastoma
cells reduces Aβ secretion and the production of the intracellular
C-terminal fragments (CTFs) by β-secretase (βCTF), suggesting
that LRRTM3 positively modulates BACE1 processing of
APP (Figure 3). Indeed, LRRTM3 overexpression increases
Aβ secretion. A follow-up study has further shown that
LRRTM3 interacts with both APP and BACE1 and that
LRRTM3 is colocalized with APP in cultured cortical neurons
from the Tg2576 AD model mice (Lincoln et al., 2013). On the
contrary, another group has reported that LRRTM3 KO in the
AD model mouse does not alter the Aβ production, suggesting
that LRRTM3may not be an essential regulator of Aβ production
in vivo (Laakso et al., 2012). The authors have pointed out that
one possibility for this discrepancy is that LRRTM4, which is

the closest paralog of LRRTM3, could compensate for the Aβ

production. While the underlying mechanism and the synaptic
role of the LRRTM3-dependent modulation of APP processing
need to be addressed, these findings suggest that NRX-LRRTM3-
mediated synapses may be vulnerable to Aβ due to local Aβ

overproduction by LRRTM3 as well as Aβ binding to NRXs at
the synapse level.

INFLUENCE OF Aβ-INSENSITIVE
SYNAPTIC ORGANIZERS IN AD

In addition to the identification of NRXs and their binding
partners as Aβ-sensitive synaptic organizers, our recent study
has illustrated the potential presence of Aβ-insensitive synaptic
organizers (Naito et al., 2017b). The in situ binding screens
have demonstrated that except NRXs, the other tested synaptic
organizers including LAR-RPTPs and their binding partners,
such as TrkC and Slitrk1-6, show no significant binding of
AβOs (Figure 3). Consistent with the binding results, AβO
treatment does not affect the synaptogenic activity of TrkC and
Slitrk2 to induce excitatory presynaptic organization, which is
mediated by PTPσ and/or PTPδ (Naito et al., 2017b; Figure 3).
Therefore, the LAR-RPTPs and their binding partners could
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be classified as Aβ-insensitive synaptic organizers. In line with
this, a previous postmortem study (Connor et al., 1996) has
shown that the expression level of TrkC is unchanged in the
hippocampus of AD patients. Specifically, TrkC immunostaining
remains high in the granular as well as the pyramidal layers
in the hippocampus in both AD and healthy control samples.
These suggest that even during AD progression, TrkC may
contribute to synapse maintenance by positively regulating
synaptic tolerance to Aβ through its Aβ-resistant trans-synaptic
bridge with PTPσ. Indeed, some synapses are preserved even at
the late stage of AD (Scheff, 2003). To better understand the
molecular mechanisms underlying the structural and functional
preservation of synapses in AD and the possible correlation
between LAR-RPTP-based synaptic organizing complexes and
synaptic tolerance to Aβ, it would be important to investigate the
expression levels of LAR-RPTPs and their postsynaptic partners
in AD brains.

To further validate whether Aβ-insensitive synaptic
organizers such as LAR-RPTPs and TrkC have a protective
role against Aβ in AD synapses, it would be worth testing
whether their KO in AD model mouse brain accelerates
synaptic pathology and/or if their overexpression in AD model
mouse brain decelerates synaptic pathology. Such studies will
be essential to validate the roles of Aβ-insensitive synaptic
organizers in Aβ tolerance of synapses and can potentially be
approached as a therapeutic strategy.

Moreover, another postmortem study has shown that the
expression level of NT-3, a TrkC neurotrophic ligand, is
comparable between AD patients and healthy controls in any of
the brain regions, although a slight non-significant decrease in
NT-3 is detected in the cortex (Durany et al., 2000). Given that
NT-3 enhances PTPσ-TrkC interaction and their synaptogenic
activity (Ammendrup-Johnsen et al., 2015; Han et al., 2016b),
it has also been suggested that for synapse maintenance in AD,
NT-3 might reinforce PTPσ-TrkC complex to increase synaptic
tolerance to Aβ.

THE ROLE OF SYNAPTIC ORGANIZERS IN
TAU PATHOLOGY

Besides Aβ pathology, tau pathology is the other major AD
hallmark. While there have been very few studies on the
involvement of synaptic organizers in tau pathology, one study
has reported the involvement of NLGN1 and LRRTM2 in cell-
to-cell propagation of tau pathology (Calafate et al., 2015). When
NLGN1- or LRRTM2-transfected HEK293 cells are co-cultured
with hippocampal neurons expressing human mutant P301L
tau, which leads to aggressive tau aggregation, the transfected
HEK293 cells enhance tau aggregation in the co-cultured
neurons, suggesting that NLGN1 and LRRTM2 mediate cell-to-
neuron tau pathology propagation. Moreover, according to tau
propagation assays using microfluidic culture devices, neuron-
to-neuron propagation of tau pathology via synaptic connections
is decreased by NLGN1 KD. Thus, tau propagation between
neurons could be facilitated by synaptic connections mediated
by synaptic organizing complexes such as NRX-NLGN1
and NRX-LRRTM2.

Given the previous studies showing that Aβ triggers and/or
enhances tau pathology (Götz et al., 2004; Bennett et al., 2017;
Lee et al., 2017), it would also be interesting to test whether
and how AβO binding to NRX influences tau pathology in
AD. Notably, NRXs bind to a scaffolding protein called CASK
(Hata et al., 1996; LaConte et al., 2016), and the phosphorylation
and membrane distribution of CASK are regulated by cyclin-
dependent kinase 5 (CDK5), a key player that up-regulates tau
hyper-phosphorylation and thereby leads to NFT (Lee and Tsai,
2003; Samuels et al., 2007; Shukla et al., 2012). Furthermore,
CASK has been reported as one of the up-regulated biomarkers
in the hippocampus of AD patients (Gómez Ravetti et al., 2010).
This evidence gives rise to the interesting possibility that NRX
might play a role in Aβ-induced tau pathology via CASK/CDK5.

INFLUENCE OF OTHER Aβ-SENSITIVE
CELL ADHESION MOLECULES

Some cell adhesion molecules other than the canonical synapse
organizers have also been reported to interact with and be
affected by Aβ, such as EphB2 and NCAM2. EphB2 is an
ephrin B2 receptor that is localized at the postsynaptic site.
A previous study has shown that Aβ interacts with EphB2,
reducing the expression of surface and total EphB2 due to
enhanced EphB2 degradation, ultimately leading to NMDAR-
mediated LTP impairment (Cissé et al., 2011). Similarly, Aβ

binds to NCAM2 and reduces NCAM2 expression levels in
cultured hippocampal synaptosome (Leshchyns’ka et al., 2015).
Also, Aβ affects the number of AMPAR subunit GluRA1-
containing glutamatergic synapses in an NCAM2-dependent
manner (Leshchyns’ka et al., 2015). Thus, some cell adhesion
molecules exhibit Aβ sensitivity and would contribute to further
weakening trans-synaptic cell adhesions in AD.

CONCLUSION AND FUTURE DIRECTIONS

A growing number of studies are accumulating on the roles
of synaptic organizers in AD pathology. Among the many
different synaptic organizers, it is possible to classify them into
two groups with regards to Aβ pathology; Aβ-sensitive and
Aβ-insensitive synaptic organizers. Specifically, β-NRX directly
binds to AβOs, and this interaction reduces β-NRX expression
on axon surface (Naito et al., 2017b), suggesting that β-NRX
is a major Aβ-sensitive synaptic organizer. However, given
the discrepancy among the studies regarding Aβ binding to
NLGN1 (Dinamarca et al., 2011; Brito-Moreira et al., 2017;
Naito et al., 2017b), it is also important to confirm whether
Aβ-insensitive synaptic organizers including LAR-RPTPs have
no Aβ-binding ability by performing multiple independent
experimental approaches. Given that NRX-based synaptic
organizing complexes are essential for regulating synapse
organization, synaptic transmission and synaptic plasticity under
physiological conditions and are also required for normal
cognitive functions (Südhof, 2017; Kasem et al., 2018), the Aβ-
induced dysregulation/dysfunction of NRXs would be a key
mechanism underlying synaptic pathology and cognitive decline
in AD. On the other hand, Aβ-insensitive synaptic organizers,
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such as LAR-RPTPs, may contribute to synapse maintenance
and preservation in AD and/or compensate for the dysfunctions
of Aβ-sensitive synaptic organizers since Aβ-sensitive and Aβ-
insensitive synaptic organizers are linked with each other via
intracellular protein interactions based on liprin-α (Pulido et al.,
1995; Wei et al., 2011; Takahashi and Craig, 2013; LaConte
et al., 2016) and share some roles in synapse organization
and functions. Together, the Aβ-based classification of synaptic
organizers would be useful for a better understanding of the
molecular basis determining Aβ vulnerability and tolerance of
synapses in AD brains. Since the role of synapse organizers in
Aβ binding is still an emerging field, current research has been
limited to in vitro studies. Therefore, it will be essential that
future studies address the in vivo roles of Aβ binding of synapse
organizers to better classify them with regards to Aβ sensitivity
and characterize their involvement in AD.

Given no effects of AβOs on inhibitory presynaptic
organization induced by NLGN1/2 (Naito et al., 2017b), this
review mainly focuses on the roles of synaptic organizers in
Aβ impairment of glutamatergic excitatory synapses. However,
Aβ also diminishes GABAergic inhibitory synaptic transmission
by enhancing GABAA receptor endocytosis (Ulrich, 2015).
Given that some synaptic organizers such as NLGN2 and
Slitrk3 preferentially regulate inhibitory synapse organization
(Poulopoulos et al., 2009; Takahashi et al., 2012; Li et al., 2017),
further studies would be also necessary to address whether and
how synaptic organizers are involved in Aβ-induced dysfunction
of inhibitory synapses and dysregulation of GABAA receptors.

Considering how this evidences regarding synaptic organizers
can be translated into AD therapy, we propose that the
modification of their Aβ sensitivity to make synapses less
vulnerable and/or more tolerant to Aβ would be an interesting
and potential approach for alleviating AD synaptic pathology.
To modify the Aβ sensitivity, the AβO binding mode of HRD
of β-NRX, NRX1/2 SS4, and NLGN1 should be elucidated.
This would help predict and screen small molecules and
peptides that block AβO-NRX and AβO-NLGN1 interactions
and could consequently make synapses less vulnerable to Aβ.
Also, determining the amino acid residues responsible for NRX

and NLGN1 binding to AβO may allow us to generate Aβ-
resistant NRXs and NLGN1 mutants, which might be useful for
developing new gene therapeutic approaches to ameliorate Aβ

pathology in neuron culture, AD animal models and hopefully
in AD patients. On the other hand, to make synapses more
tolerant to Aβ, the up-regulation and/or functional enhancement
of Aβ-insensitive synaptic organizers, such as TrkC, could be a
potential for alternative therapeutic approaches. As mentioned
above, NT-3 has been identified as not only TrkC ligand in the
canonical neurotrophin pathway (Barbacid, 1994; Chao, 2003)
but also a synaptogenic enhancer of PTPσ-TrkC complex for
excitatory synapse organization (Ammendrup-Johnsen et al.,
2015; Han et al., 2016b; Naito et al., 2017a). Notably, a previous
in vitro study has shown that NT-3 application on primary
cortical neurons protects them from Aβ-induced toxicity (Lesné
et al., 2005). Further studies should be carried out on TrkC
and/or NT-3 up-regulation in ADmouse models to validate their
beneficial effects on Aβ synaptic pathology in vivo. Thus, targeted
manipulation of Aβ sensitivity of synaptic organizers should
have great potential in developing novel therapeutic strategies
for AD.
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During development, neurons generate excess processes which are then eliminated in
concert with circuit maturation. C1q is the initiating protein in the complement cascade
and has been implicated in this process, but whether C1q-mediated elimination is
targeted to particular neural compartments is unclear. Using the murine retina, we
identify C1q as a specific regulator of horizontal cell neurite confinement. Subsets of
horizontal cell dendritic and axonal neurites extend into the outer retina suggesting
that complement achieves both cellular and subcellular selectivity. These alterations
emerge as outer retina synapses become mature. C1q expression is restricted to
retina microglia, and the loss of C1q results in decreased microglia activation. This
pathway appears independent of the C3a receptor (C3aR) and complement receptor
3 (CR3), as horizontal cells are normal when either protein is absent. Together, these
data identify a new role for C1q in cell and neurite-specific confinement and implicate
microglia-mediated phagocytosis in this process.

Keywords: complement, C1q, retina, horizontal cells, microglia

INTRODUCTION

The complement pathway is comprised of over 20 innate immune signaling proteins. Work over
the past 15 years has established that the central nervous system (CNS) can leverage complement
to control synapse elimination during development and disease (Stevens et al., 2007; Chu et al.,
2010; Bialas and Stevens, 2013; Hong et al., 2016). Deletion of C1q, the initiating complement
pathway signaling molecule, results in delayed refinement of the dorsolateral geniculate nucleus
of the thalamus and causes defects in the development of spinal motor circuits through altered
microglia-mediated removal of excess neurites and synapses (Stevens et al., 2007; Vukojicic et al.,
2019). C1q-mediated synapse removal has also been implicated in Alzheimer’s disease and in
cognitive defects following neurotropic virus infection (Hong et al., 2016; Kunnakkadan et al.,
2019). However, recent data suggest that complement may be selective for particular CNS regions.
For example, C1q is dispensable for developmentally regulated ocular dominance plasticity in the
visual cortex (Welsh et al., 2020). Thus, C1q may target particular neuronal circuits or even specific
neuron or synapse types for elimination.

Surprisingly little is known about whether or how complement is regionally regulated in the
CNS. Since circuit specificity is critical for neural function, solving this mystery is an important goal.
Classical complement signaling triggers a protease cascade, leading to the deposition and cleavage
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of downstream complement proteins that in turn mediate
a host of diverse responses (Ricklin et al., 2010). However,
comparatively little is known about the underlying cell or neurite
type-specific mechanisms that control this process. Progress
toward this goal has been limited in part by neuron and synapse
heterogeneity in the brain, where diverse neuron types are
intermingled and their identities are often unknown.

To begin to shed light on these questions, we focus here
on the murine retina. In this system, neurons are layered and
organized, and their identities and connectivity are well-mapped.
Connectivity is further simplified in the outer retina where
just two synapse types occur between four well-defined neural
partners: rods, cones, horizontal cells, and bipolar cells (Dacheux
and Raviola, 1986; Ghosh et al., 2004; Zhang et al., 2006). These
neuron types display synaptic specificity: rods connect mainly
with horizontal cell axons and rod bipolars while cones connect
with horizontal cell dendrites and cone bipolars. The outer retina
synapse layer begins to emerge at P5, but these connections
are not functionally active until P14 when interneurons are
integrated and eyes are open (Figure 1A). The retina also
contains microglia whose localization to retinal synaptic layers
coincides precisely with the period of synapse maturation and
pruning (reviewed in Li F. et al., 2019). Deletion of C1q and other
complement components can reduce retina function in adult
and aged animals (Mukai et al., 2018, Supplementary Figure 1),
but the developmental impacts of complement on the retina are
largely unknown.

Using the retina, we show that loss of C1q leads to
marked and specific defects in developmental horizontal cell
neurite confinement. Subsets of horizontal cell neurites arising
from both dendrites and axons extend into the outer retina,
suggesting that complement can selectively target particular
cell types. We further show that C1q expression in the
developing retina is restricted to microglia, and C1q mutants
show decreased microglia activation. Genetic ablation of C3a
receptor (C3aR) and complement receptor 3 (CR3) do not cause
similar alterations, suggesting that C1q-mediated regulation of
horizontal cell neurites may be independent of these pathways.
These data identify a new role for C1q in the regulation of
specific cellular and subcellular compartments via microglia
activation in the retina.

MATERIALS AND METHODS

Animals
The C1q−/− strain has been described previously (Botto et al.,
1998) and was provided by Dr. Farrah Kheradmand, Baylor
College of Medicine, who received them with permission from
Dr. Marina Botto, Imperial College London. In this strain,
the C1qa gene was disrupted by the insertion of a neomycin-
resistance cassette in the coding region of the first exon. These
mice were backcrossed to C57BL/6NJ mice, and wild type mice
of this strain were used as controls (Jackson labs stock #005304).
This background contains the rd8 mutation, but this does not
impact retinal organization or horizontal cell neurite restriction
within the time frame of this analysis (Albrecht et al., 2018). The
C3aR−/− (Humbles et al., 2000, Jackson labs stock #00512) and

the CR3−/− (Coxon et al., 1996; Jackson labs stock #003991)
strains have been described previously and were provided by
Dr. Hui Zheng and Dr. Farrah Kheradmand, Baylor College of
Medicine. The C3aR−/− mice were backcrossed to C57BL/6J
(Jackson labs stock #000664). Both C57BL/6J and CR3+/−

littermates were used as controls. Experiments were carried
out in both male and female mice in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the NIH under protocols approved by the
BCM Institutional Animal Care and Use Committee.

Immunohistochemistry
Eyes were collected from P5, P8, P10, P13, P17, and P23
mice. The day of birth was designated as postnatal day 0
(P0). Whole eyes were fixed for 45 min in 4% PFA and
then rinsed with PBS. Retina cross-sections and flat mounts
were prepared as previously described (Samuel et al., 2014).
Briefly, for cross-section analysis, eyecups were dissected by
removing the cornea and lens. The eyecups were cryoprotected
in 30% sucrose, embedded in OCT compound (VWR), stored
at −80◦C, and then sectioned at 20 µm. For microglia cross-
section staining, 100 µm vibratome sections were prepared
from retina embedded in 6% agarose. For both cryostat and
vibratome cross-sections, slices were incubated with blocking
solution (3% normal donkey serum and 0.3% Triton X-100
in PBS) for 1 h, and then with primary antibodies (Table 1)
O/N at 4◦C. The following day, slides were washed three
times with PBS for 10 min each and incubated with secondary
antibodies (Jackson ImmunoResearch Laboratories) for 1 h
at room temperature. Slides were then washed again and
mounted in Vectashield (Vector Laboratories). For flat-mount
preparations, the retina was removed from the eyecup and
incubated in blocking solution (10% normal donkey serum and
0.5% Triton X-100 in PBS) for 1 h before proceeding with
primary antibodies (Table 1) for 3 days followed by washes with
PBS and secondary antibodies for 2 days at 4◦C. Images were
acquired on an Olympus Fluoview FV1200 confocal microscope
and processed using FIJI.

Whole Retina qRT-PCR
Retinas were dissected in ice-cold RNase-free water, and each
pair of retinas were homogenized separately. Total RNA was
purified from each sample using a RNeasy Plus Mini Kit
according to the manufacturer’s instructions (Qiagen). First
strand cDNA synthesis was performed using a complementary
DNA synthesis kit according to the manufacturer’s protocol
(iScript Reverse Transcription Supermix for qRT-PCR; Bio-Rad
Laboratories, Inc.). Quantitative real-time PCR (qRT-PCR) was
performed with primers to targets and house-keeping genes (for
primers, see Table 2) using iTaq Universal SYBR Green Supermix
(Bio-Rad) and a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad). Relative quantification was determined using
the 11Ct method (Livak and Schmittgen, 2001). Genes of
interest were normalized to GAPDH. Primers were designed
in-house using the Primer-BLAST software or obtained from
the Harvard Primer Bank and others (Spandidos et al., 2010;
Silverman et al., 2019).

Frontiers in Neural Circuits | www.frontiersin.org 2 October 2020 | Volume 14 | Article 58339185

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-14-583391 October 12, 2020 Time: 15:55 # 3

Burger et al. C1q Instructs Retina Neuron Remodeling

FIGURE 1 | C1q regulates horizontal cell neurite confinement. (A) Schematic of outer retina neuron and microglia organization during the second postnatal week.
The outer nuclear layer (ONL) contains cones (blue) and rods (cyan) that form connections in the outer plexiform layer (OPL) with horizontal cells (purple), rod bipolar
cells (pink), and cone bipolar cells (yellow) located in the inner nuclear layer (INL). At P8, microglia are migrating toward the OPL in concert with cone synapse
maturation and rod synapse formation. At P13, microglia reside in the OPL, eye opening occurs, and ribbon synapse maturation continues as outer retina synapses
become active. At P17, microglia remain in the OPL as sublamination of rod and cone synapses is completed. (B–D) Representative images of horizontal cells (B
anti-calbindin, cyan) and quantification of ectopic horizontal cell neurites (C,D) in wild type control and C1q−/− mice at P8, P13, P17, and P23. Horizontal cells in
C1q−/− mice fail to remain confined to the OPL, showing an increased number of ectopic neurites (arrowheads) that peak at P13 but remain present as
development proceeds (C, N ≥ 3 wild type control and C1q−/− mice). These neurites extend into the outer nuclear layer and grow longer over time (D, n = 99 and
287 sprouts from three wild type control and four C1q−/− mice at P13; n = 47 and 142 sprouts from three wild type control and three C1q−/− mice at P17; n = 32
and 73 sprouts from three wild type control and three C1q−/− mice at P23). Scale bars = 25 µm. Data are represented as the mean ± SEM (C) or as beeswarm
SuperPlots (D) in which individual horizontal cell sprout values are presented together with the mean from each animal ± the SEM. ***p < 0.001, **p < 0.01,
*p < 0.05 using unpaired two-tailed Student’s t-test.
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TABLE 1 | Antibodies used in tissue analysis.

Antibody
name

Immunogen Labeling specificity Source Concentration

Arrestin Synthetic linear peptide Cone photoreceptors Millipore; rabbit polyclonal; AB15282; RRID:AB_11210270 1:5000

Calbindin
D-28k

Full-length recombinant human
Calbindin D-28K

Horizontal cells; amacrine
cells; retinal ganglion cells

Novus biologicals; chicken polyclonal; NBP2-50028; no
RRID

1:2000

Calbindin
D-28k

Recombinant rat calbindin D-28k (CB) Horizontal cells; amacrine
cells; retinal ganglion cells

Swant; rabbit polyclonal; CB38; RRID:AB_10000340 1:10,000

CD68 Purified concanavalin A acceptor
glycoprotein from P815 cell line

Lysosomes Bio-Rad; rat monoclonal; MCA1957; RRID:AB_322219 1:500

Iba1 Synthetic peptide (C-terminal of Iba1) Microglia Wako; rabbit polyclonal; 019-19741; RRID_AB:839504 1:500

OPN1SW Peptide mapping at the N-terminus of
the opsin protein encoded by OPN1SW
of human origin

Cone photoreceptors Santa Cruz; goat polyclonal; sc-14363; RRID:AB_2158332 1:500

Protein Kinase
C alpha (PKCa)

Purified bovine brain protein kinase C Rod bipolar cells Abcam; mouse monoclonal; ab31; RRID:AB_303507 1:500

PSD95 Synthetic peptide corresponding to
Mouse PSD95 aa 1-100 (C-terminal)
conjugated to keyhole limpet
hemocyanin.

Photoreceptor terminals Abcam; goat polyclonal; ab12093; RRID:AB_298846 1:500

Ribeye Recombinant protein corresponding to
AA95 to 207 from rat Ribeye

Ribbon synapses Synaptic Systems; rabbit polyclonal; 192 103;
RRID:AB_2086775

1:500

Secretagogin
(SCGN)

Recombinant human secretagogin Cone bipolar cells BioVendor Laboratory Medicine; rabbit polyclonal;
RD181120100; RRID:AB_2034060

1:500

VGlut1 Recombinant protein corresponding to
AA456 to 560 from rat VGLUT1

Photoreceptor terminals Syanptic Systems; rabbit polyclonal; 135 302;
RRID:AB_887877

1:500

Antibodies were used to label individual neuron populations and synaptic proteins in the outer retina.

RNAscope
RNAscope was performed using Probe-Mm-C1qa (Cat. #
441221-C2, ACD-bio) on 20 µm retina sections collected as
described above for immunohistochemistry. The commercially
available RNAscope fluorescent multiplex assay was performed
according to the manufacturer’s instructions (ACD-bio) with the

TABLE 2 | qRT-PCR primers used in mRNA analysis.

Gene name Sequence Sources

C1qa AAAGGCAATGCAGGCAATATCA Harvard Primer Bank
(Spandidos et al., 2010)TGGTTCTGGTATGGACTCTCC

C3aR GGAAGCTGTGATGTCCTGG Silverman et al., 2019

CACACATCTGTACTCATATTGT

CR3 GCAGGAGTCGTATGTGAGG Silverman et al., 2019

TTACTGAGGTGGGGCGTCT

CD68 GGACCCACAACTGTCACTCAT Harvard Primer Bank
(Spandidos et al., 2010)AAGCCCCACTTTACC

PSD95 TGAGATCAGTCATAGCAGCTACT Designed in house

CTTCCTCCCCTAGCAGGTCC

VGlut1 GGTGGAGGGGGTCACATAC Harvard Primer Bank
(Spandidos et al., 2010)AGATCCCGAAGCTGCCATAGA

Syt2 AGAACCTGGGCAAATTGCAGT Harvard Primer Bank
(Spandidos et al., 2010)CCTAACTCCTGGTATGGCACC

SYP CAGTTCCGGGTGGTCAAGG Harvard Primer Bank
(Spandidos et al., 2010)ACTCTCCGTCTTGTTGGCAC

GAPDH AGGTCGGTGTGAACGGATTTG Harvard Primer Bank
(Spandidos et al., 2010)TGTAGACCATGTAGTTGAGGTCA

following modifications. Tissue samples were dehydrated using
an ethanol gradient of 10, 30, 50, 70, and 100% (3 min each), and
the boiling time in target retrieval solution was reduced to 5 min.
After RNAscope, slides were co-stained with Iba1 and calbindin
to visualize microglia and horizontal cells, respectively.

Electroretinography
We performed ERG on 2-month-old adult mice as previously
described (Albrecht et al., 2018). In brief, mice were dark
adapted overnight and anesthetized with 1.5% isoflurane at an
oxygen flow rate of 1.0 L/min. Mice were placed on a heated
platform on the Diagnosys Celeris ERG system (Diagnosys),
and pupils were dilated using phenylephrine hydrochloride and
tropicamide, followed by Gonak solution. A contact lens-style
electrode was placed on the eye to record electroretinograms.
A ground electrode was placed subcutaneously into the haunch of
the animal, while a reference electrode was placed in the forehead
of the animal. The Diagnosys Celeris ERG system was used to
elicit both scotopic and photopic responses. Scotopic responses
were elicited in the dark with flashes ranging from 0.003 to 20.0
cd∗s/m2. Photopic responses were elicited after eyes had been
adapted to light for 5 min at an intensity of 3.0 and 10.0 cd∗s/m2.

AAV Mediated Single-Cell Neuron
Labeling and Reconstruction
For AAV-mediated neuron labeling, P4 C1q−/− and control
pups were anesthetized on ice. To label individual horizontal
cells, the sub-retinal and intravitreal space were inoculated with
AAV2/9CMVCre-wtIRESeGFP (viral stocks generated by the
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Viral Vector Core Facility at University of Iowa). Mice were
injected subretinally using a 1:500 viral dilution and sacrificed
at P23. To visualize singly labeled cells, retinas were processed
for flat-mount preparation as described above following staining
with an anti-GFP antibody to label targeted neurons and anti-
calbindin to label horizontal cells. Axons and dendrites from the
same cells were imaged in a 635.9 µm x 635.9 µm field on an
Olympus Fluoview FV1200 confocal microscope at a step size
(Z) of 0.5 µm. The images were then imported into IMARIS
(Bitplane) to create 3D surface rendering. 0.2 µm smoothing was
used for GFP-positive and calbindin-positive horizontal cells.

Histological Quantification
All quantifications were performed using retinal sections
prepared from C1q−/−, C3aR−/−, CR3−/−, and age-matched
control animals. C57BL/6NJ, C57BL/6J or littermate controls
were used in all experiments, and all images were acquired at
equivalent retinal eccentricities from the optic nerve head. For
all experiments, data were collected from three to five mice per
group, and three to four images per animal were obtained. To
quantify ectopically localized horizontal cell neurites, a calbindin
antibody was used to label horizontal cells and DAPI was used
to visualize the nuclei. An ectopic neurite was quantified as
a neurite that extended at least one nucleus above the lower
boundary of the ONL, and the length of these neurites were
measured using FIJI. To assess horizontal cell density and mosaic
formation, the location of each calbindin-positive horizontal cell
was recorded in a 635.9 µm × 635.9 µm image field sampled
at > 3 locations in each animal. The XY coordinates of horizontal
cells were then used to calculate the Voronoi domain regularity
index, density recovery profile, and cell density using FIJI and
WinDRP (Rodieck, 1991). To quantify retinal layer thickness,
DAPI was used to label nuclei, and the length of each layer was
measured. The number of microglia process endpoints and the
summed branch length per microglia in the OPL were quantified
as previously described (Young and Morrison, 2018). In brief,
each image was skeletonized after optimization and turned into a
binary image. The Analyze Skeleton Plugin was then run in FIJI.
Fragments less than 1.7 µm were removed from analysis, and the
individual endpoint and branch length were summed and divided
by the total number of microglia. The number of microglia in the
OPL was determined by counting the total number of cells labeled
with the microglia specific antibody Iba1.

Quantification of Microglial Activation
State
Immunohistochemistry was performed on flat mount P10 retinas
with antibodies against Iba1 and CD68 (Table 1) as described
above. For each genotype, N ≥ 3 animals were imaged. Three
211.97 µm × 211.97 µm images were sampled per animal and
were acquired on a confocal microscope (60X objective, 1.5X
zoom) using a step size (Z) of 0.5 µm. The images were then
processed and analyzed using FIJI and IMARIS (Bitplane) as
previously described (Schafer et al., 2014). In brief, background
was subtracted from both fluorescent channels at a rolling ball
radius of 10, and a mean filter was applied to the Iba1 channel at

1.5. Processed image stacks were then uploaded into IMARIS to
create 3D volume surface renderings and were used to determine
the volume of the Iba1-positive microglia and the volume of
CD68 staining. To measure the volume, any CD68 signal outside
the Iba1-positive microglia was masked in the image using the
mask function. The remaining fluorescence within the microglia
was then surface rendered and total volume of CD68 staining was
calculated. To determine percent volume of CD68 staining, the
volume of the internal CD68 (µm3) was divided by the volume of
the Iba1-positive microglia (µm3). All analyses were performed
blind to the genotype.

Statistical Analysis
Analyses of ERG results were performed using an unpaired
t-test between groups at each flash intensity, with quantifications
corrected for multiple comparisons using the Holm-Sidak
method. Analyses of the number of horizontal cell sprouts, the
length of horizontal cell sprouts, horizontal cell mosaic, retinal
layer thickness, qRT-PCR, the number of process endpoints per
microglia, the summed branch length per microglia, and the
percent CD68 positive lysosome volume were performed using
an unpaired two-tailed Student’s t-test. Statistical differences
were evaluated using GraphPad Prism 8 software. p < 0.05 was
considered statistically significant.

RESULTS

C1q Regulates Horizontal Cell
Confinement to the OPL
To examine the role of C1q in retina development, we obtained
C1qa null mice in which the A chain of C1q is deleted, resulting
in C1q loss-of-function (Botto et al., 1998). C1q was absent in the
retina in these animals as confirmed by RNAscope and whole
retina qPCR (Supplementary Figure 2). We assessed synapse
layer emergence and neuron organization in the outer retina
as these connections develop (P5–P17). In control animals, this
process involves nascent outer plexiform layer (OPL) formation
and reorganization of horizontal cell neurites from an apical to
a lateral orientation at P5. This is followed by integration of
bipolar cells at P8. Outer retina synapse maturation is complete at
P14 when organized neuron terminals are restricted to the OPL
and eye opening occurs (Figure 1A). Early synapse emergence
events were indistinguishable in control and C1q−/− animals
both at P5 as the OPL emerges and at P8 (Figure 1B and
Supplementary Figure 3). However, as outer retina synapses
became active, neuron-specific defects emerged in C1q−/− mice.
Horizontal cells failed to remain confined to the OPL at P13
in C1q−/− mice, extending numerous long neurites into the
outer retina (Figure 1B). This resulted in 236.5 horizontal cell
sprouts per mm2, representing a 70.6% increase compared to
controls (p = 0.0004, Figure 1C). C1q−/− dependent horizontal
cell defects persisted during development, and these ectopic
neurites grew longer over time. At P17 and P23 the average
lengths of ectopic horizontal cell neurites in C1q−/− mice
were 17.2 and 21.8 µm, respectively (Figure 1D). These defects
did not alter horizontal cell spacing or mosaic distribution,
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suggesting that nuclear patterning is maintained while neurite
specific organization is disrupted (Supplementary Figure 4).
To examine the specificity of these alterations, we assessed the
thickness of all retina layers together with the organization and
neurite restriction of three other outer retina neuron types: cones,
cone bipolar cells, and rod bipolar cells. The thickness of all
retinal layers was unchanged in C1q−/− mice relative to controls,
and no morphological differences were observed at P13 in the
cellular arrangement, neurite organization, or synapse protein
levels in these cells in the absence of C1q (Supplementary
Figures 5, 6). Together, these data show that C1q is involved
specifically in confining horizontal cell neurites to the OPL
following eye opening.

Horizontal cells are highly polarized such that dendrites
contact cones and axons contact rods. We thus asked whether
C1q modulates the confinement of horizontal cell axons,
dendrites, or both. To achieve this, we performed single
horizontal cell labeling and reconstruction using AAV2/9-GFP.
In control animals, both compartments were lateralized, with
axons and dendrites restricted to a thin lamina (Figure 2A
and Supplementary Videos 1, 2). This pattern differed in
C1q−/− mice. Long extensions were observed arising from both
horizontal cell compartments, with cells displaying axon neurite
extensions (Figure 2B and Supplementary Videos 3, 4) and
dendritic neurite extensions (Figure 2B and Supplementary
Videos 5, 6). Only some neurites arising from a single
horizontal cell were affected, suggesting that in addition to
cellular specificity, C1q dependent remodeling may target distinct
subcellular regions of a given neural compartment.

Microglia May Restrict Horizontal Cells
via C1q Mediated Phagocytosis
Next, we investigated the cellular basis of C1q driven horizontal
cell neurite remodeling. To begin, we examined the levels and
localization of C1q over development in order to determine the
peak of its expression and the cellular source from which it is
derived. We performed qRT-PCR for C1q on whole retina at
P9, P14, and in adult mice (Figure 3A). C1q gene expression
was greatest at P9 but was also present at P14 at higher levels
than in adult animals, consistent with ongoing retina synapse
formation and remodeling at these time points. To identify the
cellular source of C1q, we performed RNAscope at P13 together
with co-staining using antibodies specific for microglia (Iba1)
and horizontal cells (calbindin) (Table 1). We found that C1q
expression was restricted predominately to microglia in the
outer and inner retina (Figure 3B). These data suggest that
microglia are the major cellular source of C1q when horizontal
cell confinement phenotypes are observed.

We then asked whether C1q deficiency altered microglia
organization or activation. To assess this, we first examined
microglia localization and morphology. At P13, microglia
appeared to populate the outer retina synapse layer in
C1q null mice at similar levels to that in controls, and
no significant morphological differences were observed
(Supplementary Figures 7A–D). To examine microglia
activation, we assessed the levels of CD68 that colocalized with

microglia. This marker labels lysosomes following phagocytosis
and is present in highly activated microglia (da Silva and
Gordon, 1999; Taylor et al., 2005). We imaged and reconstructed
individual microglia in the outer synapse layer of the retina at
P13 and assessed the mean percent volume of CD68 found within
each cell (Figure 4A). C1q mutants displayed a significantly
decreased volume of CD68 within microglia with 21.2% of
the total microglia volume occupied in controls relative to
13.6% in mutants (p = 0.0302, Figure 4B). Consistent with this
finding, the levels of CD68 expression in whole retina appeared
somewhat lower in C1q−/−mice relative to controls (Figure 4C).
Together these data suggest that the loss of C1q leads to reduced
microglia activation, which in turn may contribute to reduced
microglia-mediated engulfment and confinement of ectopic
horizontal cell processes.

Horizontal Cell Confinement Occurs
Independently of C3aR and CR3
The complement pathway is comprised of over 20 signaling
molecules, each of which is involved in distinct activation
pathways. Among these, several recent studies have uncovered
important roles for the C3 pathway, which is cleaved downstream
of C1q, generating C3a and C3b. These effectors can participate
directly in signaling that leads to the formation of the membrane
attack complex (MAC), but they can also activate downstream
signaling by binding to their receptors, which include C3aR
and CR3, respectively. In particular, signaling through the C3-
C3aR pathway has been implicated in excessive neuron loss
in Alzheimer’s disease and in viral-induced synapse loss in
experimental lupus models (Jacob et al., 2010; Lian et al., 2016;
Vasek et al., 2016). We examined the levels of C3aR and CR3
over development and in adults in order to determine the
peak of their expression. The levels of both molecules were
highest in the first two postnatal weeks during outer retina
development (Figures 5A,B). We thus examined horizontal cell
neurite confinement during development in C3aR and CR3
deficient mice. In both lines, horizontal cell confinement was
unchanged (Figure 5C). C3aR−/− mice showed no significant
difference in horizontal cell neurite localization, sprout number,
or length relative to controls at P13, with short and rare ectopic
neurites detected in both cases (p = 0.8065, Figures 5C–E).
Similarly, horizontal cell neurites were restricted normally in
CR3−/− mice relative to controls at P13 (p = 0.6066, Figures 5C–
E). Together, these data suggest that C1q signals in microglia
through CR3 and C3aR-independent pathways to properly
confine horizontal cell neurites.

DISCUSSION

Our results show that the complement protein C1q specifically
regulates horizontal cell neurite confinement during
development. Loss of C1q resulted in an increase in both
the density and length of ectopic horizontal cell neurites. These
defects were likely due to alterations in microglia-mediated
neurite confinement. C1q expression was restricted to microglia
during development, and C1q−/− mice showed reduced
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FIGURE 2 | C1q confines subsets of horizontal cell neurites within axons and dendrites. Representative single AAV-labeled horizontal cells from wild type control (A)
and C1q−/− (B) mice were reconstructed at P23. An en face image of each horizontal cell (left panel) is shown together with the individual reconstruction of that
cell’s axon and dendrite presented in an en face (middle panel) and lateral view (right panel). Subsets of neurites from both axons and dendrites extend ectopically in
the C1q−/− mice (arrowheads), while no such neurite extensions were observed in controls. n = 4 horizontal cells each from three wild type control and three
C1q−/− mice, respectively. Scale bars = 25 µm.

microglia activation. These results are the first to implicate the
complement system generally and C1q specifically in outer
retina development and suggest that C1q cannot only target
particular synaptic lamina but can also achieve remarkable
cellular specificity, removing neurites arising from one neuron
type while sparing others present in the same synapse region.

The Role of Complement in the Visual
System
The complement system is well-known for its roles in disease-
mediated immune activation both within and beyond the

visual system where it can contribute to neuron loss. In the
retina, C1q has been implicated in both age-related macular
degeneration and glaucoma (Stasi et al., 2006; Anderson et al.,
2010; Khandhadia et al., 2012; Ambati et al., 2013). In the
brain C1q may participate in the progression of diseases
ranging from epilepsy to Alzheimer’s disease (Eikelenboom
and Stam, 1982; Ishii and Haga, 1984; Afagh et al., 1996;
Pasinetti, 1996; Wyss-Coray et al., 2002; Fonseca et al., 2004;
Aronica et al., 2007; Ma et al., 2013). Our results contribute to
the body of evidence that suggests complement also regulates
normal CNS development. In particular, complement has
been shown to mediate removal of synapses and neurites at
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FIGURE 3 | C1q is expressed in retina microglia during development. (A) qRT-PCR for C1q at P9, P14, and 14 weeks. Values represent the fold mRNA expression
level relative to the levels detected in adult animals following normalization to GAPDH. (B) Representative fluorescent in situ hybridization images at P13 of C1q
(green) co-stained with either Iba1 (magenta) or calbindin (red) to label microglia and horizontal cells, respectively. C1q colocalizes with microglia but not with
horizontal cells in the outer retina at this time (arrowheads). Inset shows C1q expression in Iba1-positive microglia that is absent in calbindin-positive horizontal cells.
Scale bars = 25 and 10 µm (inset).

different relay points within the visual circuit. The first such
discoveries were made using the lateral geniculate nucleus
(LGN). In this system, deletion of C1q resulted in defects
in eye specific segregation of retinogeniculate synapses in
the dorsal lateral geniculate nucleus (dLGN) (Stevens et al.,
2007). Loss of C1q resulted in increased overlap between
retinogeniculate connections arising from the contralateral
and ipsilateral eye, and a failure to refine these connections.
However, both the refinement defects of the dLGN and the
confinement defects of horizontal cells are not due to early
development defects such as axon targeting. Further, both
C1q dependent dLGN neurite remodeling and horizontal cell
confinement seem to rely upon microglia to remove excess
neural processes (Schafer et al., 2012). In addition, C1q appears
to target a subset of RGCs for removal after they are born
(Anderson et al., 2019). We now extend these findings to
retinal neurite organization. To our knowledge, this study
represents the first documented role for C1q in modulating
neurite confinement in the retina.

Precise Spatiotemporal Roles for
Complement in the CNS
A key mystery in complement-mediated synapse refinement
is whether this system is capable of not only regional activity
but also cellular and perhaps subcellular specificity. Recent
work suggests that C1q can indeed have regional roles
in neurite refinement even within the visual system, as
it is required in the LGN but appears dispensable in the
primary visual cortex (Stevens et al., 2007; Welsh et al.,
2020). The layered cellular and synapse organization in the
retina enabled us to ask whether C1q specificity extended
to individual cell types or to specific regions within a given

neuron. This question is particularly tractable in the OPL
because just four neuron types form synapses here in one
ordered layer. We found that among these neuron types,
only horizontal cells appear to require C1q for proper neurite
organization. Further, only a subset of neurites arising from
horizontal cells were targeted. Thus, even within a neuron
type C1q dependent remodeling can achieve neurite-specific
selectivity. Complement-mediated neurite targeting also
displays unique temporal features. In both the outer retina
and the dLGN, defects appear beginning in the second
postnatal week. This time coincides with eye opening, in
keeping with the idea that microglia participate in activity-
dependent synapse elimination (Schafer et al., 2012). Taken
together, these data suggest that complement mediated
signaling may regulate subcellular confinement downstream of
circuit activity.

Production and Action of C1q in Neural
Development
In this study, we asked two questions regarding C1q action:
which cells are responsible for producing C1q, and how might
C1q modulate horizontal cell organization? Our data point
to a role for microglia. C1q levels were highest in the first
two postnatal weeks when synapse refinement peaks and C1q
mRNA was restricted to microglia during this time period.
These results are consistent with other reports which found
that complement proteins are locally synthesized by microglia
and astrocytes in the CNS (Veerhuis et al., 1999; Veerhuis
et al., 2003; Bialas and Stevens, 2013; Fonseca et al., 2017).
Following its production, C1q can bind synapses and neurites
in retina and in brain (Singhrao et al., 2000; Stevens et al.,
2007). In turn, tagged synapses and neurites are thought to
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FIGURE 4 | Loss of C1q leads to decreased microglia activation. (A,B) Retinas from C1q−/− and wild type control mice at P10 were stained for microglia (Iba1,
gray) and the lysosome marker CD68 (green). Outer retina microglia were reconstructed (A) and used to quantify the relative lysosomal volume within individual cells
(B). Microglia from C1q−/− mice show a significant decrease in CD68-positive lysosomal volume relative to controls. (C) The levels of CD68 mRNA were quantified
in wild type control and C1q−/− mice using qRT-PCR and normalized to GAPDH. CD68 mRNA levels trended lower but were not significantly different. N = 3 control
and N = 3 C1q−/− mice. Scale bars = 25 µm. Data are represented as the mean ± SEM. *p < 0.05 using unpaired two-tailed Student’s t-test.

be removed by activated microglia (Schafer et al., 2012). Our
data support this model. Microglia in C1q deficient retina
showed decreased engulfment and activation, a finding that
parallels that in C1q deficient dLGN (Schafer et al., 2012).
However, it remains unclear which downstream signaling
processes lead to C1q-dependent microglia-mediated engulfment
in this and other systems. C1q can bind to a variety of
receptors (Malhotra et al., 1990; Kishore et al., 1998; Kishore
and Reid, 2000; Païdassi et al., 2008; Kouser et al., 2015).
Once activated, C1q signaling can lead to the formation of
the classical MAC via signaling through C3. However, in
contrast to complement-mediated damage in neural disease
(Lian et al., 2016; Czir et al., 2017; Litvinchuk et al., 2018), we

find that horizontal cell neurite confinement is independent
of both C3aR and CR3. C1q can also induce several MAC-
independent pathways, including canonical WNT signaling
(Korb and Ahearn, 1997; Ogden et al., 2001; Païdassi et al.,
2008; Hong et al., 2009; Naito et al., 2012; Bossi et al., 2014).
Additionally, complement receptors (cr2, gc1qr, cc1qr) and
regulators (vtn, clu, crry) have been found to be expressed
in horizontal cells (Pauly et al., 2019). In future studies,
it will be interesting to determine whether complement-
dependent neural remodeling functions through these distinct
mechanisms in development.

Together our data demonstrate a new role for complement-
dependent neurite remodeling in the developing outer retina.
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FIGURE 5 | Horizontal cells develop normally with the loss of either C3aR or CR3. (A,B) qRT-PCR for complement proteins C3aR and CR3 at P6, P13, and adult in
wild type mice. Values represent the fold mRNA expression level relative to the levels detected in control animals following normalization to GAPDH. N = 3 animals.
Representative images of horizontal cells (C, anti-calbindin, cyan) and quantifications (D,E) of ectopic horizontal cell neurites in control and C3aR−/− or CR3−/−

mice at P13. Horizontal cell neurites in C3aR−/− and CR3−/− mice remain confined to the OPL, showing no increase in the number (D) or length (E) of ectopic
neurites (n = 52 sprouts from four control mice; n = 84 sprouts from four C3aR−/− mice; n = 67 sprouts from four CR3−/− mice). Scale bars = 25 µm. Data are
represented as the mean ± SEM (D) or as beeswarm SuperPlots (E) in which individual horizontal cell sprout values are presented together with the mean from each
animal ± the SEM.

Of note is the finding that this system can function with both
neuron-type dependent specificity and subcellular specificity.
This suggests additional levels of regulation that could be distinct
in different neuron types or compartments. Such precise neurite

remodeling may also reflect potential roles for distinct sub-
populations of microglia (Hammond et al., 2019; Li Q. et al.,
2019). The retina will continue to be an important tool for
resolving these and related mysteries.
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Supplementary Figure 1 | Loss of C1q leads to a reduction in retinal function.
(A) Representative traces of scotopic recordings from wild type control and
C1q−/− mice. The scotopic a-wave (B) and b-wave (C) are significantly reduced
in C1q−/− mice. N = 4 wild type control and 4 C1q−/− mice. The implicit time for
scotopic a-wave (D) and scotopic b-wave (E) is not significantly different. N = 4
wild type control and 4 C1q−/− mice. The photopic a-wave (F) is lower but not
significantly reduced in C1q−/− mice while the photopic b-wave (G) is significantly
decreased. N =4 wild type control and 3 C1q−/− mice. Data are represented as
the mean ± SEM. ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05, unpaired two-tailed
Student’s t-test.

Supplementary Figure 2 | Loss of C1q mRNA in C1q knockout mice. (A)
Representative fluorescent in situ hybridization image of C1q (green) in C1q−/−

mice at P13. (B) qRT-PCR for C1q mRNA in C1q−/− and control mice at P13.
Values represent the fold mRNA expression level relative to the levels detected in
control animals following normalization to GAPDH. There is a significant decrease

in the levels of C1q mRNA in C1q−/− mice compared to wild type controls. N = 3
wild type control and 3 C1q−/− mice. Scale bars = 25 µm. Data are represented
as the mean ± SEM. ∗∗∗p < 0.001, unpaired two-tailed Student’s t-test.

Supplementary Figure 3 | Synapse layer emergence appears normal in C1q−/−

animals. (A) Representative images of the OPL (arrows) whose upper boundary is
defined by cells in the ONL (nuclei, DAPI) and whose lower boundary is defined by
cells in the INL (nuclei, DAPI; horizontal cells bodies, stars) at P5 and P8. The OPL
emerges normally in both wild type control and C1q−/− mice. (B) Representative
images of horizontal cells (calbindin) at P5. Refinement of horizontal cell neurites in
both wild type control and C1q−/− mice appears normal. (C) Representative
images of cones (OPN1SW) at P5. Axon extension in both wild type control and
C1q−/− mice appears normal. Scale bars = 25 µm.

Supplementary Figure 4 | Loss of C1q does not alter horizontal cell mosaic
spacing. (A) Representative flat mount images of horizontal cells (calbindin, cyan)
in control and C1q−/− mice at P10. Quantifications of horizontal cell density (B),
Voronoi domain regularity index (C), and density recovery profiles of control and
C1q−/− horizontal cells (D). There is no significant difference in horizontal cell
density or spacing. N = 3 wild type control and 3 C1q−/− mice. Scale
bars = 25 µm. Data are represented as the mean ± SEM.

Supplementary Figure 5 | Loss of C1q does not alter the morphological features
of other outer retina neuron types. (A) Representative images of cones (Arrestin,
red; P17), cone bipolar cells (secretagogin, magenta; P13), and rod bipolar cells
(PKCα, green; P13) in wild type control and C1q−/− mice. No apparent changes
in cellular organization or neurite morphology are observed in these cells. (B)
Quantifications of retinal layer thickness in wild type control and C1q−/− mice
across development. No significant difference was observed in layer thickness at
P13, P17, or P23. N ≥ 3 mice for each time point. Scale bars = 25 µm. Data are
represented as the mean ± SEM.

Supplementary Figure 6 | Organization and levels of presynaptic proteins in the
outer retina are not altered with the loss of C1q. (A) Representative images of
synapse-associated proteins PSD95 (yellow), RIBEYE (magenta), and VGLUT1
(green) in wild type control and C1q−/− mice at P13. No changes in organization
of these synapse-associated proteins are observed. (B) Representative images of
synapse-associated proteins PSD95 (yellow), RIBEYE (magenta), and VGLUT1
(green) in wild type control and C1q−/− mice at P17. No changes in organization
of these synapse-associated proteins are observed. (C) qRT-PCR for synaptic
proteins PSD95, vesicular glutamate transporter 1 (VGlut1), Synaptotagmin2
(Syt2), and Synaptophysin (SYP) at P13 in wild type control and C1q−/− mice.
Values represent the fold mRNA expression level relative to the levels detected in
control animals following normalization to GAPDH. There is no significant
difference in levels of mRNA between wild type control and C1q−/− mice. Scale
bars = 25 µm. Data are represented as the mean ± SEM.

Supplementary Figure 7 | Microglia morphology is not significantly altered in the
outer retina in the absence of C1q. (A) Representative images of microglia (Iba1,
magenta) localization in distinct retina layers as visualized by co-staining for nuclei
(DAPI, gray) at P10. No apparent differences were observed in microglia
localization in C1q−/− animals relative to wild type controls. (B) Representative flat
mount images of microglia (Iba1, magenta) in the OPL in wild type control and
C1q−/− mice at P10. Quantifications of the number of microglia process
endpoints per cell (C) and the summed branch length per microglia (D) in wild
type control and C1q−/− mice at P10. No significant differences were observed in
either parameter. N = 3 control and N = 3 C1q−/− mice. Scale bars = 25 µm.
Data are represented as the mean ± SEM.

Supplementary Video 1 | Dendrites of a wild type control horizontal cell.

Supplementary Video 2 | Axon and axon terminal of a wild type control
horizontal cell.

Supplementary Video 3 | Dendrites of C1q knockout horizontal cell 1.

Supplementary Video 4 | Axon and axon terminal of C1q knockout
horizontal cell 1.

Supplementary Video 5 | Dendrites of C1q knockout horizontal cell 2.

Supplementary Video 6 | Axon and axon terminal of C1q knockout
horizontal cell 2.
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Oxytocin, a neuropeptide and peptide hormone, is produced by neurons in the
hypothalamus and released by the posterior pituitary to control breastfeeding and labor.
Recent studies have revealed that oxytocin in the central nervous system is also involved
in modulating social interaction. To understand the potential role and innervation pattern
of oxytocin neurons before sexual interaction, here we used transgenic mice which
have the Cre recombinase under the control of an endogenous oxytocin promoter
and Cre-dependent human placental alkaline phosphatase (AP) reporter to label the
oxytocin neurons in the naive mouse brain. Since AP is located on the membrane of
oxytocin neurons, AP histochemistry staining enabled us to observe the fine axonal
terminals and the innervation pattern of oxytocin neurons in the thick serial coronal
brain slices. Here we show that the number of AP-labeled cells varies with staining
reaction time and ranges from 30% of the oxytocin immune-positive cell count to slightly
higher than the oxytocin immune-positive cell count. Using AP staining with extended
reaction time, which may not label all oxytocin neurons, we confirmed many innervation
targets of oxytocin neurons from the anterior olfactory nucleus, some cortex regions,
the limbic system, the hypothalamus, and the hindbrain, while the cell bodies were
exclusively located in the hypothalamus and the bed nucleus of the stria terminalis.
Finally, we observe some individual variance at the olfactory area, isocortex, striatum,
paraventricular nucleus of thalamus, locus coeruleus, and Barrington’s nucleus.

Keywords: oxytocin, innervation, naïve mouse, Cre-loxP, circuit

INTRODUCTION

In recent years, increasing numbers of studies have shown that oxytocin, the polypeptide
neurotransmitter/hormone, plays versatile roles in regulating both physiological and social
functions (Donaldson and Young, 2008; Stoop, 2012; Wu et al., 2012). It is well known that oxytocin
is mainly released from neurons at the paraventricular nucleus (PVN) and the supraoptic nucleus
(SON) in the hypothalamus (Lee et al., 2009; Rhodes et al., 1981). These oxytocin neurons can
be divided into magnocellular cells and parvocellular cells, depending on the morphology and the
electrophysiological characteristics (4–6), or genetically divided into four different types (Romanov
et al., 2017). Traditionally, it is known that magnocellular cells mainly project to the posterior
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pituitary glands and release oxytocin in the bloodstream to
influence peripheral functions as a neuronal hormone, while
parvocellular cells project to the midbrain and the spinal cord
to control autonomic functions. In addition, many studies have
shown that oxytocin neurons also have central projections and
may influence the central nervous system through dendritic and
somatic release (Freund-Mercier and Stoeckel, 1995; Ludwig,
1998; Knobloch et al., 2012). However, the detailed function
of oxytocin in the central nervous system has still not been
fully investigated.

According to the expression patterns of oxytocin receptors
and the innervation patterns of oxytocin neurons, it has
been suggested that oxytocin neurons could have a complex
central projection to regulate animal behavior or physiological
responses (Donaldson and Young, 2008; Nasanbuyan et al.,
2018). Traditional immunohistochemistry staining methods have
been used to study oxytocin neuron innervation in rodents.
Recently, detailed studies using virus vectors injected to the
SON and PVN in rats (Eliava et al., 2016) or mice (Xiao et al.,
2017) also showed many central projection targets. It has been
shown that OXT fibers originated from the PVN and SON in
the hypothalamus together innervate rostrally up to the anterior
olfactory nucleus (AON) and caudally down to the medulla and
the spinal cord. Briefly, in the hypothalamus, in addition to the
SON and PVN, many nuclei in the preoptic area (POA) have
OXT neuron cell bodies and high density of fibers (Rhodes et al.,
1981; Castel and Morris, 1988). In the thalamus, OXT fibers
could be observed in the paraventricular nucleus of the thalamus
(PV) (Knobloch et al., 2012; Yao et al., 2017; Nasanbuyan
et al., 2018). In cortical areas, a low density of projection
and possible terminals were observed in the orbital cortex,
prelimbic cortex (PrL), tenia tecta (TT), and the cingulate cortex
(Cg) (Sofroniew, 1983a,b; Knobloch et al., 2012; Nasanbuyan
et al., 2018). In the limbic system, fibers can be observed in
the bed nucleus of stria terminals (BST), the amygdala, the
septal nucleus, the hippocampus, the nucleus accumbens (AcB),
and the caudate putamen (Cpu) (Sofroniew, 1983a; Knobloch
et al., 2012; Nasanbuyan et al., 2018). In the midbrain and the
hindbrain, OXT fibers innervated to several regions such as
the periaqueductal gray (PAG), ventral tegmental area (VTA),
substantia nigra (SN), locus ceruleus (LC), and raphe nucleus
(Sofroniew, 1980; Sofroniew, 1983a; Nasanbuyan et al., 2018).
In the medulla and the spinal cord, oxytocin-immunoreactive
fibers and terminals could also be detected (Sofroniew, 1980;
Sofroniew, 1983a). In addition to the brain regions listed above,
genetic labeling using virus vectors confirms the aforementioned
findings, and OXT innervation can be observed from different
origins in several downstream projection sites (Sofroniew, 1980,
1983a,b; Castel and Morris, 1988; Knobloch et al., 2012; Yao et al.,
2017; Nasanbuyan et al., 2018). Although both methods provide
similar innervation patterns, with some variation of branching
intensity in the target brain area, there are some limitations
to these studies. The sensitivity of immunohistochemistry is
relatively low compared to a Cre-dependent genetic reporter,
thus a fine detailed pattern is hard to observe. Although the
direct injection of a virus-carrying reporter to the SON or
PVN could provide a stronger labeling signal, it is hard to

label all oxytocin expression neurons using a virus vector,
and it may lack additional targets from few oxytocin neurons
outside of SON and PVN.

In order to study the fine innervation patterns of oxytocin
neurons in mice, we labeled the oxytocin neurons using the
Cre-loxP system by crossing transgenic mouse lines with Cre
oxytocin Cre knockin mice (Wu et al., 2012) and floxed
alkaline phosphatase (AP) reporter (Z/AP) (Lobe et al., 1999).
Combining the specificity of the genetic oxytocin Cre line and
the strong staining sensitivity provided by AP reporter, we could
construct the innervation pattern of oxytocin neurons from the
whole mouse brain.

MATERIALS AND METHODS

Animal Models
Transgenic mouse line Z/AP (Z/AP) (Lobe et al., 1999; Chen
et al., 2011) maintained in C57BL/6 background (National
Laboratory Animal Center, TW) was crossed with B6;129S-
OxtTM1.1(Cre)Dolsn/J (OxtCre) (Wu et al., 2012) (JAX stock
#024234) to obtain OxtCre/+; Z/AP mice for the experiments.
The OxtCre was genotyped by polymerase chain reaction
analysis of genomic DNA extracted from mouse tails
using the primers 5′-ACACCGGCCTTATTCCAAG-3′,
5′- TTTGCAGCTCAGAACACTGAC-3′, and 5′-
AGCCTGCTGGACTGTTTTTG-3′ located at the OxtCre

allele. The Z/AP was genotyped by performing mouse tails
X-gal staining as described in Chen et al. (2011). In brief, tail
samples were put in X-gal stock solution (1X PB+ 0.02% Triton-
100 + 2 mM MgCl2 and dissolved in 1 ml dimethylformamide;
stock concentration: 100 mg/ml) to a final concentration of
1 mg/ml with X-gal staining buffer [5 mM K3Fe(CN)6 and
5 mM K4Fe(CN)6] for 20 min. Seven 8-week-old sexually naïve
mice, including three males and four females, were used for
the tracing experiments. Three 5-week-old sexually naïve mice
were used for double-staining. All animals were generated and
bred in the Animal House at the Department of Life Science,
National Taiwan University, Taipei, Taiwan. The animals were
housed under standard laboratory conditions and maintained on
a 12:12-h light/dark cycle and had free access to chow diet and
water. The animals were acclimatized to laboratory conditions
before the experiment. The experimental protocol was approved
by the Institutional Animal Care and Use Committee of the
National Taiwan University, Taipei, Taiwan, and conducted
according to the National Laboratory Animal Center Guidelines
for the use and care of experimental animals.

Alkaline Phosphatase Staining
Alkaline phosphatase staining followed the protocols outlined
in Chen et al. (2011). In brief, adult naïve mice were perfused
with PBS for 3 min and with 50 ml of 4% paraformaldehyde
(PFA) for 13∼15 min. The brain was dissected and post-fixed
with 4% PFA overnight at room temperature. The whole brain
in PBS was heat-inactivated in 60◦C water bath for 1 h to
deactivate endogenous AP. The brain was sectioned at 200 µm
thick using a vibratome, and the brain slices were incubated in
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NBT/BCIP buffer (NBT/BCIP Ready-to-Use Tablets, Roche R©; one
tablet dissolved in 10 ml ddH2O) on a shaker (22◦C) up to 16 h.
The brain slices were washed three times in PBS + 0.1% Tween-
20 for 20 min and dehydrated in the following ethanol series—50,
75, 85, and 95% ethanol for 20 min—and finally left in 100%
ethanol overnight. Tissues were cleared by incubating in benzyl
benzoate (Sigma-Aldrich, B6630)/benzyl alcohol (Sigma-Aldrich,
402834) (BB/BA, 2:1, v/v) for at least 3 min, and slides were
mounted with BB/BA. For double-staining, the whole brain in
PBS was heat-inactivated in 60◦C water bath for 1 h, and the brain
slices were sectioned at 80-µm thickness. After incubation with
NBT/BCIP buffer on a shaker for 1∼4 h under room temperature,
the brain slices were washed three times in PBS + 0.1% Tween-
20 for 20 min. The brain slices were incubated with a blocking
solution of 0.2% Triton and 6% goat serum in 1X PBS for at least
2 h under room temperature. After blocking, the brain slices were
incubated with rabbit anti-oxytocin antibody (1:5,000, immuno-
star #20068) at 4◦C overnight, washed three times in PBS, and
incubated with goat anti-rabbit Alexa-568 (1:500, Invitrogen #A-
21069) for 2 h under room temperature. The brain slices were
washed three times in PBS and dehydrated in the following
ethanol series—25, 50, 75, 85, and 95% ethanol—for 20 min, and
finally left in 100% ethanol overnight. Tissues were cleared by
incubating in benzyl BB/BA (2:1 v/v) for at least 3 min, and slides
were mounted with BB/BA.

Analysis
The whole mouse brain section template figures (Keith B. J.
Franklin and George Paxinos) were used and modified with
software (Adobe Illustrator and Photoshop). All images were
taken with a Zeiss Z1 inverted fluorescent microscope.

RESULTS

Labeling Oxytocin Neurons With Cre and
Reporter Mouse
To investigate the oxytocin neuron innervation patterns in
the whole mouse brain, we crossed oxytocin-Cre mouse with
Z/AP mouse. The Cre recombinase expression is under the
control of the endogenous oxytocin locus, which allows oxytocin-
expressing neurons to produce human placental AP. We
then performed AP staining using OxtCre/+; Z/AP double-
heterozygous mice with both genders (male n = 3, female n = 4).
Since it has been shown that lactating female rats have different
oxytocin neuron innervation patterns compared to naïve rats
(Knobloch et al., 2012), in this study, we use only naïve male
and female mice.

To verify the labeling specificity of the OxtCre/+; Z/AP
double-heterozygous mice, we performed double-staining using
colorimetric AP staining and oxytocin immunofluorescence
staining (Figures 1A–G). Because the dark purple staining
from NBT/BCIP buffer could block the fluorescence signal, we
stopped the reaction at around 1 h. Under this condition, less
than 30% of oxytocin immune-positive cells co-stained with AP
(Figures 1H,I). At clear AP-stained regions such as the BsT, StHy,
and AHA, about 95% of cell bodies with AP staining are co-
labeled with oxytocin antibody staining (Figure 1J). However, at

dense cell body regions such as SON and PVN, some AP-positive
cell bodies do not co-label with oxytocin. Overall, about 81% of
AP-stained cell bodies were co-labeled with oxytocin (Figure 1J).
Next, to estimate the labeling sensitivity of AP staining under
an extended reaction time (16 h), we calculated the number
of AP-labeled cell body in the AHA and BsT, which have a
relatively low cell body density for reliable counting. Although
we could not verify the staining sensitivity at the PVN and
SON, the number of labeled cell bodies from AP staining with
extended reaction time is comparable with that from oxytocin
immunofluorescence staining at the AHA and BsT (Figure 1K).
Therefore, the 30% labeling sensitivity in double-staining may be
due to AP under-staining with short reaction time. The actual
sensitivity with extended reaction time should be much higher
than 30% and could label most oxytocin neurons. These results
together suggest that the labeling specificity and the sensitivity of
the OxtCre/+; Z/AP mice were sufficient to target the majority of
oxytocin neurons.

For innervation pattern, we performed AP staining protocol
with extended reaction time to label fine axon terminals. The
level of stained neuron or fiber density within each specific brain
region in Table 1, including the olfactory area, the isocortex, the
cerebral nuclei, the pallidum, the hypothalamus, the thalamus,
the midbrain, the hindbrain, and the medulla. AP-stained cell
bodies are exclusively observed in the hypothalamus, the edge
of medial amygdala (MeA) area, and the bed nucleus of stria
terminalis BST from all seven mice. The innervation pattern is
provided for the whole brain in Figure 2. AP staining allows us to
cut brain slices with 200-µm thickness to image fibers of oxytocin
neuron with minimum disruption. To show full axon structure in
the thick brain slice, we used ImageJ to make Z-stack stack images
for visualization unless indicated otherwise. Example Z-stack
movies were shown as Supplementary Movies.

Oxytocin Neurons in the Hypothalamic
Area
In the mouse hypothalamus, the PVN and SON are two
primary regions which release oxytocin. It has been shown that
oxytocin-releasing neurons can be divided into parvocellular
and magnocellular cells depending on their morphological and
electrophysiological characteristics. However, since AP staining
labels all neurites from the dense cluster of OXT neurons in
both the PVN and SON, we could not identify the subtypes
of OXT neurons and the number of cell bodies within these
two nuclei morphologically. In the anterior PVN, most cell
bodies are located near the dorsal part of the third ventricle
(3V) (Figures 3A,B). Some neurons and their axons extended,
along with the 3V, ventrally and rostrally to the periventricular
hypothalamic nucleus (Pe) (Figures 4A,B). Although these axons
extended to the dorsal edge of the anterior suprachiasmatic
nucleus (SCN), there is no AP staining observed inside the SCN
(Figure 3A). In the SON, the cell bodies of OXT neurons are
densely located laterally to the optic tract (Figure 3C). There are
many passing axon fibers between the PVN and SON through the
anterior area of the anterior hypothalamus (AHA). In addition,
some cell bodies are labeled in the AHA (Figure 3D) and the
peduncular part of the lateral hypothalamus (PLH) (Figure 4C).
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FIGURE 1 | Double-labeling of oxytocin and alkaline phosphatase (AP). (A–C) Representative images of colorimetric alkaline phosphatase (A) and oxytocin
immunofluorescence (B) double-staining from OXTCre/+; Z/AP mice brain slice at the StHy. (D) Representative images of double-staining at the paraventricular
nucleus (PVN). (E–G) High magnification of PVN showing colorimetric alkaline phosphatase (E), oxytocin immunofluorescence (F), and merged (G) images from (D).
Cyan arrowheads indicate AP-positive oxytocin immune-negative cell bodies. White arrowheads indicate co-labeled cell bodies. Purple arrowheads indicate
over-saturated AP-staining cells, which were not included for further analysis. (H) Venn diagram of double-staining cell count combined from 3 OXTCre/+; Z/AP mice.
(I) Venn diagram of double-staining cell count combined from 3 OXTCre/+; Z/AP mice from clear-stained areas including the StHy, BsT, and AHA. (J) AP staining
specificity is calculated from all brain regions or clear-stained areas including the StHy, BsT, and AHA. (K) Cell counts from AP staining with extended reaction time or
double-staining with short reaction time. n = 3. The scale bars in (A–D) are 100 µm and (E–G) are 50 µm.
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Few cell bodies and their dendrites extend to the edge of the
MeA along the ventral side of the optic tract (Figures 3F,G
and Supplementary Movie 1). In the POA, the medial preoptic

TABLE 1 | Oxytocin neuron innervation in mouse brain.

Area (region) Fibers Individual
variance

Cell
body

Olfactory area

AO, anterior olfactory area ± ‡

TT, tenia tecta + ‡

Isocortex

PrL, prelimbic area + ‡

Cg, cingulate cortex + ‡

ORB, orbital area + ‡

Insular cortex ± ‡

Pir, piriform cortex ±

Cerebral nuclei

Cpu, caudate putamen (striatum) ± ‡

AcBC, nucleus accumbens core ±

AcBSh, nucleus accumbens shell +

LSI, lateral septal nucleus ++

MeA, medial amygdala nucleus +

CEA, central amygdala nucleus ++

Pallidum

BsT, bed nuclei of the stria terminalis ++ §

DB, diagonal band +++

Hypothalamus

LPO, lateral preoptic area ++

MPO, medial preoptic area +++ §

StHy, striohypothalamic nucleus ++ §

VLPO/VMPO, ventral lateral/medial preoptic
nucleus

++++ §

SHy, septohypothalamic nucleus +++ §

PS, parastrial nucleus ++

AHA, anterior hypothal area, anterior part +++ §

Arc, arcuate hypothalamic nucleus +++

PVN, paraventricular nucleus of hypothalamus +++++ §

Pe, periventricular hypothalamic nucleus ++ §

SON, supraoptic nucleus +++++ §

SOR, retrochiasmatic supraoptic nucleus +++ §

PLH, peduncular part lateral hypothalamus ++++

Thalamus

PV, paraventricular nucleus of thalamus +++ ‡

Midbrain

LPB, lateral parabrachial nucleus +

LC, locus coeruleus ++ ‡

Bar, Barrington’s nucleus ± ‡

VTA, ventral tegmental area ±

SNC, substantia nigra compact part ++

PAG, periaqueductal gray ++

IC, inferior colliculus ++

Hindbrain

MY-mot, medulla, motor related ++

Spinal cord +

Fiber intensity is classified with: extremely dense (+++++); very dense (++++);
dense (+++); medium (++); few branches/fibers (+); sparse (±); no fiber (−).
Individual variance observed (‡). Cell bodies observed (§).

nucleus (MPO), including the caudal lateral part of the MPO
(MPOL) and the medial part of the MPO (MPOM) (Figure 4B
and Supplementary Movie 2), was labeled with the lower density
of cell bodies compared to the PVN and SON. However, the cell
body density in the ventral medial preoptic nucleus (VMPO) is
relatively high (Figures 5A,B and 9D), similar to the SON and
PVN. The striohypothalamic nucleus (StHy) in the rostral POA
shows many labeled cell bodies (Figure 5D). The retrochiasmatic
supraoptic nucleus (SOR) is the most caudal brain region with
few oxytocin-labeled cell bodies (Figures 6A,B). There is no cell
body labeled rostral to the StHy (Figure 7).

Fibers of Oxytocin Neurons in the Cortex
and Olfactory Areas
In the isocortex and olfactory area, some sparse axons can
be observed in the orbital cortex, insular area, AON, TT, and
piriform cortex (Pir). There are obvious branching terminals
in the AON, TT, Pir, and orbital cortex for most animals. In
the orbital cortex (OC), we can observe both pass-through and
branching axons. Most branching axons are located between the
ventral orbital cortex (VO) and the medial orbital cortex (MO)
(Figures 8A,B). In addition, some pass-through axons partially
extended to the edge of the forceps minor of the corpus callous
(fmi). In the olfactory area, few branching axons can be observed
in the AON, while pass-through axons can be observed in the
dorsal part of the tenia tecta (DTT) (Figure 8C). Some axons
could be observed in the cingulate cortex (Figures 8D,E). In the
Pir, sparse axons, tracing back from the MeA through the cortical
amygdala (CoA) and posterior lateral cortical amygdala (PLCo)
regions, can be observed in both genders. Interestingly, although
axons in the Pir do not show elaborate terminal structure
(Figure 3E and Supplementary Movie 3), they are much complex
than straight pass-through axons in the CoA and PLCo. Finally,
we only observed one male individual with very sparse and loose
innervation at the insular cortex areas (Figures 9A,B).

Interbrain Pallidum and Thalamic Area
In the pallidum, the medial septal nucleus (MS) and the ventral
diagonal band nucleus (VDB) have few pass-through axon fibers
that seem to innervate the nucleus accumbens or olfactory area
(Figures 10A,B). In the bed nucleus of the stria terminal BST,
few cell bodies and some sparse thin axon fibers can be observed
close to the lateral ventricle located at the posterior part of
the bed nucleus of the stria terminal medial division (STMPM)
(Figure 5C). Few sparse axons can be observed rostrally in the
bed nucleus of the stria terminal lateral division STL (Figure 9C).
In the thalamic area, the PV has few sparse and thin axon
terminals. Interestingly, the density of terminal fibers shows
high individual variability, with some individuals having barely
detectable terminals (Figures 10D,E).

Striatum
In the striatum, many pass-through axons can be observed in the
lateral septal nucleus intermedial part (LSI) (Figure 10C). These
axons seem to project to the AcB and prefrontal cortex area. In
the nucleus accumbens, the shell region has many elaborated
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FIGURE 2 | Chartings of schematic coronal sections summarizing the distribution of alkaline-phosphatase-labeled fibers. (1–28) Mouse coronal brain sections,
rostrally to caudally. Red color indicates neuron tracing including cell bodies and neurites. Maps are modified from the Franklin and Paxinos (2013) mouse brain atlas.
For the abbreviations, see Supplementary Table 1.

branches (Figures 11A,B), while the core region has relatively
few branches (Figures 11C,D). However, due to the lack of core
and shell landmarks, we cannot completely be sure whether these
few branches in the core region are specifically targeting the
core or if they are at the boundary of the shell region. In the
endopiriform nucleus (En), few sparsely labeled axon branches
can be observed elongating from the rostral to the caudal
region (Figures 10F, 11E). In the amygdala, the MeA has many
cell bodies with elaborate dendritic branches (Figures 3F,G).

Although many axons travel through the MeA posterior, dorsal,
and ventral part (MePD, MePV) to the central amygdala and
Pir, no axon terminal-like neurites are observed in the MeA
(Figure 6D). In the central amygdala, many axon terminal
branches cover the whole central amygdala region including
the central amygdala medial division (CeM), central amygdala
lateral division (CeL) and central amygdala capsular part (CeC)
(Figures 6E, 10F). Some axons near the lateral ventricle project
further caudally to the basolateral amygdala posterior region
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FIGURE 3 | Oxt neurons in the hypothalamus area and the piriform cortex. (A) Overview of alkaline phosphatase (AP)-staining whole coronal section. Scale
bar = 1 mm. (B) Cell bodies and neurites in the PVN and the AHA regions. Scale bar = 100 µm. (C) Dense cell bodies in the SON. (D) Medium density of cell bodies
located in the AHA. (E) Sparse projection fibers in the Pir; arrowheads indicate the location of the fibers. Scale bar = 50 µm. (F,G) The coronal section overview with
the posterior part of the PVN and the axon bundles toward the ME pass-through lateral hypothalamus RChL. Scale bar = 50 µm. PVN, paraventricular nucleus,
SON, supraoptic nucleus; AHA, anterior hypothalamic area; Pir, piriform cortex; RChL, retrochiasmatic nucleus, lateral part; PLH, peduncular part of lateral
hypothalamus; AHP, anterior hypothalamic area, posterior part; MeA, medial amygdaloid nucleus anterior part; MeAV, medial amygdaloid nucleus anteroventral part.
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FIGURE 4 | Projection of OXT neurons in the preoptic area. (A) Overview of alkaline phosphatase-staining whole coronal section. Scale = 1 mm. (B) Labeled cell
bodies and neurites locate in the MPOL, MPOM, and Pe near the 3V. (C) Labeled cell bodies in the PLH area. Scale = 50 µm. MPOL, medial preoptic nucleus lateral
part; MPOM, medial preoptic nucleus medial part; Pe, periventricular nucleus; PLH, peduncular part lateral hypothalamus.

(BLP) (Figures 12A,B). Unlike the central amygdala and BLA,
we only observe single axon-like structures without branches
in the BLP region.

Fibers of Oxytocin Neurons in the
Hypothalamus Region
At the hypothalamic area, although few cell bodies can be
observed in the PLH and AHA region, lots of axons pass through
these two regions between the PVN and SON (Figures 3B–D). In
contrast, there are almost no axon terminals in the ventral medial
hypothalamic nucleus (VMH) and the posterior area of the
anterior hypothalamic (AHP) (Figure 3F). Although most of the
VMH has no oxytocin fiber, some passing axons may go through
the ventrolateral part of the VMH (Figure 3F). Ventrally to
the medial hypothalamus region, very dense passing axon fibers
at the retrochiasmatic area (RCh) (Figure 3F) and the median
eminence (ME) are labeled (Figures 6A,C). There are some axon
terminals in the arcuate hypothalamus nucleus (Arc) (Figure 6C
and Supplementary Movie 4). Many axon fibers with puncta-
like structure could be observed in the lateral hypothalamus

(PLH), while some passing-through axons could be observed in
the medial tuberal nucleus (MTu) (Figure 6B). Further caudally
at the ventral part of the hypothalamus, axons and branching
terminals can be observed covering the mammillary nucleus.
However, the central part of the medial mammillary nucleus
(MM) and the lateral mammillary nucleus (LM) have almost
no fibers. Most branches cover the anterior, posterior, ventral,
and dorsal edges of the mammillary nucleus to form a shell-like
pattern (Figures 12D,E).

Midbrain
In the midbrain, the rostral part, VTA, and parabrachial
pigmented nucleus (PBP) have some thicker pass-through fibers
and thinner terminal branches (Figure 12C). Unlike the VTA and
PBP which are covered with terminals and axons, the edge of the
SN has many pass-through fibers (Figure 12C). At the posterior
part of the substantia nigra pars compact (SNc), some terminals
could be observed (Figure 12E). Further caudally, the axon
bundles project both dorsally and ventrally to the PAG and spinal
cord, respectively. The dorsal bundles enter the PAG and sparse
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FIGURE 5 | Projection of OXT neurons in the preoptic area, the pallidum, and the striohypothalamic nucleus. (A) Overview of AP-staining whole coronal section.
Scale = 1 mm. (B) Very dense cell bodies and neurites in the VMPO near the optic tract. Scale bar = 50 µm. (C) Few cell bodies located in the STMPM close to the
LV. (D) Dense cell bodies in the StHy. VMPO, ventromedial preoptic nucleus; opt, optic tract; STMPM, bed nucleus of the stria terminalis medial division, ventral part;
LV, lateral ventricle; StHy, striohypothalamic nucleus.

terminal fibers extend from the ventral lateral periaqueductal
gray (VLPAG) and lateral periaqueductal gray (LPAG) to the
dorsal medial periaqueductal gray (DMPAG) (Figures 13A–D).
Many axons pass dorsally through the brachium of the colliculus
(BIC), and perhaps the intermedial gray of the superior colliculus
(InG) and the intermediate white layer of the superior colliculus
(InWh), and finally form branches at the inferior colliculus (IC)
(Figure 13E). For the ventrally projecting axon bundles, we can
observe fiber tracts passing through the ventral lateral lemniscus
(VLL), paralemniscal nucleus (PL), and nucleus central acoustic
stria (CAT) into the hindbrain (Figure 2, slide 25 and 26).

Hindbrain and Medulla
In the ventral part of the hindbrain, many fibers pass through
the preolivary region (POR), near the lateroventral preolivary
nucleus (LVPO) and medial–ventral preolivary nucleus (MVPO),
to the spinal cord (Figures 14A,B). On the other hand, in the
dorsal part of the hindbrain, some terminals could be observed
in Barrington’s nucleus (BAR) (Figures 14A,C) and the lateral
regions of the parabrachial nucleus (LPB) (Figures 14D,E). In
addition, few branching fibers can be observed at the edge of the

LC (Figures 14F,G), although the apparent fiber density is much
lesser than that at the LPB.

DISCUSSION

Comparison to Previous Reports
Here we report the innervation pattern of mouse oxytocin
neurons and their potential target sites in the whole brain using
genetic reporters. In previous literature, immune-histochemistry
using antibodies for oxytocin or neurophysins was the primary
method to label oxytocin neurons and their fibers (Sofroniew,
1980, 1983a,b; Rhodes et al., 1981; Sawchenko and Swanson,
1982; Knobloch et al., 2012). Recently, injection of virus
reporters combined with OXT-Cre mice were used to map the
innervation pattern of the PVN and SON (Marlin et al., 2015;
Yao et al., 2017). The immune-histochemistry relies on the
specificity of the antibody. However, the sensitivity is relatively
low compared to that of a genetic reporter. Using virus reporters
with OXT-Cre can increase the labeling intensity of oxytocin-
expressing neurons, enhancing the contrast to observe the
fine structure of oxytocin neurons. However, the virus vector
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FIGURE 6 | Projection of OXT neurons in the arcuate hypothalamic nucleus and the amygdala subdivisions. (A) Overview of alkaline phosphatase-staining whole
coronal section. Scale = 1 mm. (B) Some thin axon fibers with puncta structure in the PLH. (C) Sparse OXT neuron branches in the Arc and dense axon bundle in
the ME. (D) Few pass-through fibers (arrowheads) in the MeA subregions. (E) Medium density of OXT neuron branches in the CeM subregions. Scale bar = 50 µm.
Arc, arcuate hypothalamic nucleus; PLH, peduncular part lateral hypothalamus; SOR, retrochiasmatic supraoptic nucleus; ME, median eminence; MePD, medial
amygdala posterodorsal part; MePV, medial amygdala posteroventral part; CeL, central amygdala capsular part; CeM, central amygdala medial division.

might not label all neurons, and the injection may injure some
neurons and their axon fibers during surgery. By using the
OXT-Cre and AP reporter line, we were able to label oxytocin-
releasing neurons in the whole brain. This method provides

high labeling contrast and specificity compared to immune-
staining and virus/dye injection, respectively. In addition, with
an endogenous reporter system, we can reduce potential surgery
complications to faithfully report the innervation patterns of
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FIGURE 7 | Sagittal view of OXT neuron projection. (A,C) Two sagittal AP staining brain sections from a female mouse. Scale bar = 1 mm. (B,D) Large magnification
of images from (A,C), showing OXT neurons and their fibers in the hypothalamic area and the preoptic area. Scale bar = 100 µm. BST, bed nucleus of the stria
terminalis; aca, anterior commissure, anterior part; StHy, striohypothalamic nucleus; LPO, lateral preoptic area; LHA, lateral hypothalamic area; MPO, medial preoptic
area; AHN, anterior hypothalamic nucleus; PVN, paraventricular nucleus.

oxytocin neurons in individual mice. Therefore, this work shows
comprehensive projection patterns of the oxytocin neuron in the
whole brain, which was separately reported in previous literature.
However, colorimetric AP staining has some limitations. First,
the bright-field images taken here are hard to reconstruct in
3D. Although individual image at specific focus planes provides
high detection contrast, many signals are hard to perceive in
stacked images. Second, the prolonged AP staining reaction time
(up to 16 h) allows us to observe great details in the axon
and dendrite architecture. However, in condensed areas with
many cell bodies such as the paraventricular, supraoptic, and
preoptic nuclei, the staining is too dense to observe the single
neuron and their dendritic structure clearly even with a high-
resolution objective lens. Therefore, we could not identify the
cell number or differentiate magnocellular and parvocellular cell
morphology in these regions. Finally, the Cre-loxP system reports
every neuron which expresses oxytocin, even if only briefly,
during the development stage. Although previous reports show
high specificity of the OXT-Cre mouse that we used in this
study, it is still possible that some neurons do not produce

oxytocin when we collected brain samples from 3- to 4-month-
old mice.

In the previous reports, some studies showed that oxytocin-
immunoreactive fibers were present in the ventral hippocampus
region of mice (Sofroniew, 1983b; Castel and Morris, 1988), and
that some fibers originating from the PVN and SON innervate
the CA1, CA2, and CA3 regions in the hippocampus of female
rats (Knobloch et al., 2012; Mitre et al., 2016). However, we
never observed oxytocin-Cre labeled fibers in the hippocampus
subareas in all of our subjects. We only observed some branching
fibers in the BLP area near the hippocampus. In addition, a
report showed that OXT terminal-like fibers were observed in
the auditory cortex, visual cortex, and barrel cortex in virgin
female mice (Marlin et al., 2015). In contrast, we did not observe
any OXT fiber in these cortical areas in our female mice.
However, due to the lack of specific anatomical landmarks for
the different cortex areas in mouse, it is also possible that these
fibers are targeting the OC. We speculate that the innervation
patterns of oxytocin neurons to the cortex or hippocampus area
is highly specific to each individual, which may be the result of
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FIGURE 8 | Projection of OXT neurons in the prefrontal brain area. (A,D) Overview of alkaline phosphatase-staining whole coronal section. Scale bar = 1 mm.
(B) Innervation of oxytocin neurons in the prefrontal cortex such as the Cg, the PrL, and part of the orbital cortex. (C) Innervation of oxytocin neurons in the DTT and
anterior olfactory nucleus. Scale bar = 200 µm. (E) Single fiber of oxytocin neuron with some enlarged varicosities (arrowheads) in the anterior cingulate cortex.
Scale bar = 100 µm. Cg, cingulate cortex; DTT, dorsal tenia tecta; PrL, prelimbic cortex; MO, medial orbital cortex; VO, ventral orbital cortex; OV, olfactory ventricle;
En, endopiriform nucleus.

individual experiences prior to sample collection. Alternatively,
this discrepancy may simply derive from the difference between
species or mouse stains.

Oxytocin receptor distribution has sexual differences in
some brain regions in rodents, and its activation in different
brain regions during social stimulus has been investigated
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FIGURE 9 | Projection of OXT neurons in the bed nucleus of stria terminalis, preoptic area, and insular cortex. (A) Overview of alkaline phosphatase-staining whole
coronal section. Scale bar = 1 mm. (B) Single fiber (arrowheads) with terminal-liked branches (arrow) in the insular cortex. (C) Sparse oxytocin neuron terminals in
the STLD and the STLP near the caudate putamen. Scale bar = 50 µm. (D) Neurites of oxytocin neuron in the VMPO region near the VLPO. Scale bar = 100 µm.
STLD, bed nucleus of the stria terminalis lateral division, dorsal part; STLP, bed nucleus of the stria terminalis lateral division, posterior part; aca, anterior
commissure, anterior part; StHy, striohypothalamic nucleus; VMPO, ventromedial preoptic nucleus; VLPO, ventrolateral preoptic nucleus; LPO, lateral preoptic area;
Pe, periventricular hypothalamic nucleus; och, optic chiasm.

(Kim et al., 2015). Previous studies suggested that the projection
sites and innervation patterns of oxytocin immune-reactive
neurons between male and female do not differ greatly. Here we
also compared oxytocin neuron projection sites between three
male and four female mice. Although the branching density
shows a high variation in some brain nuclei between individuals,
we did not observe an apparent innervation pattern variation
between the two different genders. Further study with a higher
number of animals is required to conclude whether there is a
gender difference. Most interestingly, the full innervation pattern
in naïve mice suggests that many behavior functions could be
modulated by oxytocin before sexual interaction. Alternatively,
the sparse axon terminals in many brain regions could extend
furthermore during pregnancy or parenting period to enforce
parenting behaviors.

Innervation in the Hypothalamic Area
Our results show a similar pattern of cell bodies and neurites
in the hypothalamus compared to previous reports. The
hypothalamic area, which plays a versatile role in social,

autonomic, and physiological function, contains many fibers,
terminals, and cell bodies in various rostral to caudal regions.
Although we have a very high level of staining in the PVN and
SON, the dense AP-labeled cell bodies and fibers preclude us
to decipher the detailed connections around these regions. In
addition to the PVN and SON, we consistently observed that
AHA, a relay center regulating endocrine, autonomic nerves,
feeding behavior, and response to stress (Kavushansky et al.,
2016), has a medium level of oxytocin cell bodies, suggesting a
potential reciprocal connection between the oxytocin system and
feeding behavior or stress response.

The functions of the POA in the hypothalamus are very
complicated. It has been shown that POA is a critical region for
thermoregulation and energy balance (Boulant, 2000; Yu et al.,
2018). Some sub-areas like the MPO region are associated with
sexual behavior (Merari and Ginton, 1975; Dominguez and Hull,
2005; Wei et al., 2018). Sex dimorphism of androgen receptor-
and estrogen receptor-expressing neurons in the POA has been
clearly described (Normandin and Murphy, 2008). Many neurons
in the StHy, which receives inputs from the amygdala for
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FIGURE 10 | Projection of OXT neurons in the diagonal band, the septal nucleus, the thalamus, and the amygdala. (A) Overview of alkaline phosphatase
(AP)-staining whole coronal section. Scale bar = 1 mm. (B) Oxytocin neuron fibers in the VDB (arrowheads). (C) Some terminal-like branches from oxytocin neuron in
the LSI (arrows). Scale bar = 200 µm. VDB, nucleus of the vertical limb of the diagonal band; LSI, lateral septal nucleus, intermediate part; CPu, caudate putamen;
DP, dorsal peduncular cortex; LV, lateral ventricle. (D) Overview of AP-staining whole coronal section. Scale bar = 1 mm. (E) Oxytocin neurons innervate the PV near
the habenular nucleus. (F) Many terminal branches of oxytocin neuron in the central amygdala medial division and few pass-through fibers in the DEn. Scale
bars = 200 µm. D3V, dorsal third ventricle; PV, paraventricular nucleus of thalamus; MHb, medial habenular nucleus; LHb, lateral habenular nucleus; MD, thalamic
nucleus; CEA, central amygdaloid nucleus; BLA, basolateral amygdaloid nucleus, anterior part; Den, dorsal endopiriform claustrum; ic, internal capsule.
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FIGURE 11 | OXT neuron innervation in the nucleus accumbens subregions. (A,C) Overview of AP-staining whole coronal section. Scale bar = 1 mm. (B) Sparse
terminals of oxytocin neurons in the AcbSh. Scale bar = 50 µm. (D) Few fibers of oxytocin neuron in the AcbC. Scale bar = 50 µm. (E) Terminal-like plexus from
oxytocin neuron in the DEn. Scale bar = 100 µm. AcbSh, nucleus accumbens, shell; AcbC, nucleus accumbens, core; aca, anterior commissure, anterior part; DEn,
dorsal endopiriform claustrum; CPu, caudate putamen.

sexual or physiological function (Normandin and Murphy, 2008),
also express estrogen receptors (Axelson and Leeuwen, 1990).
However, we did not observe significant differences in OXT fiber
density in these areas. In the medial POA, we observed very dense
oxytocin cell bodies located in the MPO regions, while some
neurites extended to the MPOM near the 3V. It has been shown

that the MPO is associated with sexual and parental behavior,
potentially through its connection to the midbrain or other brain
areas (Kohl et al., 2018; Wei et al., 2018). Since staining at the
MPO region is comparable to the PVN and SON regions, the
specific function of oxytocin-expressing neurons in the MPO
should be investigated further.
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FIGURE 12 | Projection of OXT neurons in the hypothalamic mammillary nucleus and the midbrain area. (A,D) Overview of alkaline phosphatase-staining whole
coronal section. Scale bar = 1 mm. (B) The sparse terminal-like fiber in the BLP (arrowheads), near the ventral part of the CA1 region. Scale bar = 50 µm. (C) Some
heavily stained fibers and plexus of branches from oxytocin neuron in the PBP. The VTAR also has some terminal-like branches, while the SNR seems to lack
innervation. (E) Many oxytocin neuron fibers in the SNC. Some branches form a shell-like innervation pattern at ML. Scale bar = 50 µm. MM, medial mammillary
nucleus; ML, medial mammillary nucleus lateral; SNC, substantia nigra compact part; SNR, substantia nigra reticular part; BLP, basolateral amygdala nucleus
posterior part; CA1, field CA1 hippocampus; cp, cerebral peduncle; PBP, parabrachial pigmented nucleus of the VTA; VTAR, ventral tegmental area.

It is well known that the VMH is associated with
appetite, feeding, energy balance, and sexual behavior
(Griffin and Flanagan-Cato, 2011). Some literature has proposed
that innervation of the VMH by oxytocin fibers may regulate
female hormone release and sexual behavior in rats (Griffin et al.,
2010; Narita et al., 2016). Although we did not observe oxytocin
fibers in the VMH regions, some sparse terminals were very
close to the ventral part of the VMH subdivision. The oxytocin

fibers here may participate in regulating specific functions in
the sub-regions of the VMH through indirect pathways or
short-distance paracrine pathways.

The MeA, which regulates social recognition (Ferguson et al.,
2001; Samuelsen and Meredith, 2011), has been suggested to be
one of the target regions for PVN or SON using Cre-dependent
GFP reporter virus or anterograde tracing dye (Alonso et al.,
1986; Yao et al., 2017). Here we observed few labeled cell bodies
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FIGURE 13 | Projection of OXT neurons in the midbrain. (A,C) Overview of alkaline phosphatase (AP)-staining whole coronal section. Scale bar = 1 mm.
(B) Oxytocin neuron innervation in the LPAG and the DMPAG near the Aq. Scale bar = 300 µm. (D) Many terminal-like branches in the VLPAG. Scale bar = 50 µm.
(E) AP-staining branches and fibers (arrowheads) at the edge of the ECIC. Scale bar = 100 µm. DMPAG, dorsomedial periaqueductal gray; LPAG, lateral
periaqueductal gray; ECIC, inferior colliculus external nucleus; Aq, aqueduct.

and their dendrites in the anterior part of the MeA and some
passing fibers in the posterior part of the MeA. Since oxytocin
neurons have both somatodendritic and axonal release, it is
possible that cell bodies and axons could provide oxytocin input
at the anterior and the posterior parts of the MeA, respectively.
The CeA and its subdivision, regulating the fear conditioning
response in rats, are targeted by the oxytocin neuron from the

PVN (Knobloch et al., 2012). Here we observed many terminal
branches, which originated from the posterior part of the MeA,
covering large areas in the CeA. The oval shape of the CeA can
be easily identified by these sparse oxytocin fibers in the coronal
sections, suggesting strong interactions between the oxytocin
system and the CeA functions. Finally, some fibers from the
ventral part of the MeA seem to extend laterally through the
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FIGURE 14 | Projection of OXT neurons in the hindbrain and medulla. (A,D,F) Overview of alkaline phosphatase (AP)-staining whole coronal section. Scale
bar = 1 mm. (B) Many pass-through fibers in the MVPO and the LVPO. (C) Innervation fiber of oxytocin neurons in the Bar (arrows). (E) Few AP-staining branches in
the LPB (white arrows). (G) Innervation fibers of oxytocin neuron in the LC (arrowheads). Scale bar = 50 µm. 4V, fourth ventricle; MVPO, medioventral periolivary
nucleus; LVPO, lateroventral periolivary nucleus; Bar, Barrington’s nucleus; LC, locus coeruleus; scp, superior cerebellar peduncle; LBP, lateral parabrachial nucleus;
MPB, medial parabrachial nucleus.
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basomedial amygdala region to the Pir. However, these fibers only
form few simple branches, suggesting that smell-related social
behavior regulation by oxytocin may occur primarily in the MeA
and CeA regions.

Innervation in Pallidum and Limbic
System
The BST (or called the BNST) part of the forebrain limbic
system is a complex relay center which receives signal from the
medial prefrontal cortex (mPFC), hippocampus, hypothalamus,
and brain stem to regulate neuroendocrine, behavior response,
fear learning, and the autonomic system (Wakerley et al., 1998;
Ko, 2017; Martinon et al., 2019). In this study, the BST is the
only extra-hypothalamic region which has labeled oxytocin cell
bodies. The BST regions have some sparse cell bodies and fibers
which form terminals close to the lateral and dorsal 3rd ventricle.
It is possible that these terminals could release oxytocin into
the ventricle fluid or are specifically involved in local circuitry
regulation in the STMPM sub-regions of the BST.

The hippocampus is essential for spatial and social memory. It
has been shown that oxytocin and oxytocin receptors at CA2 and
CA3 regions are involved in the modulation of social memory
formation (Kovács et al., 1979; Hitti and Siegelbaum, 2014; Raam
et al., 2017; Lin et al., 2018). However, we did not observe any
oxytocin fibers in our female virgin mice. It is possible that
oxytocin fibers only innervate the hippocampus after pregnancy
or giving birth to offspring. We observed some fibers located
ventrally to the hippocampus at the posterior BLP region. We
speculate that these fibers may be involved in fear response
regulation locally in the BLP or are waiting for innervation to the
hippocampus after pregnancy or giving birth to offspring.

Innervation in Basal Ganglia
Previous reports showed contradictory results for the presence
of oxytocin fibers in the CPu of the basal ganglia. Some
studies showed sparse fibers in different individuals without
consistent patterns after immune-histochemistry staining (Castel
and Morris, 1988; Yao et al., 2017). Some studies showed that
the CPu has no fibers after injecting a virus reporter at both the
PVN and SON in male mice. Here we found that some pass-
through fibers are present in the CPu, which might go laterally
to the En. Since the virus reporter injection at the PVN and SON
did not reveal fibers in the CPu, it is possible that these fibers
originated from other oxytocin-expressing neurons in the POA
s or that a few oxytocin neurons in the PVN or SON, which
are not easily labeled by virus reporters, do specifically target the
rostral brain areas.

In the AcB (or NAc), we observed that there are far more
oxytocin terminals in the AcbSh compared to the AcbC. However,
since we did not have specific landmarks to label the boundary of
AcbSh and AcbC, it is possible that most terminals are targeting
the AcbSh. It has been shown that the AcB receives input mostly
from PVN magnocellular cells and some SON oxytocin neurons
in mouse (Yao et al., 2017). Unfortunately, here we could not
verify the origin of the terminal branches in the AcB due to
heavy staining near the SON and PVN regions. AcB is important

for the reward system such as social rewards (Dölen et al.,
2013; Dölen and Malenka, 2014). In prairie voles, the OXTR
in AcB plays an important role in its monogamous and pair
bonding. Although rats and mice are non-monogamous animals,
the oxytocin processing and its connection to the AcB may still
play a critical role in regulating social behavior. Furthermore,
some branching and neurites might have connections with the
mPFC area, which controls emotional social behavior (Ko, 2017).

Innervation in Cortical and Olfactory
Areas
It is well known that oxytocin is involved in many social behaviors
in rodents such as social memory and sexual preference, which
relies on the olfactory system. Here we confirmed that many
oxytocin-Cre-labeled fibers are in the Pir cortex, AON, and
TT regions. The input of oxytocin-expressing neurons in the
olfactory areas and mPFC may together create some complicated
mechanism to regulate social behavior and the reward system
(Ferguson et al., 2001). Interestingly, we observed that terminal
fibers in the Pir and insular cortex have some enlarged varicose-
like structures with zigzag neurite patterns but branch much less
compared to other regions. Therefore, additional investigation
is required to verify the connection of oxytocin neuron in the
insular and Pir. Finally, here we also observed from multiple
subjects with sparse but clear branching terminals in the Cg area,
which confirms previous report showing oxytocin fiber in Cg
from lactating female rat (Knobloch et al., 2012). We found that
oxytocin fiber density in the cortical and olfactory area together
shows high individual variation.

Innervation in Thalamus
Previous reports show inconclusive results of oxytocin fibers
in the PV region of the thalamus. Some studies showed dense
innervation, while some showed sparse innervation. Here we
observed very sparse and thin branches in the PV. Moreover, the
strength of the staining signal in the PV reveals high variation
between different individuals, supporting previous reports. Since
PV has been shown to regulate attention, movement, cognition,
and emotions, it is likely that oxytocin modulation to these
functions will have high individual variance.

Innervation in Midbrain
It has been shown that oxytocin can modulate the social
reward system or aversive behavior in VTA (Johns et al., 2011;
Hung et al., 2017). Here we observed that most oxytocin-Cre-
labeled bundles extend to the spinal cord through the midbrain.
In addition, some branch-like terminals are in the VTA and PBP,
suggesting direct innervation from the hypothalamus to the VTA.
There are no branch-like terminals in the SN region. However,
we observed some branches at the posterior part of the SNc
sub-region, which is similar to the previous report (Xiao et al.,
2017). In addition, we also observed some obviously branch-like
terminals in the inferior colliculus, which supports the previous
hypothesis that oxytocin might participate in modulating the
sensory processing in Pteronotus parnellii (Kanwal and Rao,
2002). Finally, some fibers extend to the VLPAG and form
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branch-like terminals. There is some individual variation of
oxytocin fiber density in the VTA and VLPAG regions.

Innervation in Hindbrain and Medulla
Previous literature mentioned that some parvocellular oxytocin
neurons project toward the medulla and spinal cord through
the midbrain in rodents and humans (Sofroniew, 1980,
1983b; Sawchenko and Swanson, 1982; Jenkins et al., 1984).
A previous study showed that oxytocin neurons in the
PVN project to the LC in rats (Sofroniew, 1980), and local
administration of oxytocin in the LC might modulate pain
and anxiety processes. Here we found some thin oxytocin
terminals in the LC and surrounding regions such as the
Bar and PB areas. It was reported that lesion of the
LC would impact oxytocin release induced by hemorrhage
(Rodovalho et al., 2006).

Finally, here we report consistent oxytocin-Cre-labeled cell
bodies and fibers in most brain regions in the hypothalamus,
while some brain regions such as the cortical area, mPFC, PV,
VTA, and PAG show high individual variation. Therefore, the
oxytocin system may modulate many physiological functions
through conserved basal circuitry and high plasticity circuits.
Whether these two circuits are parallel or overlap with each other
requires further investigation.
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LRR-Containing Oncofetal
Trophoblast Glycoprotein 5T4 Shapes
Neural Circuits in Olfactory and
Visual Systems
Akio Tsuboi*

Graduate School of Frontier Biosciences, Osaka University, Suita, Japan

In mammals, the sensory experience can regulate the development of various brain
structures, including the cortex, hippocampus, retina, and olfactory bulb (OB). Odor
experience-evoked neural activity drives the development of dendrites on excitatory
projection neurons in the OB, such as mitral and tufted cells, as well as inhibitory
interneurons. OB interneurons are generated continuously in the subventricular zone
and differentiate into granule cells (GCs) and periglomerular cells (PGCs). However, it
remains unknown what role each type of OB interneuron plays in controlling olfactory
behaviors. Recent studies showed that among the various types of OB interneurons, a
subtype of GCs expressing oncofetal trophoblast glycoprotein 5T4 is required for simple
odor detection and discrimination behaviors. Mouse 5T4 (also known as Tpbg) is a
type I membrane glycoprotein whose extracellular domain contains seven leucine-rich
repeats (LRRs) sandwiched between characteristic LRR-N and LRR-C regions. Recently,
it was found that the developmental expression of 5T4 increases dramatically in the
retina just before eye-opening. Single-cell transcriptomics further suggests that 5T4 is
involved in the development and maintenance of functional synapses in a subset of retinal
interneurons, including rod bipolar cells (RBCs) and amacrine cells (ACs). Collectively,
5T4, expressed in interneurons of the OB and retina, plays a key role in sensory
processing in the olfactory and visual systems.

Keywords: LRR-containing membrane protein, 5T4 oncofetal trophoblast glycoprotein, olfactory bulb interneuron,
retinal interneuron, odor detection and discrimination

Abbreviations: AC, amacrine cell; BC, bipolar cell; CaMKIIα, Ca2+/calmodulin-dependent protein kinase II α subunit;
EPL, external plexiform layer; ETC, external tufted cell; 5T4 (Tpbg), 5T4 oncofetal trophoblast glycoprotein in rodents;
GABA, γ-aminobutyric acid; GC, granule cell; IPL, inner plexiform layer; KO, knockout; LRR, leucine-rich repeat; LV,
lateral ventricle; MC, mitral cell; mGluR2, metabotropic glutamate receptor 2; OB, olfactory bulb; OPL, outer plexiform
layer; OSN, olfactory sensory neurons; PKCα, protein kinase Cα; RBC, rod bipolar cell; RGC, retinal ganglion cell.
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Tsuboi Role of 5T4 in Olfactory and Visual Circuits

INTRODUCTION

Cell adhesion molecules with immunoglobulin, cadherin, and
leucine-rich repeat (LRR) domains are involved in target
recognition in synaptogenesis (Sanes and Zipursky, 2020). In
particular, the membrane proteins containing LRR motifs in
the extracellular domain organize excitatory and inhibitory
synapses by forming binding interfaces for a broad spectrum of
interactions. Several mammalian LRR proteins are implicated in
synaptic specificity, although in most cases, it remains unclear
whether they promote specificity or synaptogenesis. These
include three fibronectin LRR transmembrane proteins (FLRTs),
four LRR transmembrane neuronal proteins (LRRTMs), six
Slit and neurotrophic receptor tyrosine kinase (NTRK)-like
family proteins (Slitrks), five synaptic adhesion-like molecules
(SALMs), and three netrin-G ligands (NGLs; Schroeder and
de Wit, 2018). Most of these bind heterophilically to other
proteins, including FLRTs to latrophilins, LRRTMs to neurexins,
and NGLs to netrin G1 and G2 (de Wit and Ghosh, 2014).
Here, I show a member of the extracellular-type LRR membrane
proteins, which is expressed in interneurons of the olfactory bulb
(OB) and retina and plays a key role in sensory processing in the
olfactory and visual systems.

LRR-CONTAINING ONCOFETAL
TROPHOBLAST GLYCOPROTEIN 5T4

In the neural circuit of the OB, a family of membrane proteins
that localize to specific strata was thought to be implicated in the
formation of layer-specific dendrodendritic synaptic connections
(Figure 1A; Imamura et al., 2006). Mass spectrometry analyses
for membrane proteins in the mouse OB identified 5T4 oncofetal
trophoblast glycoprotein (termed 5T4 or Tpbg), a member of
the LRR membrane protein family, in interneurons at a specific
stratum (Figure 1B). Intriguingly, among the extracellular-type
LRR membrane proteins, 5T4 is well conserved in mice (King
et al., 1999) and humans (Myers et al., 1994), as well as in
nonmammalian species, including CG6959 in the fly (Özkan
et al., 2013) and Wnt-activated inhibitory factor 1 (WAIF1) in
zebrafish (Kagermeier-Schenk et al., 2011).

5T4 is a type I transmembrane glycoprotein with an
N-terminal extracellular domain comprising seven LRRs
(24 amino acids each), flanked by characteristic LRR-N and
LRR-C regions, and interspersed by seven N-linked glycosylation
sites (Figure 1C; King et al., 1999; Imamura et al., 2006; Zhao
et al., 2014). The intracellular domain of 5T4 is capped by a class
1 PDZ-interacting motif (Figure 1C; Imamura et al., 2006; Zhao
et al., 2014) and contains two serine residues, which are likely
phosphorylated by protein kinase Cα (PKCα; Wakeham et al.,
2019, 2020).

5T4 was originally identified while searching for molecules
with invasive properties that are likely shared by placental
trophoblasts and cancer cells (Hole and Stern, 1990). 5T4 is
normally expressed at high levels in the brain and ovaries
(King et al., 1999; Barrow et al., 2005) and at low levels in
other tissues, but is highly expressed in a variety of carcinomas
(Southall et al., 1990). Overexpression of 5T4 in murine epithelial

cells downregulates E-cadherin, disrupts of cell-to-cell contacts,
alters their morphology, and increases their motility (Carsberg
et al., 1996). However, 5T4 upregulation is also associated with
the differentiation of embryonic stem cells and is essential
for epithelial-to-mesenchymal transition (Eastham et al., 2007;
Spencer et al., 2007). In embryonic cell lines, 5T4 affects
the cytoskeletal organization and cell motility by modulating
Wnt/β-catenin signaling (Kagermeier-Schenk et al., 2011). A
recent study also reported the expression of 5T4 in epithelial
progenitors, such as taste stem and progenitor cells, and taste bud
cell precursors, suggesting that it contributes to the maintenance
of taste papillae throughout life (Takahashi et al., 2019).

THE FUNCTION OF 5T4 IN A GRANULE
CELL SUBTYPE WITHIN THE OLFACTORY
BULB

Odorants activate specific olfactory sensory neurons (OSNs)
expressing the corresponding odorant receptors (Mori and
Sakano, 2011). OSN axons project to specific glomeruli in the
OB to comprise a specific neural circuit involving glutamatergic
excitatory projections of external tufted cells (ETCs) and mitral
cells (MCs) that also promote the dendritic development of
inhibitory interneurons (Figure 1A; Mori and Sakano, 2011;
Lepousez et al., 2013). OB interneurons, such as granule
cells (GCs) and periglomerular cells (PGCs), are generated
continuously in the subventricular zone within the lateral
ventricle (LV) and migrate through the rostral migratory
stream (RMS) to the OB, where they differentiate into
γ-aminobutyric acid (GABA)-releasing inhibitory interneurons
(Figure 1A; Imayoshi et al., 2008; Lledo et al., 2008; Whitman
and Greer, 2009; Adam and Mizrahi, 2010; Kaneko et al.,
2010; Sakamoto et al., 2011). Odor-rich environment and
odor deprivation promote and suppress, respectively, dendritic
morphogenesis and spinogenesis in newborn OB interneurons
(Saghatelyan et al., 2005; Livneh et al., 2014), which are
essential for odor detection and discrimination, olfactory
learning and memory, and innate olfactory responses including
avoidance and sexual behaviors (Breton-Provencher et al.,
2009; Sakamoto et al., 2011, 2014; Alonso et al., 2012;
Nunes and Kuner, 2015). Cell morphology and lineage
analyses revealed that GCs are the largest population of OB
interneurons and are subdivided into several subtypes (Orona
et al., 1983; Shepherd et al., 2007; Merkle et al., 2014)
according to their expression of calretinin, Ca2+/calmodulin-
dependent protein kinase II α subunit (CaMKIIα), 5T4,
metabotropic glutamate receptor 2 (mGluR2), and neurogranin
(Imamura et al., 2006; Batista-Brito et al., 2008; Gribaudo
et al., 2009; Murata et al., 2011; Merkle et al., 2014;
Malvaut et al., 2017). However, the functional specificity that
distinguishes each of these GC subtypes in the OB remains
unknown, in part because of the paucity of genetically altered
mouse lines.

Combinatory screening with DNA microarray and in situ
hybridization for unilaterally naris-occluded (i.e., odor-deprived)
mice revealed that 5T4 expression in OB interneurons is
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FIGURE 1 | The function of 5T4 in a subtype of granule cells (GCs) in the olfactory bulb (OB). (A) Mammalian OB is composed of a distinct laminar structure. A
subset of olfactory sensory neurons (OSNs) in the olfactory epithelium (OE) extend their axons to specific glomeruli in the OB. OSN signals activate a specific neural
circuit, promoting the dendritic development of inhibitory interneurons through excitatory projection neurons such as tufted cells (TCs) and mitral cells (MCs). OB
interneurons are generated continuously in the subventricular zone within the lateral ventricle (LV), migrate through the rostral migratory stream (RMS), and
differentiate into inhibitory interneurons such as GCs and periglomerular cells (PGCs). GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL,
granule cell layer. (B) Dendritic morphology and laminar location of 5T4 GCs. The lentiviral vector carrying 5T4 promoter-driven gapEYFP was injected into the LV of
wild-type mice for immunostaining with anti-5T4 and anti-EGFP antibodies. Scale bar, 30 µm. (C) Schematic representations of 5T4 protein and 5T4 signaling
pathway. The 5T4-intracellular domain, which lacks the PDZ-interacting motif, is necessary for the dendritic morphology of 5T4 GCs (Yoshihara et al., 2012).
Recent studies suggest that a member of Ras-like small GTPase superfamily, Rab11, may interact with 5T4 to regulate dendritic branching of 5T4 GCs in the OB

(Continued)
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FIGURE 1 | Continued
(Harris et al., 2018; Siri et al., 2020). (D) Schematic drawing of the OB neural
circuit. Superficial GCs, including 5T4 GCs, connect preferentially to the
lateral dendrites of external TCs (ETCs) at the upper EPL, whereas deep GCs
connect mainly to MCs at the deeper EPL. Parallel ETC and MC pathways
send distinct odor information via their specific routes to different areas in the
olfactory cortex. (E) ETCs are divided into two different subtypes. Bursting
ETCs without lateral dendrites frequently fire the spontaneously, whereas
non-bursting ETCs with lateral dendrites do not. 5T4 GCs connect to both
bursting and non-bursting ETCs via dendrodendritic synapses (Takahashi
et al., 2016). (F) 5T4 GCs connect to non-bursting ETCs. The dendritic
branching of 5T4 GCs is more reduced in 5T4-knockout (KO) mice (Yoshihara
et al., 2012). Notably, GABAergic inputs into non-bursting ETCs are
significantly reduced in 5T4-KO mice, while those into bursting ETCs are
unaffected. This gives rise to alterations of olfactory behaviors such as odor
detection and discrimination in 5T4-KO mice.

dependent on odor-evoked neural activity (Yoshihara et al.,
2012). Imamura et al. (2006) and Yoshihara et al. (2012)
observed 5T4 expression in subpopulations of GCs and PGCs,
suggesting its role in sensory processing. GCs of the 5T4-
genetic lineage (hereinafter termed 5T4 GCs) in the OB have
unique morphological features: their cell bodies are located
mostly in the MC layer and some in the inner plexiform layer
(IPL) and superficial GC layer; their dendrites ramify in the
superficial external plexiform layer (EPL; Figure 1B; Imamura
et al., 2006; Yoshihara et al., 2012). 5T4 loss- and gain-of-function
experiments via knockout (KO) mice and lentiviral vector
expression, respectively, demonstrated that 5T4 is necessary and
sufficient for dendritic branching of 5T4 GCs in response to
odor stimuli (Yoshihara et al., 2012). Takahashi et al. (2016) also
used 5T4-KO and wild-type mice to show that 5T4 GCs play an
important role in processing odor information in the OB neural
circuit, as described below.

Inhibitory GCs synapse with MCs and ETCs, excitatory
projection neurons of the OB (Figure 1D; Mori et al., 1983;
Orona et al., 1984). ETCs are further divided into two distinct
types: bursting ETCs without lateral dendrites that frequently fire
spontaneously and non-bursting ETCs with lateral dendrites that
do not fire spontaneously (Figure 1E; Ma and Lowe, 2010). To
identify which type synapses with 5T4 GCs, GABAA-mediated
postsynaptic currents were recorded for individual ETCs after
Channelrhodopsin-2-expressing 5T4 GCs were stimulated by
light (Madisen et al., 2012; Takahashi et al., 2016). These
experiments revealed that the apical dendrites of 5T4 GCs
form GABAergic synapses with both non-bursting ETCs and
bursting ETCs (Figures 1D,E), as well as with MCs. Also,
studies on OB slices from 5T4-KO mice showed that electrode
stimulation evoked GABAA-mediated postsynaptic currents in
bursting ETCs, whereas the currents in non-bursting ETCs
were significantly reduced (Figure 1F; Takahashi et al., 2016).
As GCs in the OB form reciprocal dendrodendritic synapses
with projection neurons (Shepherd et al., 2004), excitatory
inputs from ETCs to 5T4 GCs were also examined in
wild-type and 5T4-KO mice. Importantly, the excitatory inputs
from ETCs to 5T4 GCs were significantly fewer in 5T4-KO
mice than in the wild type (Figure 1F), consistent with the
reduced dendritic branching of 5T4-deficient GCs (Yoshihara

et al., 2012). Taken together, these results demonstrate that
5T4 GCs regulate neural activity in non-bursting ETCs
(Takahashi et al., 2016).

The reduced inhibition of non-bursting ETCs combined
with the reduced excitation of 5T4-deficient GCs may affect
olfactory behaviors in 5T4-KO mice (Figure 1F). To assess
the physiological role of 5T4 GCs in odor information
processing in the OB neural circuit, odor-detection thresholds
in wild-type and 5T4-KO mice were examined by using a
habituation-dishabituation test (Takahashi et al., 2016). The
sensitivity of odor detection in 5T4-KO mice was approximately
100-fold lower than in the wild type. Moreover, 5T4-KO
mice were unable to discriminate between two odorants
presented simultaneously, although they showed no deficit
when the odorants were presented separately in an odor
discrimination learning task (Takahashi et al., 2016). Impaired
odor discrimination in 5T4-KO mice was also demonstrated
by the prolonged time they spent searching for a buried
food pellet when a nonfood-related odorant was presented.
Notably, they showed no deficit when searching for the
buried food pellet in the absence of the distracting odor.
Thus, 5T4 GCs in the OB play a crucial role in both odor
detection and discrimination behaviors (Figure 1F; Takahashi
et al., 2016, 2018). However, I cannot exclude the possibility
that the behavioral changes were due to the elimination
of 5T4 PGCs.

Recently, it was reported that zebrafish MCs receive
direct interhemispheric projections from their contralateral
counterparts, whereas interneurons receive interhemispheric
top-down inputs from the contralateral zebrafish homolog of the
olfactory cortex (Kermen et al., 2020). Mouse MCs/TCs receive
indirect interhemispheric projections from their contralateral
counterparts via the anterior olfactory nucleus pars externa
(Grobman et al., 2018), whereas interneurons receive top-down
inputs mostly from the ipsilateral olfactory cortex (Niedworok
et al., 2012). The interhemispheric connections of ETCs, whose
neural activity is regulated by 5T4 GCs, may enable modulation
of odor responses and contribute to the detection of specific
odors in a noisy odor background.

EXPRESSION OF 5T4 IN ROD BIPOLAR
CELLS AND A SUBTYPE OF AMACRINE
CELLS WITHIN THE RETINA

Like the OB, the mammalian retina also has a distinct laminar
structure (Sanes and Yamagata, 2009). The unique output
element is the retinal ganglion cell (RGC) in the ganglion cell
layer (Figure 2A). RGC dendrites extend into the IPL and
receive inputs from bipolar cells (BCs) and amacrine cells (ACs),
the retinal interneurons (Figure 2A; Sterling and Demb, 2004).
In the rod pathways of the retina, rod BCs (RBCs) are the
first excitatory interneurons in the rod circuit to receive light-
dependent synaptic input from rod photoreceptors in the outer
plexiform layer (OPL), and give rise to retinal output via AII
ACs in the IPL (Figure 2A). Although RBCs are primarily
responsible for dark-adapted low-light vision, they contribute
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to retinal output under a diverse range of lighting conditions
(Euler et al., 2014); however, the molecular mechanisms involved
in RBC adaptation to changing luminance conditions remain
unknown (Rampino and Nawy, 2011; Wakeham et al., 2019).

Imamura et al. (2006) identified 5T4-positive interneurons
in the adult mouse retina. 5T4 is expressed mainly by RBCs
whose processes are dispersed in the lower half of the IPL
near the ganglion cell layer, as well as by a subpopulation of
ACs whose dendrites branch at a single sublamina between
ON and OFF sublayers in the IPL (Figures 2A,C). Recently,
Wakeham et al. (2019) performed mass spectroscopy with
multiplexed tandem mass tags to reveal that 5T4 acts as a PKCα-
dependent phosphoprotein in RBCs. These authors then showed
that 5T4 protein localizes to the somas, dendrites, and axon
terminals of RBCs, as well as the somas and dendrites of an
uncharacterized group of ACs (Figures 2B,C; Wakeham et al.,
2020). Interestingly, 5T4 protein is undetectable in the neuron at
birth but appears in the putative ACs by postnatal day 6 followed
by an expression in RBCs by postnatal day 11. 5T4 expression
in RBCs increases remarkably between postnatal days 11 and
12, just before eye-opening, suggesting that it plays a role in the
development and maintenance of RBCs and ACs. Possibly, 5T4
expression in RBCs may be induced in response to glutamate-
driven spontaneous retinal activity beginning a few days before
eye-opening or in response to light-mediated activity, since
BCs become light-responsive around postnatal day 10, probably
via light entering the retina through closed eyelids (Tian and
Copenhagen, 2003).

Studies on single-cell transcriptomics have been recently
performed to classify neuronal types and reveal the recognition
molecules they express (Sanes and Zipursky, 2020). Shekhar
et al. (2016) utilized massively parallel single-cell RNA-Seq and
optimized computations to reveal 15 clusters of retinal BCs in
mice, one of which could be distinguished by its expression of
PKCα (Puthussery et al., 2010). This rod BC cluster contains
more than 100 enriched genes (Figure 2C; Shekhar et al., 2016),
including all previously reported RBC markers such as 5T4
(Imamura et al., 2006). Intriguingly, single-cell RNAseq analysis
revealed that 5T4 is expressed in another retinal cell type, a
subtype of GABAergic ACs (Macosko et al., 2015; Shekhar et al.,
2016). Indeed, high-throughput single-cell RNA-Seq analyses
(Yan et al., 2020a) identified 63 distinct AC clusters, including
those expressing 5T4 (clusters 25 and 31; Figure 2C). Clusters
25 and 31 also containedGad1 encoding glutamate decarboxylase
1, suggesting that these ACs are GABAergic, along with Tac1,
encoding tachykinin precursor 1. Furthermore, the Th gene
for tyrosine hydroxylase was expressed by ACs in cluster 25,
suggesting that 5T4+ ACs are also catecholaminergic (CAII or
CA2; Figure 2B). These results strongly suggested that 5T4 is
expressed not only by excitatory RBCs but also by inhibitory
ACs (Figure 2C; Imamura et al., 2006; Wakeham et al., 2019).
However, the relative amount of TPBG (the 5T4 homolog)
mRNA seems to be low in macaque (Peng et al., 2019) or human
(Yan et al., 2020b) retina. TPBG is expressed in a subtype of
RGCs (18 types in macaque or 12 in human), termed ONmidget
RGCs (Peng et al., 2019; Yan et al., 2020b). Notably, the contrast-
response functions of ON midget RGCs have lower thresholds,

higher gain, and are more linear than those of OFF midget RGCs
in humans (Soto et al., 2020).

PERSPECTIVES OF 5T4 FUNCTION IN THE
RETINAL NEURAL CIRCUIT

The functional organization of neuronal circuits for signal
processing in the OB may be more similar to that in the
retina than previously thought (Gollisch and Meister, 2010; Gire
et al., 2013). In the OB circuit, odor stimuli depolarize OSNs,
which connect to glutamatergic ETCs to produce excitatory
outputs. ETCs also receive inhibitory feedback from reciprocal
connections with GCs, and project to the olfactory cortex
through the olfactory nerve. In the retinal circuit, light stimuli
hyperpolarize photoreceptor cells (PCs), which connect to BCs
to produce both ON-type and OFF-type bipolar signals. ON-type
RGCs receive indirect excitation from rod BCs (RBCs) via
AII ACs and ON-type cone BCs, and direct excitation from
the terminals of ON-type cone BCs via chemical synapses
(Figure 2D). RGCs, which represent the output layer of the
retina, project their axons via the optic nerve to the lateral
geniculate nucleus and the superior colliculus.

Intriguingly, these observations suggest a similarity between
the OB and retinal circuits. In the OB, 5T4 expression is required
for odor stimulation-dependent dendritic branching of GCs
(Yoshihara et al., 2012) and crucial for odor detection and
discrimination behaviors (Figure 1D; Takahashi et al., 2016,
2018). I hypothesize that 5T4 expression by excitatory RBCs and
inhibitory ACs in the retina may regulate dendritic branching in
response to light stimuli and contribute to dim-light detection
and visual pattern discrimination.

In other systems, 5T4 changes Wnt signaling to modulate
cytoskeletal rearrangement and cell morphology during
embryonic development and cancer progression (Kagermeier-
Schenk et al., 2011; Stern et al., 2014). In the OB, Wnt5a is
expressed in interneurons, and a disruption of this reduces
the extension of dendrites from GCs (Pino et al., 2011). Thus,
Wnt5a production may regulate the Wnt-signaling pathway
to promote the dendritic branching of GCs in the OB (van
Amerongen and Nusse, 2009). In the developing mouse retina,
Wnt signaling between rods and RBCs is involved in functional
synaptic targeting and OPL lamination. In Wnt5a-KO mice,
RBCs are mistargeted and give rise to the formation of an ectopic
OPL (Sarin et al., 2018). This suggests that a Wnt-dependent
mechanism is activated during the development of RBC
dendrites and axons. Furthermore, 5T4 expression increases
concomitantly with the development processes of RBCs that
depend on the Wnt-signaling pathway (Wakeham et al., 2019),
and regulates Wnt signaling in other embryonic and cancer
tissues (Kagermeier-Schenk et al., 2011; Stern et al., 2014).
These results further suggest that 5T4 may modulate similar
signaling pathways in the retina and OB, and thus play crucial
roles in the development and maintenance of neurites of retinal
and OB interneurons. Future electrophysiological analyses
of 5T4-expressing RBCs and ACs and behavioral analyses of
5T4-KO mice will help to elucidate its functional role in visual
processing in the retinal neural circuit.
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FIGURE 2 | Expression of 5T4 in rod bipolar cells (RBCs) and a subtype of amacrine cells (ACs) in the retina. (A) Mammalian retina is composed of a distinct laminar
structure. Photoreceptor (rod and cone) cells, interneurons such as horizontal cells, BCs, and ACs; and retinal ganglion cells (RGCs) are drawn schematically.
Photoreceptor cells (PCs) form synapses with horizontal cells and BCs at the outer plexiform layer (OPL); BCs and ACs form synapses with each other as well as
with RGCs at the inner plexiform layer (IPL). Remarkably, recent single-cell transcriptomics revealed that 5T4 belongs to one of 15 mouse BC clusters (Shekhar et al.,
2016) that contains rod BCs (shown as an asterisk), whose processes extend to RGCs in the lower half of the IPL near the ganglion cell layer (GCL; shown in
panel C), consistent with the previous observations (Imamura et al., 2006; Wakeham et al., 2019, 2020). Axons of RGCs extend through the optic nerve to the brain.
ONL, outer nuclear layer; INL, inner nuclear layer. (B) Single-cell transcriptomics separated mouse ACs into 63 clusters. Based on the expression of established
type-specific markers, several clusters are assigned to known AC types such as starburst ACs (SACs; C17 cluster) and AII (also A2; C3 cluster) ACs (Yan et al.,
2020a). Importantly, 5T4 belongs to AC clusters, C25 and C31: glutamate decarboxylase 1 (Gad1) is highly expressed in C25 and C31; and tyrosine hydroxylase (Th)
is highly expressed in C25. These results suggest that 5T4+ ACs are GABAergic and catecholaminergic (CAII or CA2) cells, whose dendrites branch at the sublamina
(S3) between ON and OFF sublayers in the IPL (C), consistent with the previous observations (Imamura et al., 2006; Wakeham et al., 2019, 2020). Note that the IPL
is divided into five sublaminae, S1–S5, with processes of each neuronal type confined to one or a few of them. Panels (A,B) are modified from Figure 1 in the article
by Yan et al. (2020a), with permission of the journal for use. (C) Immunohistochemistry of the adult mouse retina with anti-5T4 antibody (kindly provided by Dr.
Keisuke Yonehara at DANDRITE). Scale bar, 10 µm. (D) Schematic drawings of neuronal circuits in OB (left) and retina (right). Green color depicts 5T4-positive cells.
(Left) Odor stimulation depolarizes OSNs, and connections from OSNs to ETCs produce excitatory outputs. Glutamatergic ETCs are reciprocally connected to
GABAergic GCs and receive inhibitory feedback. ETCs extend their axons, forming the olfactory nerve, to the olfactory cortex. (Right) Light stimulation hyperpolarizes
PCs, which connect to BCs, leading to the production of both ON-type and OFF-type signals. ON-type RGCs receive indirect excitation from rod BCs (RBC), via ACs
and ON-type cone BCs (CBCs), and direct excitation from the terminals of ON-type CBCs via chemical synapses. RGC axons form the optic nerve, which projects to
the visual cortex.

Yoshihara et al. (2012) revealed that the intracellular
domain of 5T4 is necessary and sufficient for dendritic
branching of 5T4 GCs, based on results of domain deletion
and swapping experiments. Further, the 5T4 intracellular
domain that lacks the PDZ-interacting motif is crucial
(Figure 1C). They attempted to identify the molecules that
interact with this domain by a yeast two-hybrid screen
but failed. Harris et al. (2018) used a proteomic screen to

identify ARF6, Rab18, and Rab11 as interacting proteins
that control the expression and distribution of 5T4 in
breast cancer cells. Interestingly, loss of Rab11, encoding a
member of the Ras superfamily of small GTPases prevents
the endocytosis of 5T4, resulting in its accumulation in the
plasma membrane. Hence, evolutionarily conserved Rab11
may be a critical regulator for the sorting and trafficking
of 5T4-containing vesicles to the cytoplasmic membrane.
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Indeed, Rab11-recycling endosomes are essential for growth
cones, synapse architecture regulation, and neuronal migration
(Welz et al., 2014). Siri et al. (2020) recently showed that
the localization of these endosomes correlates with the
developmental stage of hippocampal neurons, and that
suppression of Rab11 expression increases dendritic branching
(but not total dendritic length) and results in a misdistribution
of dendritic proteins in vitro and in vivo. The interaction
between Rab11-recycling endosomes and 5T4 may be required
for proper dendritic branching of 5T4 GCs, thus controlling
key aspects of synaptic plasticity (Figure 1C). Future studies
on the molecular targets that interact with extracellular
and intracellular domains of 5T4 will shed light on its
physiological roles in the neural circuitry driving odor- and
vision-associated behaviors.
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Cell adhesion molecules (CAMs) mediate interactions of neurons with the extracellular
environment by forming adhesive bonds with CAMs on adjacent membranes or via
binding to proteins of the extracellular matrix. Binding of CAMs to their extracellular
ligands results in the activation of intracellular signaling cascades, leading to changes
in neuronal structure and the molecular composition and function of neuronal contacts.
Ultimately, many of these changes depend on the synthesis of new proteins. In this
review, we summarize the evidence showing that CAMs regulate protein synthesis by
modulating the activity of transcription factors, gene expression, protein translation, and
the structure and distribution of organelles involved in protein synthesis and transport.

Keywords: cell adhesion molecules, neurons, transcription factors, gene expression, translation, endoplasmic
reticulum, golgi apparatus

INTRODUCTION

Protein synthesis in eukaryotes begins with the RNA polymerase II-mediated transcription
of protein-coding genes in the nucleus of the cell. The RNA transcripts then undergo
post-transcriptional modifications, that include splicing, capping, and polyadenylation (Ben-
Yishay and Shav-Tal, 2019). The mature messenger RNA (mRNA) molecules are then exported
from the nucleus to the cytosol via the nuclear pore complex (Xie and Ren, 2019). In the cytoplasm,
mRNA is either degraded or stabilized, localized and used as a template for protein translation on
ribosomes (Martin and Ephrussi, 2009; Keene, 2010). The endoplasmic reticulum (ER) is the main
site of translation of cytosolic and membrane proteins by ribosomes located on its surface, although
some of the cytosolic proteins are also translated on cytosolic ribosomes (Reid and Nicchitta, 2015).

The highly polarized morphology and function of neurons demand the modification of
proteomes locally in axons and dendrites (Glock et al., 2017; Rangaraju et al., 2017). Ribosomes
and ER accumulate in somata of neurons but are also distributed along dendrites and axons and
are present at synapses. This spatial distribution enables protein synthesis not only in somata but
also in dendrites and axons (Steward and Levy, 1982; Holt and Schuman, 2013). The local protein
translation in dendrites is particularly active near synapses (Aakalu et al., 2001). It is initiated in
response to stimuli inducing synaptogenesis and is required for synaptic plasticity. An extensive
overview of the literature on the local protein synthesis in neurons can be found in several recent
reviews (Rangaraju et al., 2017; Holt et al., 2019; Pushpalatha and Besse, 2019).

Integral membrane proteins made in the ER concentrate at specialized ER exit sites
(ERESs), which are present in the ER throughout the somatodendritic compartment.
Proteins are then delivered to the Golgi apparatus (Horton and Ehlers, 2003).
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The neuronal Golgi apparatus primarily localizes in the neuronal
somata although Golgi cisternae also extend into dendrites.
Discrete dendritic Golgi structures termed Golgi outposts are
found in distal dendrites particularly at branch points but are
excluded from axons (Horton et al., 2005; Ye et al., 2007). In the
soma, proteins synthesized in the ER are delivered to the Golgi
apparatus, sorted, and delivered to other neuronal compartments
in the Golgi-derived vesicles. In contrast, proteins synthesized
locally in the dendritic ER can be sorted via Golgi outposts
(reviewed in Ramirez and Couve, 2011; Ehlers, 2013; Valenzuela
and Perez, 2015). The Golgi-independent trafficking of locally
synthesized proteins via recycling endosomes in dendrites has
also been described (Bowen et al., 2017).

Neuronal growth, synapse formation, and function are
regulated by cell adhesion molecules (CAMs). These cell
surface glycoproteins have large extracellular domains, which
mediate the interactions between neurons and the extracellular
environment by forming adhesive bonds with proteins located on
neighboring cells or in the extracellular matrix. Neurons express
multiple families of CAMs (Shapiro et al., 2007). Members
of the immunoglobulin superfamily (IgSF) and cadherins are
characterized by the presence of the immunoglobulin-like
and cadherin domains, respectively, and can form either
homophilic adhesive bonds by binding to CAMs of the same
type or heterophilic adhesive bonds by interacting with CAMs
of a different type. Heterophilic adhesive bonds are also
formed by other CAMs, such as post-synaptic neuroligins and
presynaptic neurexins, or integrins, which bind to proteins of
the extracellular matrix. CAMs are the carriers and receptors for
glycans, which modulate the formation of adhesive bonds and
interactions of CAMs with other extracellular proteins (Sytnyk
et al., 2020). By forming adhesive bonds, CAMs mechanically
stabilize synapses. They also assemble the transsynaptic scaffold
recruiting other scaffolding proteins, neurotransmitter receptors,
and different components of the synaptic machinery. Thereby,
CAMs modulate the formation, maturation, stability, and
strength of synapses (reviewed in Martin and Kandel, 1996;
Togashi et al., 2009; Sytnyk et al., 2017; Tan et al., 2017; Keable
et al., 2020). Also, CAMs initiate multiple intracellular signaling
cascades in response to binding to their extracellular ligands
(Juliano, 2002; Maness and Schachner, 2007; Leshchyns’ka and
Sytnyk, 2016a). In the following sections, we summarize the
current evidence indicating that the CAM-mediated signaling
modulates the protein synthesis machinery, which produces
proteins required for CAM-dependent changes in neuronal
growth and function.

CAMs REGULATE TRANSCRIPTION

The idea that CAMs regulate gene expression was suggested
by studies showing that the formation of cell-to-cell or cell-
to-extracellular matrix contacts results in changes in gene
expression. Dissociation of retina tissues results in a rapid decline
in cortisol-induced mRNA expression of glutamine synthetase.
This effect is reversed when cells are allowed to re-establish
contacts with other cells (Vardimon et al., 1988). Disruption
of cell-to-cell contacts in the Xenopus laevis embryo causes a

decrease in α-actin mRNA levels (Sargent et al., 1986). When
cultured on plastic, primary mouse mammary epithelial cells
do not synthesize milk proteins but regain this ability when
cultured on the Engelbreth-Holm-Swarm tumor matrix, laminin
or heparan sulfate proteoglycans (Li et al., 1987).

Aggregation of chicken embryo brain cells causes changes in
the transcription of several genes, including genes coding for
the IgSF CAMs the neural cell adhesion molecule (NCAM), and
neuron-glia cell adhesion molecule (Ng-CAM). This effect is
inhibited by preventing cell aggregation with anti-NCAM Fab’
fragments (Mauro et al., 1994), indicating that changes in gene
expression are induced by this CAM. Other CAMs also regulate
transcription. The loss of L1, an IgSF CAM, in the brains of
L1-deficient mice causes a reduction in the mRNA levels of
microtubule-associated protein 2 (MAP2; Poplawski et al., 2012).
Microarray analysis in the hippocampus of mice with ablated
expression of neuronal growth regulator 1 (NEGR1), another
IgSF CAM, identified 21 upregulated and 54 downregulated
genes (Noh et al., 2019). Transcriptome sequencing identified
310 and 119 genes differentially expressed in the hippocampus
of 22- and 66-day-old mice deficient in cadherin 13, respectively,
indicating that the CAM-dependent regulation of transcription
is developmentally regulated (Kiser et al., 2019).

Transcriptional changes observed in the brains of transgenic
mice can also reflect the overall anatomical and functional
changes in the brain. For example, the information processing
mediated by immediate-early gene expression is altered in
NCAM-deficient mice. In these animals, novel taste causes
increased mRNA expression of a DNA-binding regulator protein
c-fos in the amygdala, neutral taste causes increased mRNA
expression of the activity-regulated cytoskeleton-associated
protein (Arc) in the dentate gyrus, whereas the novelty-induced
Arc increase in the cingulate cortex is inhibited (Montag-Sallaz
et al., 2003). However, direct activation of CAMs via induction
of homophilic adhesion or by using artificial ligands also results
in changes in gene expression. In cultured astrocytes, the
application of soluble NCAM purified from the early postnatal
rat brain, which homophilically binds to the cell surface NCAM,
induces changes in expression of 75 genes including an increase
inmRNA levels of glutamine synthetase and calreticulin (Crossin
et al., 1997). In rat hippocampal precursor cells, soluble NCAM
induces an increase in the transcript levels of NR1 and GluR1,
subunits of NMDA and AMPA receptors, respectively (Shin
et al., 2002). Antibodies against the extracellular domain of
NCAMused as an artificial ligand trigger the expression of Nr2f6,
Lrp2, and Snca in cultured cerebellar neurons (Westphal et al.,
2017b). Altogether, these studies indicate that CAMs are directly
involved in the regulation of transcription.

CAMs REGULATE TRANSCRIPTION
FACTORS

In cultured astrocytes, activation of NCAM with soluble NCAM
induces an increase in the activity of promoters containing
glucocorticoid response elements (Crossin et al., 1997). In
cultured rat cerebellar neurons and rat forebrain astrocytes,
purified NCAM, the IgIII domain of NCAM or antibodies
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against NCAM induce increased binding of the NF-kB family
of transcription factors to DNA and increased transcription
of the NF-kB responsive genes, such as IkB-α (Krushel et al.,
1999; Table 1). In rat hippocampal precursor cells, soluble
NCAM activates expression of transcription factors Neurogenin
1 (Ngn1) and NeuroD but decreases expression of Hes5
(Shin et al., 2002). The formation of neurites induced by
homophilic interactions of NCAM in PC12-E2 cells is inhibited
by overexpression of HES-1, a transcription repressor (Jessen
et al., 2003). Altogether, these data indicate that NCAM
regulates transcription by changing the expression and activities
of transcription factors and transcription repressors in a cell
type-specific manner. Other CAMs also regulate transcription
factors (Table 1). Levels of inducible transcription factors,
including neuronal PAS domain protein 4 (NPAS4), are reduced
in embryonic cortical neurons derived from mice with ablated
expression of a CAM amyloid precursor protein (Opsomer
et al., 2020). In mouse cortical organoids deficient in contactin-
associated protein-like 2 (Cntnap2), a member of the neurexin
CAM family, levels of Dlx2, Nkx2.1, Ascl1, NeuroD, and
Neurog2 transcription factors are reduced (Hali et al., 2020).
In Drosophila, knock-down of the CAM klingon (Klg) causes
a decrease in levels of a glial-specific paired-like homeodomain
transcription factor Repo (Matsuno et al., 2015).

Activation of NCAM with soluble NCAM in neurons or
NCAM overexpression in heterologous cells induces activation
of the mitogen-activated protein kinase (MAPK) pathway

(Niethammer et al., 2002; Shin et al., 2002; Figure 1), which
triggers phosphorylation and changes activity of multiple
substrates in the nucleus (Morrison, 2012). For example,
NCAM triggers serine 133 phosphorylation and activation of
the transcription factor cyclic AMP response-element binding
protein (CREB; Aonurm-Helm et al., 2008; Ditlevsen et al.,
2008), which depend in part on the intact MAPK pathway
(Schmid et al., 1999). NCAM triggers the MAPK pathway
by binding to the fibroblast growth factor receptor (FGFR)
and by activating lipid raft-associated kinases, such as Fyn
(Niethammer et al., 2002; Bodrikov et al., 2005, 2008). MAPK
inhibitors block the NCAM-dependent neurite outgrowth in
cultured rat dopaminergic, hippocampal and cerebellar granule
neurons, as well as in PC12-E2 cells (Kolkova et al., 2000;
Neiiendam et al., 2004). Other IgSF CAMs also trigger the
MAPK pathway. MAPK inhibitors inhibit neurite outgrowth
induced by soluble fragments of NEGR1 in embryonic mouse
cortical neurons (Pischedda and Piccoli, 2015), and block an
increase in the expression ofMAP2 induced by antibodies against
L1 in mouse hippocampal neurons (Poplawski et al., 2012).
The MAPK pathway is also triggered by other CAM families,
such as cadherins (Yasuda et al., 2007; Lelievre et al., 2012)
and integrins (Dalton et al., 2020). Interestingly, the loss of N-
cadherin-mediated adhesion also results in the activation of the
MAPK pathway in cultured cortical neurons (Ando et al., 2011).

Recent studies indicate that gene expression can also be
regulated by the proteolytic fragments of cell surface receptors,

TABLE 1 | Examples of transcriptional regulation by cell adhesion molecules (CAMs).

CAM Transcriptional
regulator/Mode of
regulation

Cell type Examples of the
regulated gene(s)

Functional outcome Reference(s)

APP Not known Mouse embryonic cortical
neurons

Promotes the expression of
NPAS4,
downregulates
GAD65, increases
GABARα1

A decrease in the production of
inhibitory neurotransmitter
GABA

Opsomer et al. (2020)

Cntnap2 Not known Mouse cortical organoids Promotes the expression of
Dlx2, Nkx2.1, Ascl1

GABAergic neurons production Hali et al. (2020)

Mouse cortical organoids Promotes the expression of
NeuroD, Neurog2

Neuronal differentiation and
migration

Klg Not known Drosophila glial cells Promotes the expression of
repo

Long-term memory formation Matsuno et al. (2015)

L1 Activates MAPK Mouse hippocampal
neurons

Increases MAP2 Neurite outgrowth Poplawski et al. (2012)

NCAM Increases binding of
NF-kB to DNA

Rat cerebella neurons and
in neonatal forebrain
astrocytes

Increases IkB-a Not known Krushel et al. (1999)

Not known Rat hippocampal precursor
cells

Promotes the expression of
Ngn1, NeuroD, NR1, and
GluR1, inhibits expression
of Hes5

Differentiation to glutamatergic
neuronal cell type

Shin et al. (2002)

Activates MAPK
pathway,
phosphorylates CREB

Rat hippocampal precursor
cells, cultured
dopaminergic,
hippocampal, cerebral
granule neurons, in
PC12-E2 and rat
neuroblastoma cell lines

Not known Neurite outgrowth Schmid et al. (1999);
Kolkova et al. (2000); Shin
et al. (2002); Neiiendam
et al. (2004); Aonurm-Helm
et al. (2008); Ditlevsen et al.
(2008)

Negr1 Activates MAPK
pathway

Mouse embryonic cortical
neurons

Not known Neurite outgrowth Pischedda and Piccoli
(2015)
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FIGURE 1 | Cell adhesion molecules (CAMs) regulate protein synthesis machinery. CAMs such as neural cell adhesion molecule (NCAM), down syndrome cell
adhesion molecule (DSCAM), DSCAM-Like-1 (DSCAML1), and L1 are cleaved by proteases, releasing fragments containing their intracellular domains, which are
transported into the nucleus (1). In the nucleus, the CAM-derived fragments regulate the transcription of genes involved in neuronal differentiation and synapse
formation by binding to transcription factors. Several CAMs, including NCAM, L1, and N-cadherin, activate the MAPK pathway, which results in the phosphorylation
of transcription factors such as cyclic AMP response-element binding protein (CREB), thereby regulating transcription (2). NCAM activates the mitogen-activated
protein kinase (MAPK) pathway by clustering and activating fibroblast growth factor receptor (FGFR) at the cell surface (2) and by activating an Src family kinase Fyn
in lipid rafts (3). The mammalian target of rapamycin (mTOR) pathway, which controls the rate of translation, can be either activated or inhibited by CAMs. Homophilic
binding of NB3 inhibits the mTOR pathway via PTPσ, whereas neuroligin-3 inhibits the mTOR pathway in cultured neurons and decreases the rate of protein
translation by stabilizing the mTOR repressor PTEN (4). Adhesion molecule on glia (AMOG) increases cell size, when expressed in human glioma cells, and activates
mTOR in these cells by promoting Akt phosphorylation independently of PI3K (5). The trafficking of newly synthesized proteins via TGN-derived organelles is
regulated by NCAM, which binds to these organelles via spectrin, and traps them at contact sites between neurons, thus directing newly synthesized proteins to
nascent synapses (6). The activation of Src kinase by CD44 stabilizes the structure of the Golgi apparatus by regulating the polymerization of the actin cytoskeleton
(7). See the text for further details and references.

which translocate into the nucleus and regulate transcription.
For example, the extracellular matrix protein Reelin induces
the cleavage of the Reelin receptor ApoER2 by γ-secretase.
The intracellular domain of this molecule then translocates to
the nucleus, where it regulates transcription by regulating the
recruitment of transcription factors to the promoters (Telese
et al., 2015). Similarly, intracellular fragments of CAMs have
been shown to regulate gene expression (Figure 1). NCAM
stimulation results in proteolytic processing of NCAM and
formation of a C-terminal fragment of NCAM, consisting of
the intracellular domain, transmembrane domain, and stub of
the extracellular domain. The NCAM fragments are imported
into the nucleus (Kleene et al., 2010; Westphal et al., 2017a),
where they regulate gene expression (Westphal et al., 2016,
2017b). Stimulation of L1 with antibodies triggers its cleavage
by the protease cathepsin resulting in the generation of
a transmembrane fragment, which is then sumoylated and
imported to the nucleus (Lutz et al., 2012, 2014). Nuclear levels
of neuroglian (Nrg), a Drosophila homolog of L1, correlate

with the transcript levels of the Myc transcription factor
(Kakad et al., 2018). The cleavage of the Down syndrome
cell adhesion molecule (DSCAM) and its paralog DSCAM-
Like-1 (DSCAML1) by γ-secretase results in the release of
their intracellular domains. These domains interact with the
importin beta IPO5 via a conserved nuclear localization signal.
The domains are transported to the nucleus where they
regulate genes involved in neurite outgrowth and synapse
formation (Sachse et al., 2019).

CAMs AND REGULATION OF NEURONAL
PROTEIN TRANSLATION

In human endothelial cells, binding of integrins to extracellular
matrix-coated beads induces the recruitment of mRNAs and
ribosomes to the sites of contacts with the beads (Chicurel et al.,
1998) suggesting that CAMs regulate the protein translation
machinery. This idea is supported by studies showing that
changes in levels of CAMs are accompanied by changes in other
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proteins. Specifically, levels of the membrane-cytoskeleton linker
protein spectrin are reduced in the brains of NCAM deficient
mice and increased in cultured hippocampal neurons and
heterologous cells overexpressing NCAM (Leshchyns’ka et al.,
2003). In cultured embryonic chick sympathetic ganglion cells,
inhibition of the NCAM mediated adhesion via application of
anti-NCAMFab fragments results in decreased activity of choline
acetyltransferase, an enzyme responsible for acetylcholine
production (Acheson and Rutishauser, 1988). Levels of the
cytoskeletal proteins tubulin and MAP2 are reduced in cultured
mouse hippocampal neurons with reduced levels of the neural
cell adhesion molecule 2 (NCAM2; Parcerisas et al., 2020).
The CAM-dependent changes in protein levels may correlate
with changes in transcription. For example, a reduction in
MAP2mRNA levels correlates with reducedMAP2 protein levels
in the brains of L1 deficient mice. However, protein levels of
both total and phosphorylated ErB2, a tyrosine kinase receptor
involved in cell proliferation and migration, are increased,
whereas the ErB2 mRNA levels are not altered in the NCAM2
knock-out spinal cord stem cells (Deleyrolle et al., 2015).
This data suggests that CAMs also regulate protein levels
post-transcriptionally.

The CAM-dependent regulation of translation remains
poorly understood. In oligodendrocytes, α6β1-integrins at
oligodendrocyte-axon contacts promote translation of themyelin
basic protein (MBP) mRNA by releasing the mRNA from
the hnRNP-K-containing transport granules (Laursen et al.,
2011). Neuroligin 3 controls protein synthesis by regulating the
activity of the mammalian target of rapamycin (mTOR) signaling
pathway (Figure 1). Deficiency in neuroligin 3 results in
hyperactivation of mTOR signaling, increased phosphorylation
of ribosomal protein S6, a target of mTOR pathway, and
increased rate of translation in cultured rat hippocampal neurons
(Xu et al., 2019). Exposure of human high-grade glioma cells
to soluble neuroligin 3 secreted by active neurons results in
increased phosphorylation of eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1), which is an mTOR
downstream effector (Venkatesh et al., 2015). Expression of
adhesion molecule on glia (AMOG) in AMOG deficient human
glioma cells results in phosphorylation of Akt with subsequent
activation of mTOR signaling (Scheidenhelm et al., 2005). After
spinal cord injury, the mTOR activity in neurons is inhibited by
homophilic interactions of an IgSF CAM NB3 in corticospinal
axons, which binds to NB3 on glial scar-forming cells (Huang
et al., 2016). Together, these studies suggest that CAMs regulate
protein translation at several levels including the regulation of
release of mRNAs from the transport complexes at sites of
translation and regulation of the translation machinery.

CAMs AND REGULATION OF THE ER AND
GOLGI APPARATUS

Limited evidence suggests that CAMs can also regulate local
protein synthesis by regulating the recruitment of organelles
required for synthesis, sorting, and delivery of proteins to specific
locations within neurons. In developing hippocampal neurons,
cell surface NCAM interacts with trans-Golgi network-derived

organelles via its intracellular domain. NCAM regulates targeting
of trans-Golgi network-derived organelles to growth cones
and promotes exocytosis and cargo delivery at these sites
(Chernyshova et al., 2011). NCAM also captures the trans-
Golgi-derived organelles at sites of neurite-to-neurite contacts,
which are then transformed into synapses (Sytnyk et al.,
2002; Figure 1). PTP1B is an endoplasmic reticulum (ER)
anchored tyrosine phosphatase, which interacts with the tyrosine
kinase Src at the surface plasma membrane (Monteleone et al.,
2012). PTP1B is targeted to the newly forming cell-matrix
adhesions (Hernandez et al., 2006) and may link the ER to
CAMs at the cell surface, such as NCAM2, which interacts
with Src (Sheng et al., 2015). In human fibroblasts, loss of
adhesion results in the disorganization of the Golgi apparatus.
Re-establishment of adhesion restores the integrity of the Golgi
via the integrin-dependent activation of Arf1, which recruits
the microtubule motor protein dynein to control the Golgi
organization (Singh et al., 2018). In hippocampal neurons, a
CAM CD44 regulates the positioning of the Golgi in the soma
via the Src kinase-dependent regulation of the actin cytoskeleton.
The knock-down of CD44 causes Golgi fragmentation and
dispersion, which is reduced by inhibiting actin polymerization
(Skupien et al., 2014; Figure 1).

CONCLUSION

Neuronal growth during development and synaptic plasticity
in the mature brain depends on the synthesis of new proteins.
CAMs are well known as regulators of the neuronal morphology,
which mediate the interactions between neurons and the
extracellular matrix and neighboring cells. In this review, we
draw attention to the growing body of work showing that
CAMs also regulate transcription and protein translation and
that the protein biosynthesis pathways play a key role in the
morphological and functional changes induced by CAMs in
neurons. Dysregulation of protein synthesis has been observed in
different neurodevelopmental and neurodegenerative disorders,
including autism spectrum disorders, fragile X syndrome, and
Alzheimer’s disease (Buffington et al., 2014; Ghosh et al., 2020;
Lo and Lai, 2020), which are also associated with abnormalities in
the expression or processing of CAMs (Leshchyns’ka et al., 2015;
Stewart, 2015; Leshchyns’ka and Sytnyk, 2016b; Chmielewska
et al., 2019). Understanding the CAM-mediated regulation of
protein synthesis can provide further insight into the etiologies
of these conditions and, consequently, lead to new therapies.
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Brain Structures by Gene Transfer
Sayaka Sugiyama* , Junko Sugi, Tomoya Iijima and Xubin Hou

Laboratory of Neuronal Development, Graduate School of Medical and Dental Sciences, Niigata University, Niigata, Japan

A projection neuron targets multiple regions beyond the functional brain area. In order to
map neuronal connectivity in a massive neural network, a means for visualizing the entire
morphology of a single neuron is needed. Progress has facilitated single-neuron analysis
in the cerebral cortex, but individual neurons in deep brain structures remain difficult to
visualize. To this end, we developed an in vivo single-cell electroporation method for
juvenile and adult brains that can be performed under a standard stereomicroscope.
This technique involves rapid gene transfection and allows the visualization of dendritic
and axonal morphologies of individual neurons located deep in brain structures.
The transfection efficiency was enhanced by directly injecting the expression vector
encoding green fluorescent protein instead of monitoring cell attachment to the
electrode tip. We obtained similar transfection efficiencies in both young adult
(≥P40) and juvenile mice (P21–30). By tracing the axons of thalamocortical neurons,
we identified a specific subtype of neuron distinguished by its projection pattern.
Additionally, transfected mOrange-tagged vesicle-associated membrane protein 2–
a presynaptic protein—was strongly localized in terminal boutons of thalamocortical
neurons. Thus, our in vivo single-cell gene transfer system offers rapid single-neuron
analysis deep in brain. Our approach combines observation of neuronal morphology
with functional analysis of genes of interest, which can be useful for monitoring changes
in neuronal activity corresponding to specific behaviors in living animals.

Keywords: single-cell electroporation, overexpression, visual cortex, thalamus, lateral pulvinar, presynaptic
protein, postnatal development

INTRODUCTION

Brain networks are shaped by experience during postnatal development. Neuronal morphology–
including dendrites and axon–is highly diverse and closely related to functional connectivity in
neural circuits. Even neurons that are located close to each other in a given brain area differ
in their axonal projection patterns and participate in distinct circuits (Jones, 2001; Clascá et al.,
2012). As such, visualization of neuronal morphology as well as connectivity–which is the basis
of brain function–has been a focus of neuroscience research since the development of the Golgi
staining method.

Recent progress in imaging technologies and big data analysis has enabled brain-wide mapping
and reconstruction of fluorescence-labeled neurons. Connectome analyses have revealed extensive
projections in many brain areas (Livet et al., 2007; Cai et al., 2013), contacts among neurons
within a sensory pathway (Bock et al., 2011; Morgan et al., 2016), and different cortical neuron
subtypes that share physiologic and genetics features (Gouwens et al., 2019). Thus, advances in
data science have contributed to the elucidation of complex neural circuitry (Lichtman et al., 2014;
Winnubst et al., 2019).
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Brain mapping depends on the ability to visualize small
populations of neurons. Retrograde tracing of monosynaptic
circuits has been carried out using a deletion mutant rabies
virus to label a subset of neurons through Cre-dependent marker
expression (Wickersham et al., 2007). Single-cell electroporation
of recombinant rabies virus combined with 2-photon imaging
enabled transsynaptic tracing of a single neuron in the cerebral
cortex (Kitamura et al., 2008; Marshel et al., 2010).

The electroporation technique, which was originally
developed in embryos (Muramatsu et al., 1997; Funahashi
et al., 1999; Nakamura, 2009), has been employed in innovative
ways in neuroscience research. In mitotic cells of the embryonic
neuroepithelium, expression of an exogenous gene introduced
via electroporation can be detected 1 day later, and rapidly
expands as cells proliferate. In contrast, in the postnatal
brain the efficiency of gene transfer–especially in postmitotic
neurons–is reduced, requiring modification of the standard
protocol of juxtacellular labeling (Oyama et al., 2013; Ohmura
et al., 2015). Electroporation has been adopted in gain- and
loss-of-function studies [e.g., using short hairpin (sh)RNAs or
the clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein (Cas)9 system] and
to observe neuronal morphology in the complex brain of
gyrencephalic mammals (Matsui et al., 2013; Shinmyo et al.,
2017). The long-lasting expression of the calcium sensor protein
GCaMP or potassium channel Kir2.1 permits the examination
of neuronal responses to a certain stimulus (Pagès et al., 2015;
Mizuno et al., 2018) or of activity-dependent effects on neuronal
morphology and function (Mizuno et al., 2007; De Marco García
et al., 2011; Hagihara et al., 2015). Importantly, the response of
individual neurons within a circuit to a stimulus varies according
to the neuronal subtype. Despite the availability of single-neuron
analysis in the cerebral cortex (Kitamura et al., 2008; Judkewitz
et al., 2009; Pagès et al., 2015), individual neurons deep in brain
structures remain difficulty to analyze. Thus, novel approaches
for examining neural circuitry with single-cell resolution,
especially within deep brain structures, are needed.

To this end, in the present study we developed an efficient
technique for single-cell electroporation in the juvenile and
adult mouse brain. The method enabled rapid postnatal
transfection of single neurons deep within the brain and
visualization of neuronal morphology, including thalamocortical
axons. Electroporation of an mOrange-tagged vesicle-associated
membrane protein (VAMP)2 vector revealed localization of
this presynaptic protein in terminal boutons of thalamocortical
axons. This technique in combination with high-resolution
imaging systems expands the ability to analyze neural circuits
derived from deep brain structures with single-cell resolution.

MATERIALS AND METHODS

Animals
Animal experiments were performed in accordance with the
protocol approved by the Committee for Animal Care at Niigata
University (reference no. SA00534). C57Bl/6J mice of both sexes
were purchased from Japan SLC (Hamamatsu, Japan) and reared

under standard conditions. Mice of the same sex were housed in
groups of 2–3 per cage (143 mm × 293 mm × 148 mm, Charles
River) and maintained on a 12:12-h light/dark cycle with free
access to food and water. Mice were used for electroporation
at 3–8 weeks old.

In vivo Single-Cell Electroporation
VAMP2 cDNA was obtained from Clontech/Takara Bio (Otsu,
Japan). pCAGGS-enhanced green fluorescent protein (EGFP)
(Hou et al., 2013) and pT2K-CAGGS-VAMP2-mOrange (Sato
et al., 2007; Egawa et al., 2013) vectors were purified using
a plasmid purification kit (Qiagen, Hilden, Germany) and
dissolved in Tris–EDTA buffer (1 µg/µl). A glass capillary tube
(internal diameter, 0.75 mm; external diameter, 1 mm; B100-
75-10PT; Sutter Instrument, Novato, CA, United States) was
pulled using a micropipette puller (taper length, 7–8 mm with
P-1000 micropipette puller program, Sutter Instrument). We
cut the tip of the capillary using scissors so that the external
diameter was 2–50 µm. The capillary was used for 1 to 3
penetrations before it got clogged. The glass capillary was filled
with 1 µl DNA solution and inserted into a micropipette holder,
with a silver chloride wire connected via a pin (Molecular
Devices, San Jose, CA, United States) serving as the cathode
(Figure 1). We applied positive air pressure (100–300 mbar
for weak pressure, 300–1,000 mbar for strong pressure) using
a 1-ml syringe connected to the micropipette holder to inject
DNA solution (estimated <0.1 µl by weak pressure, 0.3–0.5 µl
by strong pressure). For electroporation, mice were anesthetized
under isoflurane. Standard stereotactic procedures were used
for surgery. The glass electrode containing DNA solution was
connected to the micromanipulator and advanced into the
brain through a 1–2 mm diameter hole, which was made on
each side of the skull [2.5 mm lateral and 2 mm caudal to
bregma for the lateral geniculate nucleus (LGN)/lateral posterior
nucleus (LP)/hippocampus, 0.5 mm lateral and 2.5 mm caudal
to bregma for the ventral tegmental area (VTA), and 2.5 mm
lateral and 3.5 mm caudal to bregma for the primary visual
cortex (V1)]. For our modified electroporation method from
embryonic system (Figure 1A), we used tools for embryonic
electroporation, a 3-mm diameter tweezer-type electrode (BEX,
Tokyo, Japan) as the anode and an electroporator (CUY21EDIT,
Bex). In this system, negatively charged DNA moves toward
the anode in the electric field and can enter the cell around
the tip of the glass electrode. To this end, the plates of the
tweezer-type electrode were placed outside on either side of the
skull and a square pulse (100–150 V for 1 ms at 200 Hz, for a
total duration of 500 ms) was delivered 3–5 times at different
depths. The resistance and current flow between the cathode and
anode (monitored during electrical stimulation with the CUY21
electroporator) were ∼0.018 M� and 10 mA, respectively. The
current was lower than the 40–60 mA that are usually applied for
in utero electroporation. In a modification from the single-cell
electroporation methods (Figure 1B), a 1-mm diameter ground
electrode (Ag/AgCl pellet; Molecular Devices) connected to AP-
1A headstage was used. Immediately after DNA injection, the
ground electrode was inserted into the contralateral hole and a
square pulse (80 V for 1 ms at 200 Hz, for a total duration of 3 s)
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was delivered 3–5 times at different depths (Axoporator 800A,
Molecular Devices). For electroporation into cortical neurons,
mannitol was intraperitoneally injected (250 µl, 200 mg/ml) to
decrease the pressure in the brain. After the electroporation
procedure, mice were returned to their home cage until the next
experiment.

Immunohistochemistry
Immunolabeling was performed as previously described
(Sugiyama et al., 2008). Serial coronal sections (50 µm) were
cut and incubated with anti-GFP (mouse monoclonal IgG2a,
mFX73; Wako, Osaka, Japan) and anti-tyrosine hydroxylase
(TH; mouse monoclonal IgG1α, LNC1; Millipore, Billerica, MA,
United States) antibodies. Alexa Fluor 488 or 594-conjugated
anti-mouse IgG (Invitrogen, Carlsbad, CA, United States) was
used as secondary antibodies.

Analysis of Neuronal Morphology and
Projections
For observation of neuronal morphology, images were captured
under a confocal microscopy (excitation wavelength, 488 and
543 nm) and multiple planes were combined to Z-projections
(Nikon, Tokyo, Japan). For axon tracing, serial sections were
mounted in sequence and images were automatically captured
under a stereomicroscope (Keyence, Osaka, Japan) using a
tiling protocol. Axonal fibers were reconstructed in two
dimensions section by section; serial images were superimposed,
and neuronal processes were traced using ImageJ software
(National Institutes of Health, Bethesda, MD, United States). For
quantitative analysis of VAMP2-mOrange localization, VAMP2-
mOrange positive puncta were defined by combining the
threshold (between the intensity values of 60 to 255) and
the length (above 2 µm) to distinguish from the background
signal. The number of VAMP2-mOrange puncta was counted
per dendritic or axonal segment and compared between
dendrites and axons (Mann–Whitney U test). All statistical
values obtained from morphological experiments are presented
as means± standard error of the mean (SEM).

RESULTS

Modified Single-Cell Electroporation in
Postnatal Thalamus
We first optimized the electroporation procedure to achieve
maximum transfection efficiency by electroporating a GFP vector
(pCAGGS-EGFP) into thalamic neurons of juvenile (P21–30)
and adult (≥P40) mouse brains. In embryos, the efficiency
of electroporation is mostly dependent on DNA concentration
and electric current around target cells (Nakamura, 2009). We
therefore tested different conditions for DNA injection and
electrical stimulation (Figures 1, 2). As the sharp glass electrode
(length of shank, 5–7 mm) was penetrated into the thalamic
region, weak positive pressure was applied by pushing 0.1–
0.2 cm3 air (100–300 mbar) through a 1-ml syringe connected
to the electrode holder (“+ pressure” in Figure 2A), as in the

standard patch-clamp method. Then, while holding both sides
of the skull between the plates of the tweezer-type electrode, a
square pulse (100–150 V for 1 ms at 200 Hz, for a total duration
of 500 ms) was delivered five times at different depths (at 100-
µm intervals in target area). The electroporation efficiency was
increased by ejecting the DNA solution (estimated <0.1 µl) using
positive pressure (1 positive site/20 penetration sites for “no
pressure” vs. 19/97 positive sites for “+ pressure” under three
different conditions in Figure 2A). In both cases, there were a
few GFP-expressing cells around the injection site (Figure 3), and
single labeled cells were observed in most cases (79% positive
penetration sites for “+pressure” in Figure 2B). Importantly,
the transfection efficiency was higher with electrodes with a tip
diameter of 20–25 µm (i.e., ≥20 µm) as compared to 2–10 µm
(i.e., ≤10 µm) (5/10 sites for diameter ≥20 µm vs. 5/32 sites for
diameter ≤10 µm with pressure; Figure 2A).

In order to maximize the amount of DNA around targets cells,
the tip of the glass capillary was cut to an external diameter
of up to 50 µm (length of shank, 5–6 mm; Figure 2C), and
DNA solution (0.3–0.5 µl) was injected under a strong air
pressure (300–1,000 mbar, i.e., until the level of solution in the
electrode was visually confirmed to decrease). Immediately after
DNA injection the ground electrode (Ag/AgCl pellet, 1 mm
diameter) was positioned in the contralateral hole of the skull
(Figure 1B) and square pulses (80 V for 1 ms at 200 Hz, for
a total duration of 3 s) were delivered 3–5 times at different
penetration depths (at 100-µm intervals; for LGN, injecting DNA
at a depth of 2.8 mm and delivering pulses at depths of 2.7,
2.8, and 2.9 mm). As expected, the transfection efficiency was
higher with strong air pressure (43/77 penetration sites for single-
site DNA injection; Figure 2A) than that with weak air pressure
(“+pressure”) and was similar between young adult and juvenile
mice (6/8 sites for ≥P40 mice, 37/69 sites for P21–P30 mice).
The number of labeled cells were also increased at the positive
sites (for single-site DNA injection in Figure 2B) than at sites
of weak pressure (“+ pressure”), and we found single-labeled
cells in 54% of positive sites. To further improve the efficiency
of gene transfer, a set of a DNA injection and 3–5 electrical
pulse deliveries per penetration site (“single-site DNA injection”)
was repeated along three different penetration tracts (at 200-
µm intervals in rostrocaudal or mediolateral axes) within the
target area (“multisite DNA injection”). Multisite DNA injections
achieved a GFP-expressing cell ratio per target area of 85% (11
positive areas/13 target areas for multisite DNA injection in
Figure 2A). Single labeled cells were observed in 50% of positive
areas (for multisite DNA injection in Figure 2B).

We found false positive cells or dead cells exhibiting
strong autofluorescence along the penetration tracts of the
glass electrode as is common while using other injection
methods (“+ pressure” in Figures 2D,E, “DNA injection” in
Figure 2F). Although cellular damage was observed along the
two penetration paths toward the GFP-expressing LGN cells,
neither DNA injection nor electrical pulse deliveries caused large
lesions on a whole slice (Figure 2F; panels 1, and 2 after single-
site injection and panel 3 after multisite injection). Damaged
cells weakly expressing GFP and exhibiting poor processes
were sometimes detected near the injection sites (Figure 2E).
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FIGURE 1 | Schematic illustration of electroporation and electrodes system. (A) Electroporation setup modified from the embryonic system. A sharp glass electrode
containing the DNA solution was connected to the negative terminal of the electroporator and inserted into the target region. Tweezer-type electrode was connected
into the positive terminal of the electroporator and placed outside the skull. (B) Electroporation setup modified from single-cell electroporation. A sharp glass capillary
(negative electrode) was inserted into the target region and a ground electrode was placed over the contralateral hole in the skull. The glass capillary and ground
electrode were connected to the headstage.

Maximizing the amount of DNA by applying strong air pressure
did not increase the damaged-cell ratio (1/14 labeled cells for
single-site DNA injection) when compared with the ratio after
applying weak pressure (2/23 labeled cells for “+ pressure”) 1–
6 days after electroporation. Moreover, the transfection efficiency
(50%) after single-site DNA injection had not declined 3–4 weeks
after electroporation (11/22 sites after 1–6 days vs. 31/61 sites
after 3–4 weeks), suggesting that transfected cells were viable
for at least a month. Consistent with the high transfection
efficiency, DNA injection resulted in an increase in the number
of GFP-expressing cells far from the injection sites (Figure 2G;+
pressure, 65.48± 9.69 µm vs. DNA injection, 110.90± 14.21 µm,
15–31 cells, p = 0.0115, t-test with Welch’s correction; p < 0.05,
χ2-test with 1, 5, 10, or 20 µm bin). Thus, cell damages were
minimized by using the long-shank electrode for DNA injection
and by delivering an appropriate electronic pulse (40–200 µA
amplitude around the tip of the glass electrode, according to
Uesaka et al., 2008).

We next evaluated whether cell attachment to the tip of the
electrode could increase the efficiency of gene transfer during
the single-cell electroporation (Haas et al., 2001; Kitamura et al.,
2008; Oyama et al., 2013). To measure cleft resistance between the
electrode tip and presumptive cell membrane, a glass electrode
(2–5 µm tip diameter) and ground electrode were connected
to the headstage of the electroporator (Axoporator 800A). As
the tip of the electrode approached the cell membrane, tip and
cleft resistance increased, mimicking seal formation; when this
occurred, a square pulse (100 V for 1 ms at 200 Hz, for a
total duration of 3 s) was delivered (Figure 2H). As a result,
GFP-expressing cells were observed at 16% of penetration sites
(9/55 sites for “R” in Figure 2A). As the other electroporation
conditions were similar to those used when ejecting DNA under
a weak air pressure (≤10 µm), the transfection efficiency was
similar regardless of the cleft resistance (Figure 2A). Thus, DNA

ejection from an electrode with a tip diameter greater than 20 µm
improves the efficiency of gene transfection into postmitotic cells.

Visualization of Cell Bodies and
Dendrites in the Brain
To confirm the effectiveness of the electroporation system
in different brain regions, a GFP-encoding plasmid was
electroporated into V1, dentate gyrus (DG), and VTA as well
as the thalamus (Figure 3). Confocal images revealed GFP
expression in neurons and glia within the LGN of the thalamus;
the cell body and neuronal processes were visible 1 day after
electroporation (Figures 3A,B). Similarly, the dendritic spines of
GFP-expressing granule cells of the DG were clearly observed
(Figure 3C). Comparable single-cell labeling was achieved in
the midbrain VTA (Figure 3D), and the transfection efficiency
was slightly higher than in the thalamus after single-site DNA
injection (Figure 3F, 13 positive sites/18 penetration sites). On
the other hand, although there were a few GFP-expressing cells
(Figure 3E), the transfection efficiency in the cortex was lower
than in the other brain regions (7 positive sites/44 penetration
sites). As DNA solution easily moves out of superficial cortical
layers, we intraperitoneally injected mice with mannitol before
electroporation to decrease both the intracranial pressure and
brain volume (given its diuretic effect) and to increase the
extracellular space for spreading the DNA solution. Although the
transfection efficiency improved slightly, the effect was limited to
the visual cortex (3 positive sites/9 penetration sites).

Distinct Projection Patterns of
Thalamocortical Axons
We examined whether axons extending from GFP-expressing
neurons were clearly visible. By the third week after
electroporation, thalamocortical axons were traceable from
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FIGURE 2 | Continued
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FIGURE 2 | Gene delivery to deep brain neuron by single-cell electroporation. (A) Electroporation efficiency under different conditions. Percentage of GFP-expressing
sites per penetration site (1 penetration site per target area) is shown; in the case of multiple-site injection, the percentage of GFP-expressing areas per target area (3
penetration tracts per target area) is shown. Total number of penetration sites (or total number of target areas for multiple-site injection) is given above each bar. +
pressure, electroporation under weak pressure; DNA injection, electroporation after injecting DNA under strong pressure; R, electroporation by monitoring tip and
cleft resistance. (B) The number of GFP-expressing cells per GFP-positive site is shown; in the case of multiple-site injection, the number of GFP-expressing cells
per GFP-positive target region is shown. The box color (white to black) indicates the number of GFP-expressing cells. Total number of GFP-positive sites (or total
number of GFP-positive regions for multiple-site injection) is given above each bar. (C) A sharp glass electrode with a 5-mm length of shank and 50-µm tip diameter
prepared by cutting the glass tip. (D,E) GFP-expressing cells 2 days after electroporation. Most of transfected cells showed intense green fluorescence (D), but we
found damaged cells (arrowheads in panel E) with weak GFP and poor processes near the penetration sites (asterisks). The penetration sites exhibited green and
red autofluorescence. (F) Whole brain slice including two penetration tracts (arrows) and GFP-expressing cells (arrowheads) at both sides. Autofluorescence was
detected along the penetration tracts (2 and 3, higher magnification view of areas indicated by arrows; 1, view of a serial section at a 100 µm distance from panel 2,
3’, higher magnification view of areas indicated in panel 3 with green and red fluorescence) (G) Distance of GFP-expressing cells from the penetration tracts.
GFP-expressing cells were detected far from penetration sites after strong pressure DNA injection than after weak air pressure (“+ pressure”) (p = 0.0115, t-test with
Welch’s correction; p < 0.05, χ2-test). (H) Relationship between tip and cleft resistance (R) and depth of the electrode from the pia mater. As resistance increased,
square pulses were delivered at the points indicated by the lightning shape. Scale bars, 1 mm for panel (F); 100 µm for panels (D,E,F1–3’).

the cell body to the target area (Figures 4, 5). One GFP-
expressing LGN neuron projected to the reticular nucleus
(Rt) and layers IV and II/III of V1 along the visual pathway
(Figures 4A–C). Although an adjacent GFP-positive neuron also
projected its axon to V1 in parallel (Figure 4C), the fluorescence
intensity was too weak for tracing and the axonal arbors were
invisibly truncated in layer IV of V1, so that was distinguishable
from the strongly expressing neuron (Figures 4C’,C”). In fact,
only thalamic neurons strongly expressing GFP were observed
to extend thalamocortical fibers and branches into cortical
layers and/or subcortical regions (10 traceable neurons/14
projection neurons bearing GFP-positive axons extending
through the internal capsule). Repeated (multisite) DNA
injection (Figure 2A) slightly increased the fraction of traceable
neurons (3/3 projection neurons) compared to single-site
injection (7/11 projection neurons).

The LP harbors thalamocortical neurons that project to
multiple regions in the cortex (Nakamura et al., 2015). Neuronal
tracing revealed that one of the GFP-expressing LP neurons
extended its axon to the Rt, caudate putamen, layer IV of
the secondary visual cortex (V2), and layers I and V of V1
(Figures 5A–C), suggesting that it is a component of the
extrageniculate pathway in the mouse visual system. Importantly,
the LP included multiple neuronal subtypes with distinct patterns
of projection to cortical layers and/or subcortical regions,
including the striatum and amygdala (Clascá et al., 2012).
Thus, single-cell labeling by electroporation enables visualization
of long-range axonal projections and can identify different
thalamocortical neuron subtypes.

Localization of Presynaptic Proteins in
Terminal Boutons
Time-lapse imaging of GFP-tagged presynaptic proteins has
been carried out in cultured neurons, Xenopus retinal axons,
or mouse corpus callosum axons in vivo (Ahmari et al.,
2000; Hu et al., 2005; Ruthazer et al., 2006; Evans et al.,
2019). To visualize thalamocortical axons and their presynaptic
terminals, we co-electroporated two vectors encoding GFP
and the axonal synaptic vesicle protein VAMP2 conjugated
with mOrange into the thalamus or hippocampus. Similar
to a previous study (Haas et al., 2001), both vectors were

transfected into the same neuron in the postnatal mouse brain
(Figures 6A–E; 7 co-expressing cells/7 transfected cells, all
transfected cells expressed both GFP and VAMP2-mOrange).
The expression of VAMP2-mOrange was strongly induced in
the cell body of an LP neuron or granule cell along with GFP
(Figures 6A,D); however, VAMP2-mOrange was less widely
distributed in the dendritic arbor of these cells. The same
LP neuron extended its axon to V2, in which we observed
a number of terminal boutons strongly labeled with GFP
(Figures 6B,C). Given their role in synaptic transmission,
we examined VAMP2 distribution in the terminal boutons.
As expected, VAMP2-mOrange was detected in the terminal
boutons in layer I of V2 (Figures 6B,C) and the quantitative
analysis revealed that VAMP2-mOrange was preferentially
localized in axons than in dendrites (number of puncta per
dendritic segment, 0.48 ± 0.06 vs. number of puncta per
axon segment, 2.19 ± 0.30; 65–90 segments; p < 0.0001,
Mann–Whitney U test). A similar VAMP2 distribution was
observed in DG granule cells (Figure 6E; number of puncta
per dendritic segment, 0.42 ± 0.10 vs. number of puncta per
axon segment, 1.39 ± 0.18; 31–33 segments; p < 0.0001, Mann–
Whitney U test). Thus, the presynaptic proteins introduced
by our electroporation method were targeted to axons rather
than to dendrites, possibly via the endogenous transport system
(Cui-Wang et al., 2012).

DISCUSSION

In the present study we developed a single-cell electroporation
method for labeling postmitotic neurons and their long-range
axonal projections deep within the brain. We used this technique
to simultaneously introduce two different genes of interest into
the same neuron, demonstrating the utility of our technique for
evaluating morphology and gene function in a single neuron
in living animals.

Improvements in embryonic electroporation over the
last two decades have allowed temporally and spatially
restricted control of gene expression in cells–for example,
pulse-labeling of a cell population depending on its date of
birth (Sugiyama and Nakamura, 2003) and microelectroporation
to restrict the area of transfection (Kataoka and Shimogori,
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FIGURE 3 | Dendrite morphology of single cells labeled by postnatal electroporation. (A–E) Cell body and dendrites of GFP-expressing cells in the LGN (A, neuron;
B, glia), DG (C), VTA (D), and V1 (E). Dendritic spines were clearly visible in the granule cell (C, inset). The VTA of the midbrain was identified based on TH
immunoreactivity (D, red). Scale bars, 20 µm. (F) Transfection efficiency in the midbrain and V1. The percentage of GFP-expressing sites per penetration site after
single-site DNA injection and electroporation is shown. Total number of penetration sites is given above each bar.

2008). Additionally, vectors encoding Tet on/off and
Tol2 transposon components have enabled conditional
expression of genome-integrated transgenes for gain-
and loss-of-function studies (Sato et al., 2007; Hou et al.,
2011). In ferret, in utero electroporation has been used in
conjunction with the Cre/loxP and CRISPR/Cas9 systems
for persistent gene activation or repression in the postnatal
brain (Matsui et al., 2013; Shinmyo et al., 2017). In contrast,

transfection of single cells remains technically challenging
even in embryos.

Studies in embryos have revealed that the concentration of
plasmid DNA around target cells is an important determinant
of the transfection efficiency (Sugiyama et al., 2000). Our results
confirmed that by increasing the amount of injected DNA,
more neurons were labeled, and more clear morphology of
single neurons was obtained, except in the cerebral cortex

Frontiers in Neural Circuits | www.frontiersin.org 7 November 2020 | Volume 14 | Article 586043141

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-14-586043 November 13, 2020 Time: 21:39 # 8

Sugiyama et al. Single-Cell Electroporation Deep in Brain

FIGURE 4 | Axonal projection of an LGN neuron. (A–C) Axonal projection of an LGN neuron to V1 and thalamic Rt (inset in C). The neuron had a dense axonal arbor
in layer IV (B). Another dim ascending axon (arrowheads) was observed from the internal capsule (ic) to V1 (C’, brightness adjustment view of panel C), but in patches
in layer IV of V1 (C”, higher magnification view of areas indicated in panel C’). Scale bars, 1 mm for panel (A); 200 µm for panels (B,C,C’); 100 µm for panel (C”).

(Figures 2–5). Despite the cellular damage along the penetration
tract, DNA injection with strong air pressure did not increase
the number of damaged cells or decrease the survival rate
of the transfected cells as compared to the results with weak
pressure. Thus, for electroporation of postmitotic neurons, a
higher vector concentration in the extracellular space increases
the transfection efficiency.

Previous methods for single-cell electroporation have been
based on the juxtacellular recording-labeling technique, using a
high-resistance patch pipette (10–15 M�, 1–2 µm tip diameter)
and weak air pressures (10–500 mbar) to approach in close
proximity to the cell somata (for such pipette tip-cell contact,
small electronic pulses, 1–2 µA are delivered) (Haas et al.,
2001; Kitamura et al., 2008; Judkewitz et al., 2009; Oyama
et al., 2013; Ohmura et al., 2015; Pagès et al., 2015). These
techniques can combine single-cell labeling with recording, but
an electrophysiological equipment and technical expertness are
required, and the labeling efficiency is limited (approximately 30–
40%) (Oyama et al., 2013; Ohmura et al., 2015). Visually guided
single-cell electroporation with two-photon microscopy provides
high success rates and cell specific labeling, however, it cannot
be applied to neurons within deep brain regions (Kitamura
et al., 2008; Judkewitz et al., 2009; Pagès et al., 2015). Here
we present an approach to achieve high transfection efficiency

using a sharp-shank pipette, in particular, to reach deep brain
circuits. Compared to others, our approach is more easy and
rapid (completed in 30–60 min), and it only requires simple
equipment like a standard stereomicroscope and electroporator;
a stimulus isolator can be substituted for an electroporator as
described in previous studies (Uesaka et al., 2008; Judkewitz
et al., 2009; Oyama et al., 2013; Ohmura et al., 2015). The
embryonic system (CUY21 electroporator and electrodes) may
be also applicable after injecting the DNA, considering the
high transfection efficiency obtained with the ≥20 µm diameter
pipette (Figures 2, 3). In contrast, our method has a limitation in
cell specific transfection, and combining different systems (e.g.,
Cre/loxP systems) is required to restrict target cell types. Taken
together, our approach is applicable to any regions and species
amenable to injection of DNA solution.

Thalamic nuclei include a mixture of neuronal subtypes
projecting to multiple target areas. At least 3 cell types
(core-, matrix-, and intralaminar-type neurons) have been
identified based on their axonal projections to cortical layers
and/or subcortical structures (Jones, 2001; Clascá et al., 2012).
According to this classification, the LGN cell in the present
study is a core-type relay neuron extending to layer IV of
V1 (Figure 4), while the LP cells are matrix-type neurons
projecting to layer I of V1 or V2 (multilateral-and focal-type
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FIGURE 5 | Axonal projection of an LP neuron. (A–C) Main targets of an LP neuron, including V1 and V2 as well as extravisual areas such as the caudate putamen
(CPu). The LP neuron located in the laterorostral region of the LP (LPLR) had dense axonal arbor in layers I and V of V1 and layer IV of V2 (B). Scale bars, 1 mm for
panel (A); 200 µm for panels (B,C).

neurons in Figures 5, 6, respectively). LP nuclei containing
core- and matrix-type neurons are reciprocally connected to
both V1 and V2, in addition to receiving inputs from the
superior colliculus and pretectal visual areas and sending outputs
to the striatum and other cortical areas (Nakamura et al.,
2015). Therefore, LP nuclei are regarded as higher-order relay
thalamic nuclei (Sherman, 2016) that contribute to V2 function
by transmitting converging information in the extrageniculate
pathway (Andermann et al., 2011; Marshel et al., 2011; Tohmi
et al., 2014; Bennett et al., 2019).

Despite the functional importance of thalamic nuclei, the
diversity of thalamic neuron subtypes has not been well
characterized in terms of development, gene expression, or
functional properties (Clascá et al., 2012). Reasons for this
include the following: (1) limited evidence garnered from
single-axon reconstruction studies; (2) a lack of markers for
different neuronal subtypes; and (3) the dispersion of neuronal
subtypes across anatomically defined thalamic nuclei. Single-
cell transcriptome analyses can potentially reveal the molecular
profiles of recently reconstructed thalamic neurons (Winnubst
et al., 2019), while our single-cell gene transfer technique can be
used to analyze gene function in distinct neuronal subtypes to
provide insight into their specific role(s) in neural circuits.

A major advantage of electroporation is that multiple genes (or
shRNAs) can be simultaneously introduced into the same single
neuron, permitting focal suppression or stimulation of neuronal
activity in vivo by altering gene expression (e.g., potassium
channel Kir2.1, light-gated algae channel channelrhodopsin;
Judkewitz et al., 2009). As in imaging studies of GFP-tagged
presynaptic proteins (Ahmari et al., 2000; Hu et al., 2005;
Ruthazer et al., 2006; Evans et al., 2019), mOrange-tagged
VAMP2 distributed in terminal boutons is useful for visualizing
synaptogenesis according to neuronal activity in living animals.

Responses to sensory and converging stimuli vary across
neuronal subtypes. As such, neural networks derived from a
single neuron have been the focus of many studies: for example,
in the cerebral cortex, retrograde tracing of a single neuron
by electroporation of a recombinant rabies virus combined
with 2-photon imaging allowed visualization of monosynaptic
circuits (Wickersham et al., 2007; Kitamura et al., 2008;
Marshel et al., 2010). Our single-cell electroporation technique
provides an additional tool for observing monosynaptic
projections, especially in deep brain areas. On the other
hand, methods for anterograde transsynaptic tracing of a
single cell require further development. The transsynaptic
transport of wheat germ agglutinin (WGA)-lectin has been
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FIGURE 6 | Localized distribution of presynaptic proteins in vivo. (A–C) Distribution of GFP (green) and VAMP2-mOrange (red) in a single neuron of the laterorostral
region of the LP (LPLR). VAMP2 fusion protein was expressed at a low level in a few dendrites (A) but accumulated in the thalamocortical axon (B), particularly in
terminal boutons in layer I of V2 (C, higher magnification view of areas indicated in panel B). (D,E) Localization of GFP and VAMP2-mOrange within a DG granule cell.
As in the LPLR neuron, VAMP2 fusion protein was densely distributed in the axon (E) but sparse in the dendrites (D). GCL, granule cell layer; ML, molecular layer.
Scale bars, 50 µm for panels (A,D,E); 25 µm for panels (B,C).

exploited to reconstruct cell populations-derived neural
networks in transgenic mice (Yoshihara et al., 1999); anterograde
tracing of a single neuron by electroporation of WGA-lectin
construct could also be used in this manner. Additionally,
single-cell transfection of genes encoding activity-dependent
membrane-permeable molecules such as Otx2 and Arc
(Sugiyama et al., 2008; Hou et al., 2017; Sakai et al., 2017;
Pastuzyn et al., 2018; Erlendsson et al., 2020) is expected
to reveal their mechanisms of transport between neuronal
contacts. In conclusion, our method for manipulating
single neurons in postnatal neural circuits provides a new
approach for investigating cell-autonomous functions of
genes and their association to neuronal morphology in the
mammalian brain.
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Introduction: The endocannabinoid system is involved in several diseases such as
addictive disorders, schizophrenia, post-traumatic stress disorder, and eating disorders.
As often mice are used as the preferred animal model in translational research, in
particular when using genetically modified mice, this study aimed to provide a systematic
analysis of in vivo cannabinoid type 1 (CB1) receptor ligand-binding capacity using
positron emission tomography (PET) using the ligand [18F]MK-9470. We then compared
the PET results with literature data from immunohistochemistry (IHC) to review the
consistency between ex vivo protein expression and in vivo ligand binding.

Methods: Six male C57BL/6J (6–9 weeks) mice were examined with the CB1 receptor
ligand [18F]MK-9470 and small animal PET. Different brain regions were evaluated using
the parameter %ID/ml. The PET results of the [18F]MK-9470 accumulation in the mouse
brain were compared with immunohistochemical literature data.

Results: The ligand [18F]MK-9470 was taken up into the mouse brain within 5 min after
injection and exhibited slow kinetics. It accumulated highly in most parts of the brain.
PET and IHC classifications were consistent for most parts of the telencephalon, while
brain regions of the diencephalon, mesencephalon, and rhombencephalon were rated
higher with PET than IHC.

Conclusions: This preclinical [18F]MK-9470 study demonstrated the radioligand’s
applicability for imaging the region-specific CB1 receptor availability in the healthy
adult mouse brain and thus offers the potential to study CB1 receptor availability in
pathological conditions.

Keywords: cannabinoid type 1 receptor, [18F]MK-9470, microPET, mouse, immunohistochemistry
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INTRODUCTION

The endocannabinoid system plays an important role in
several physiologic processes such as memory function, motor
control, pain processing, food intake, and energy balance. It
is composed of cannabinoid type 1 (CB1) and 2 receptors, its
endogenous ligands (endocannabinoids), and their synthesizing
and degrading enzymes. The CB1 receptor is a G-protein coupled
receptor and is prominently located presynaptically on excitatory
and inhibitory neurons. In the brain of rodents, rhesus monkeys
as well as humans, CB1 receptor protein is found at very high
density in regions such as the globus pallidus, substantia nigra,
hippocampal dentate gyrus, and the cerebellar cortex. A high
density of CB1 receptors is also observed in the cerebral cortex,
other parts of the hippocampal formation, and striatum as shown
by autoradiographic studies (Herkenham et al., 1990). A sparse
to a very low density of receptors was observed in regions such
as the hypothalamus, basal amygdala, central gray, thalamus,
and brainstem (Herkenham et al., 1990). In a wide range of
preclinical and clinical positron emission tomography (PET)
studies, altered availability of CB1 receptor has been shown in
the context of psychiatric diseases, such as addictive disorders
(Gérard et al., 2010; Hirvonen et al., 2012, 2013, 2018; Neumeister
et al., 2012; Ceccarini et al., 2013b, 2014, 2015; D’Souza et al.,
2016), schizophrenia (Wong et al., 2010; Ceccarini et al., 2013a;
Verdurand et al., 2014; Ranganathan et al., 2016), post-traumatic
stress disorder (Neumeister et al., 2013; Pietrzak et al., 2014) and
eating disorders (Addy et al., 2008; Gérard et al., 2011; Casteels
et al., 2014; Ly et al., 2015; Ceccarini et al., 2016; Lahesmaa et al.,
2018), furthermore in neurological diseases, such as Parkinson’s
disease (Casteels et al., 2010b,d; Van Laere et al., 2012; Ceccarini
et al., 2019b), Huntington’s disease (Casteels et al., 2010c, 2011;
Ooms et al., 2014; Ceccarini et al., 2019a) and epilepsy (Goffin
et al., 2008, 2011; Cleeren et al., 2018). A better understanding
of the endocannabinoid system with its receptors will help to
refine diagnostic and evidence-based therapeutic strategies for
the treatment of associated disorders.

For imaging, the endocannabinoid system with PET,
several 11C- and 18F-labeled compounds have been developed.
Established CB1 receptor ligands include [18F]MK-9470
(Liu et al., 2007), [18F]FMPEP-d2 (Donohue et al., 2008),
[11C]MePPEP (Donohue et al., 2008), [11C]SD5024 (Tsujikawa
et al., 2014), and [11C]OMAR ([11C]JHU75528; Fan et al., 2006).
In the absence of an on-site cyclotron, we choose the 18F-labeled
ligand MK-9470 for our studies. [18F]MK-9470 was developed
by Merck and Company Incorporation based on the chemical
structure of taranabant (Merck and Company Incorporation)
and has a high affinity to the CB1 receptor (IC50 = 0.7 nM),
high lipophilicity (logD7.3 = 4.7), and a good brain uptake. The
signal-to-noise ratio in PET images of rhesus monkeys and
humans is 4–5:1 (Burns et al., 2007; Liu et al., 2007). Recent
studies showed that [18F]MK-9470 proved to be well suited for
imaging CB1 receptor availability in rats, monkeys as well as
humans in healthy and pathological conditions.

To gain a better understanding of the operation of the
endocannabinoid system, many preclinical studies have been
conducted. Using the ligand [18F]MK-9470, almost all preclinical

studies were carried out in rats; for certain experimental
questions, however, only mouse models are suitable, for
example when using genetically modified mice. Therefore,
this study aimed to provide a systematic analysis of regions
in the mouse brain using PET using the ligand [18F]MK-
9470. Also, we compared our results with literature data from
immunohistochemistry (IHC) to review the consistency between
ex vivo and in vivomethods.

MATERIALS AND METHODS

Animals
Six male C57BL/6J mice (21.5–28.1 g, 6–9 weeks of age; obtained
from the Translational Animal Research Center—TARC of the
University Medical Center Mainz) were examined. All applicable
international, national, and/or institutional guidelines for the
care and use of animals were followed. This study was approved
by the respective state authorities (Landesuntersuchungsamt
Rheinland-Pfalz).

Radiolabeling of [18F]MK-9470
The synthesis of the precursor [N-[(1S, 2S)-2-(3-Cyanophenyl)-
3-(4-hydroxyphenyl)-1-methylpropyl]-2-methyl-2-[(5-
methylpyridin-2-yl)oxy]propanamide was conducted as
described in detail by Liu et al. (2007). For radiolabeling,
the phenol group of the precursor was deprotonated with
cesium carbonate in dimethylformamide and finally reacted
with [18F]fluoroethyl tosylate (PET Net GmbH, Erlangen,
Germany) in a nucleophilic reaction as previously described
by our group (Miederer et al., 2013). Usually, the synthesis
took 30 min, including the time for reversed-phase HPLC for
purification and subsequent separation from the organic solvent
by C18 cartridge purification.

PET Data Acquisition
Isoflurane inhalation anesthesia (2% isoflurane vaporized in 60%
oxygen) was used to immobilize the mice, which were positioned
in the small animal PET scanner in the headfirst prone position.
A venous catheter, which was placed in one of the tail veins,
was used to inject [18F]MK-9470. Together with the injection,
a 60-min PET measurement was started with a Focus 120 small
animal PET scanner (Siemens/CTI, Knoxville, TN, USA). This
small animal PET scanner has lutetium oxyorthosilicate detectors
having a size of 1.5 × 1.5 × 10 mm3 for coincidence detection of
photons (time window: 6 ns). The resolution in the center of the
field of view is≤1.4 mm. As part of the quality control, a detector
normalization and cross-calibration with a dose calibrator (VDC
404, Veenstra Instruments, Joure, Netherlands) were performed
regularly. The PET data acquisition took place in the list mode
data format.

PET Data Analyses
Two mice, a CB1 receptor-deficient mouse, and a wild-type
mouse, whose data acquisition is described in Miederer et al.
(2013), were re-analyzed. This means that these data, which
were previously only analyzed statistically, are presented over the
whole acquisition time course.
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The list-mode data, acquired for this study, were sorted into
a sinogram matrix with frames of 3 × 20, 3 × 60, 3 × 120,
10 × 300 s (=19 frames). The data were reconstructed with
filtered back-projection [ramp filter (cut-off = 0.5)] into a
128 × 128 matrix with 95 slices of 0.8 mm thickness (pixel size
0.87 × 0.87 mm2). Corrections included detector dead time and
random coincidences, which yielded images in the unit Bq/ml.

PET data were co-registered to the T2-weighted magnetic
resonance image (MRI) template provided by the PMOD
software (version 4.0, Zurich, Switzerland) based on the work
of Ma et al. (2005) and Mirrione et al. (2007). The following
volumes-of-interest (VOI) were selected from the VOI atlas
(Ma et al., 2005 and Mirrione et al., 2007): (1) forebrain:
olfactory bulb, caudate putamen (striatum), basal telencephalon
septum, cerebral cortex, hippocampus, thalamus, hypothalamus,
amygdala; (2) midbrain: superior colliculus, inferior colliculus,
central substantia grisea, midbrain; (3) hindbrain: cerebellum,
brain stem; and (4) whole brain (created from the previously
defined 15 brain regions). The outcome parameter was calculated
as %ID/ml = mean value of the radioactivity concentration (in
the unit Bq/ml)/injected radioactivity (in the unit Bq) × 100%
and included the 40–60 min acquisition interval for individual
brain regions. All results were reported as mean ± standard
deviation. A two-tailed paired t-test was used to compare means
for VOI of different receptor densities and thus, four main
comparisons were defined before the analyses: cerebellum vs.
pons, caudate putamen vs. pons, cerebellum vs. hippocampus,
and hippocampus vs. pons. The global significance level was
αglobal = 0.05 and a Bonferroni correction yielded a local
significance level of αlocal = 0.0125.

Classification of PET Data and IHC
Literature Data
The PET results of the [18F]MK-9470 accumulation in the
mouse brain were compared with the immunohistochemical
work of Egertová et al. (2003), Harkany et al. (2003), and
Cristino et al. (2006). The methods used in each case are briefly
explained below. Egertová et al. (2003) assessed the role of the
enzyme fatty acid amide hydrolase (FAAH) in the regulation of
endocannabinoid signaling, thereby comparing the distribution
of FAAH and CB1 receptor expression in the brains of 129SvJ-
C57BL/6 mice. In brief, Egertová et al. (2003) used brain sections
that were preincubated with normal goat serum. To depict the
CB1 receptor immunoreactivity, one part of the brain sections
was incubated with the antiserum 2825.3 to the C-terminal
tail of the mouse/rat CB1 receptor and the other with affinity-
purified antibodies from the CB1 receptor-antiserum 2816.4.
Harkany et al. (2003) analyzed the distribution of CB1 receptors,
vesicular glutamate transporters 3, and FAAH in the basal
forebrain of C57BL/6Nmice. In short, to depict the CB1 receptor
immunoreactivity in a double-labeling experiment, Harkany
et al. (2003) used brain sections that were preincubated with
normal donkey serum and then incubated with rabbit anti-CB1
receptor primary antibodies raised against the C-terminal
tail of the CB1 receptor. Subsequently, the brain sections
were incubated with carbocyanine (Cy)2-conjugated donkey
anti-rabbit immunoglobulin G. To depict the CB1 receptor

immunoreactivity in a triple-labeling experiment, brain sections
were preincubated with normal donkey serum and then
incubated with rabbit and goat anti-CB1 receptor primary
antibodies directed against the C-terminal tail of the rat
CB1 receptor. Subsequently, the brain sections were incubated
with carbocyanine (Cy)2-, 3- and 4-conjugated antibodies from
donkeys. Cristino et al. (2006) investigated the localization of
CB1 and transient receptor potential vanilloid type 1 channel
(TRPV1) in Swiss and ABH (wild-type, CB1−/−, and TRPV1−/−)
mice. In brief, Cristino et al. (2006) used brain sections that
were preincubated with normal goat serum and then incubated
with rabbit polyclonal antibodies raised against the N-terminal
tail of the CB1 receptor. Subsequently, the brain sections were
incubated in biotinylated goat anti-rabbit immunoglobulin G.

To facilitate the comparison between (quantitative,
continuous) PET data and (qualitative) IHC data, the data
were classified into four categories, namely no (−), low (+),
mean (++) and high (+++) accumulation of the radioactivity
concentration or immunohistochemical staining. The IHC data
were classified based on visual inspections of the results and their
descriptions in the literature sources. Statements such as ‘‘little
or no,’’ ‘‘few’’ or ‘‘void’’ led to a classification of ‘‘–.’’ Statements
like ‘‘low,’’ ‘‘some’’ or ‘‘weak’’ were classified as ‘‘+.’’ Descriptions
like ‘‘network of CB1-immunoreactive fibers’’ or ‘‘intensely
CB1 receptor-ir fiber meshwork’’ led to a rating of ‘‘++’’ and
statements like ‘‘dense meshwork of fibers’’ or ‘‘very high
concentration of CB1-immunoreactivity’’ were rated as ‘‘+++.’’
The PET data were classified based on the outcome parameter
%ID/ml, ranging from mean values of 1.5–2.6 %ID/ml, and
were subdivided into three categories. That is, signals within
the interval 1.5–1.8 %ID/ml lead to a rating of ‘‘+.’’ Parameters
within the interval 1.8–2.2 %ID/ml were rated as ‘‘++’’ and
signals within the interval 2.2–2.6 %ID/ml were classified as
‘‘+++.’’ As there was no brain region devoid of a PET signal, the
category ‘‘−’’ was omitted here.

RESULTS

[18F]MK-9470 binds specifically to CB1 receptors in the mouse
brain, as depicted in Figures 1A,B. In the wild-type mouse, the
ligand is slowly taken up into the brain, while in the knock-out
mouse, it is washed out after the first half minute. The level of the
unspecific signal in the CB1 receptor knock-out mouse is about
20% of the maximum signal measured in the wild-type mice.

The radioactivity concentration of [18F]MK-9470 was taken
up into themouse brain within 5min after injection, as illustrated
in Figure 2. Then, it reached its maximum and remained at
a mean value of approximately 2.2 %ID/ml until the end of
the acquisition; the coefficient of variation is approximately
12% in this time interval. As expected, the ligand [18F]MK-
9470 exhibited slow kinetics in the mouse brain.

Reconstructed PET images showed the accumulation of
[18F]MK-9470 in the mouse brain and differences between
brain regions, as depicted in Figures 3A,B. Calculated from
summed images (40–60 min), the highest signal was obtained
in the central gray (2.56 ± 0.39 %ID/ml) and the lowest in
the olfactory bulb (1.47 ± 0.08 %ID/ml). The coefficients of
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FIGURE 1 | [18F]MK-9470 binds specifically to cannabinoid type 1 (CB1) receptors in the mouse brain. (A) Left: CB1 receptor knock-out mouse, right: wild-type
mouse. Positron emission tomography (PET) images were summed from 40 to 60 min [injected radioactivity: 8.5 MBq (CB1−/−) and 8.0 MBq (CB1+/+), anaesthesia:
0.2 ml xylazine/ketamine, data acquisition: 60 min]. (B) Standardized volumes-of-interest (VOI) were drawn for the whole mouse brains (n = 2). Extracted radioactivity
concentrations were normalized to the maximum radioactivity concentration in the wild-type mouse.

FIGURE 2 | The ligand [18F]MK-9470 exhibits slow kinetics in the mouse
brain. Standardized VOI were drawn for the whole mouse brains (PMOD
Technologies LLC, Zurich, Switzerland). Extracted radioactivity concentrations
were normalized to the injected radioactivity for each mouse and averaged
over the group (n = 5; injected radioactivity: 6.6 ± 1.1 MBq, anesthesia: 2%
isoflurane). Results are presented as mean ± standard deviation.

variation for all brain regions were in the range of 5–20%.
The descending rank order of [18F]MK-9470 concentration
in defined brain regions was: central gray > inferior
colliculi > superior colliculi >midbrain > thalamus > caudate-
putamen > hippocampus > whole-brain > cerebellum > basal
forebrain septum > hypothalamus > brain stem > cortex
cerebri > amygdala > olfactory bulb. The two-sided paired
t-tests revealed significant differences, that is, p-values < 0.0125,

for cerebellum vs. brain stem, caudate putamen vs. brain stem,
cerebellum vs. hippocampus, and hippocampus vs. brain stem.

The comparison of PET and IHC data is given in
Table 1. Classifications were consistent for the brain region’s
olfactory bulb, cerebral cortex, hippocampus, basal forebrain
septum, and amygdala. The other brain regions showed
a higher rating for PET data as compared to IHC data.
PET and IHC classifications matched for most parts of the
telencephalon, whereas brain regions of the diencephalon,
mesencephalon, and rhombencephalon were rated higher
with PET.

DISCUSSION

We present a PET study of the CB1 receptor in vivo availability
in the mouse brain and compare the results with literature data
from IHC. We understand this work as a methodological basis
for further studies in mouse disease models.

The ligand [18F]MK-9470 shows a high affinity to the
CB1 receptor, high lipophilicity, and a good uptake in
the brain. It is based on the chemical structure of the
pharmaceutical taranabant (MK-0364; Merck and Company
Incorporation), which is an inverse agonist just like the earlier
developed pharmaceutical rimonabant (SR141716; Sanofi-
Aventis). Both ligands had the indication for the treatment
of obesity and entered phase III clinical trials; however,
they had to be withdrawn from clinical trials due to serious
adverse events. Both ligands are nevertheless candidates in
preclinical PET studies for investigation of the endocannabinoid
system (Hjorth et al., 2016).

In a comparative study in CB1 receptor knock-out and
wild-type mice, we showed that [18F]MK-9470 specifically

Frontiers in Neuroanatomy | www.frontiersin.org 4 November 2020 | Volume 14 | Article 593793150

https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Miederer et al. CB1 Receptor Availability in the Mouse Brain

FIGURE 3 | [18F]MK-9470 accumulation in the mouse brain as measured
with PET. PET images were summed from 40 to 60 min and co-registered to
a T2-weighted magnetic resonance template (PMOD Technologies LLC,
Zurich, Switzerland). The radioactivity concentration of the ligand in tissue
was normalized to the injected radioactivity for each mouse and averaged
over the entire group (n = 5; injected radioactivity: 6.6 ± 1.1 MBq, anesthesia:
2% isoflurane, data acquisition: 60 min). (A) Horizontal brain layers of
magnetic resonance images (MRI) and PET images are passing through the
interaural line from 6 to 0 mm. T2-weighted magnetic resonance template
images are presented as anatomic reference. (B) Region-specific
accumulation of [18F]MK-9470 in the mouse brain as obtained from
standardized VOIs (PMOD Technologies LLC, Zurich, Switzerland). Results
are presented as mean ± standard deviation.

binds to CB1 receptors in the evaluation of the whole brain
(Miederer et al., 2013). The analysis of the whole time course
of the data showed that unspecific binding is approximately
20% of the signal present in a wild-type mouse during the
period of 40–60 min. The specificity for CB1 receptors was
also demonstrated in another study in knock-out (n = 4)
and wild-type mice (n = 4) for the ligand [11C]OMAR
([11C]JHU75528). Here, knock-out mice showed a 50% lower
uptake as compared to wild-type mice in this period (Herance

et al., 2011). Related to these data, [18F]MK-9470 exhibits less
unspecific signals.

The ligand [18F]MK-9470 was taken up into the mouse brain
within 5 min after injection and exhibits slow kinetics, which
was observed in rat and human brain studies before. In the rat
brain, this ligand arrives at a plateau approximately 300 min after
injection (Casteels et al., 2012), whereas in the human brain, this
plateau is reached earlier, after approximately 120 min (Burns
et al., 2007). It is generally assumed that the slow kinetics of
the ligand is caused by the high affinity of the ligand for the
receptor and the high density of the receptor in the brain, which
might lead to rapid local re-association of the ligand to the
receptor. In the context of PET studies, a slow kinetic behavior
of a ligand makes it difficult to determine its dissociation rates
from the receptors (‘‘k4’’) using mathematical models, as shown
for [18F]MK-9470 in previous studies (Sanabria-Bohórquez et al.,
2010; Casteels et al., 2012; Miederer et al., 2018). In other mouse
studies, 11C-labeled CB1 receptor ligands were used, such as
[11C]MePPEP and [11C]OMAR ([11C]JHU75528), which could
also be classified as slow, but still showed faster kinetics than
[18F]MK-9470 and could be analyzed with mathematical models
(Horti et al., 2006; Terry et al., 2008). The slow kinetics of the
ligand [18F]MK-9470 would probably not allow the application
of mathematical models for mouse brain data; for analyses
of the [18F]MK-9470 accumulation in the mouse brain with
semi-quantitative parameters such as %ID/ml or standardized
uptake value (SUV), simple acquisition protocols starting from
10 min after ligand injection are well applicable.

As visually assessed in this study, the ligand [18F]MK-
9470 accumulated highly in regions of the telencephalon,
diencephalon, mesencephalon, and rhombencephalon, and thus
showed the same distribution as illustrated in C57BL/6 control
animals by Ooms et al. (2014). In our study, we referred to the
calculations of the parameter %ID/ml, which partially overlaps
in its ranking with that of other ligands (central gray > inferior
colliculi > superior colliculi >midbrain > thalamus > caudate-
putamen > hippocampus > whole-brain > cerebellum > basal
forebrain septum > hypothalamus > brain stem > cortex
cerebri > amygdala > olfactory bulb). In a mouse study with
[18F]FMPEP-d2, in which binding ratios (reference region:
thalamus) were calculated as outcome parameter, it was shown
that the regions striatum, frontal cortex, and hippocampus
were calculated in this order as highly accumulating, while
the ranking of other regions, such as hypothalamus, brain,
cerebellum, parietotemporal cortex, was age-dependent
(Takkinen et al., 2018). In a mouse study with [11C]OMAR
([11C]JHU75528), the parameter %ID/ml revealed a rank order
of striatum > hippocampus > cortex > cerebellum > thalamus
> brain stem (Horti et al., 2006). The %ID/ml values were
slightly higher, but in the same range (approximately 2.5–6
%ID/ml) as compared to the values for the parameter %ID/ml
for the ligand [18F]MK-9470 in our study (1.5–2.6 %ID/ml).
In a study with [11C]MePPEP, however, the authors could not
analyze individual brain regions and stated that they measured
a similar concentration of the ligand in every brain region
(Terry et al., 2008). We assume that these different results are
due to the different chemical structures of the ligands, but
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TABLE 1 | Comparison of positron emission tomography and immunohistochemistry data.

[18F]MK-9470 %ID/ml Category of [18F]MK-9470 accumulation1 Category of immune reaction2

Telencephalon
Olfactory bulb 1.47 ± 0.08 + +
Cerebral cortex 1.92 ± 0.32 ++ ++
Hippocampus 2.29 ± 0.41 +++ +++
Basal ganglia: caudate putamen 2.33 ± 0.40 +++ +
Basal ganglia: globus pallidus n/a n/a +++
Basal forebrain septum 2.07 ± 0.29 ++ +/++
Amygdala 1.87 ± 0.38 ++ ++
Diencephalon
Hypothalamus 1.99 ± 0.34 ++ +
Thalamus 2.34 ± 0.35 +++ −

Mesencephalon
Tectum mesencephalic:colliculus superior 2.44 ± 0.37 +++ −

Tectum mesencephalic: colliculus inferior 2.48 ± 0.35 +++ −

Tegmentum mesencephalic:substantia nigra n/a n/a +++
Substantia grisea centralis 2.56 ± 0.39 +++ +
Mesencephalon (whole region) 2.41 ± 0.42 +++ +
Rhombencephalon
Cerebellar cortex n/a n/a +++
Cerebellum (whole region) 2.11 ± 0.40 ++ n/a
Brain stem 1.95 ± 0.36 ++ −

Whole-brain 2.19 ± 0.35 ++ n/a

No (–), low (+), mean (++) and high (+++) accumulation of the radioactivity concentration or immunohistochemical staining. 1Classification of the cannabinoid type 1 (CB1) receptor
accumulation is based on the range of the outcome parameter %ID/ml. 2Classification of the CB1 receptor density into categories is based on the results of Egertová et al. (2003),
Harkany et al. (2003), and Cristino et al. (2006), n/a: no data available.

also due to the comparison of different outcome parameters
or age-dependent effects. Interestingly, there is evidence that
the level of CB1 receptor protein expression is not necessarily
proportional to the efficacy of G protein-dependent signaling of
the CB1 receptor. As reviewed by Busquets-Garcia et al. (2018),
functional studies indicate that different levels of G protein
activations are observed between brain regions and also within
the same brain regions. It was shown that the hypothalamus,
a region of low levels of the CB1 receptor, induces a stronger
G protein activation as compared to brain regions with higher
CB1 receptor expression (Breivogel et al., 1997). Furthermore, in
the hippocampus of CB1 receptor-deficient mice, glutamatergic
neurons were shown to induce a stronger G protein activation
as compared to GABAergic interneurons (Steindel et al., 2013).
According to Busquets-Garcia et al. (2018), processes related
to specific cell types and subcellular compartments could
explain the range of behavioral effects induced by exogenous
cannabinoids. Returning to the present study in mice, we also
asked whether the receptor availability of individual brain
regions can be distinguished from each other at all due to the
small brain size of mice. Two-sided paired t-tests revealed
significant differences for various brain regions investigated
(cerebellum vs. brain stem, caudate putamen vs. brain stem,
cerebellum vs. hippocampus, and hippocampus vs. brain stem),
indicating that accumulations of the ligand [18F]MK-9470 in the
mouse brain can be calculated for individual brain regions.

PET and IHC classifications were consistent for most parts
of the telencephalon, while brain regions of the diencephalon,
mesencephalon, and rhombencephalon were rated higher with
PET than in IHC. This discrepancy applies to the brain
regions thalamus, colliculus superior, colliculus inferior, and
brainstem, which have no or few receptors, as well as to

the brain regions caudate-putamen, substantia grisea centralis,
and the entire mesencephalon, whose receptor densities have
been described as low or weak. The works of Egertová et al.
(2003), Harkany et al. (2003) and Cristino et al. (2006)
showed consistent anatomical localization of CB1 receptors.
Egertová et al. (2003) observed both complementary and
anatomically associated patterns of FAAH and CB1 receptors
and concluded implications of FAAH on previously described
retrograde signaling of endocannabinoids. Harkany et al. (2003)
found similar appearances of CB1 receptors and FAAH as
also described by Egertová et al. (2003) and complementary
patterns of CB1 receptors and vesicular glutamate transporters
three from which they concluded implication on cholinergic
signaling mechanisms. The work of Cristino et al. (2006)
demonstrates the co-expression of CB1 and TRV1 receptors
in several brain regions which explains findings from previous
in vitro studies. Differences between PET and IHC can be
explained, on the one hand, by the lipophilicity of the ligand
[18F]MK-9470 that leads to levels of unspecific signal in the
PET image. In a study with rats using the CB1 receptor
antagonist rimonabant for receptor blocking before PET, we
estimated that 58% of the signal is allocated to unspecific
binding (Miederer et al., 2013); we assume that in this mouse
study, too, a significant portion of the signal was due to
non-specific binding. One explanation is that the receptor-
ligand [18F]MK-9470 probably also accumulates in lipophilic cell
membranes, which cannot be prevented. On the other hand,
isoflurane anesthesia has been shown to affect the accumulation
of [18F]MK-9470 in the rat brain. Casteels et al. (2010a) showed
a reduction of the relative uptake (SUVs normalized to whole
brain uptake) in cortical brain regions and an increase of this
parameter in subcortical regions, the cerebellum, and pons
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under isoflurane anesthesia as compared to control animals.
The authors showed that pentobarbital produced similar effects.
Usually, anesthesia during PET experiments on small animals
cannot be dispensed with. The anesthetic isoflurane offers several
advantages (low metabolization rate, rapid flooding in and out,
easily controllable) and is therefore frequently used. Another
aspect that may have led to differences between the PET and
IHC method is the partial volume effect (Rousset et al., 1998).
The Focus 120 PET scanner has a resolution of ≤1.4 mm in
the center of the scanner’s field of view, i.e., a partial signal loss
occurs in brain structures smaller than twice the resolution of the
scanner because the affected brain structures only cover a part of
the scanner’s point spread function. Also, spill-over effects can
arise in brain structures due to signal contributing from adjacent
tissue. In the publications of Egertová et al. (2003), Harkany et al.
(2003) and Cristino et al. (2006) which are used to compare
with experimental PET results, the resolution of the IHC is not
explicitly mentioned, but should be in the range of micrometers
and therefore play a minor or no role here. It is noticeable
that we observe a drastic difference between PET and IHC
results for thalamus, colliculus superior, and colliculus inferior,
which were categorized as ‘‘+++’’ for PET and ‘‘−’’ for IHC.
Since no signal can be detected in these regions with the IHC
(Egertová et al., 2003; Harkany et al., 2003), it is assumed that no
receptors are present there. In addition to the general reasons for
an overestimated PET signal, we believe that spill-over effects,
i.e., signal contributing from adjacent tissue, are of particular
importance here due to the subcortical localization of the brain
regions mentioned and the high CB1 receptor density. Since we
cannot explain this phenomenon in detail and cannot correct
spill-over effects here, we would like to point out that the
interpretation of the results of these brain regions requires
special caution. Our study shows that for future intervention
studies a (randomized, controlled) study design with baseline
measurements is required to eliminate the overestimation of the
regions. For future case-control studies we assume that these
effects are not statistically significant, even if special attention
must be paid to these regions, since it can be assumed that
they are the same in all groups. Despite the critical aspects
regarding the PET method, it has a number of advantages over
ex vivo methods such as the IHC: it enables the assessment of
the time-dependent uptake of the ligand into tissue of the living
animal, also in terms of longitudinal studies, and the assessment
of the entire brain instead of brain slices.

LIMITATIONS

The first limitation concerns the use of IHC literature data for
method comparison instead of experimental data for the IHC.
Therefore, no intra-individual comparisons could be made for
the PET and IHC methods. However, we do not consider this
limitation to be serious, as experimental IHC data would only
be a further confirmation of existing knowledge (see Egertová
et al., 2003; Harkany et al., 2003; Cristino et al., 2006). A second
limitation is the comparison of different sample shapes. For
PET, we have defined volumes (slice thickness: mm) for the
analyses, and the IHC is based on the analysis of brain slices

(slice thickness: µm). It would hardly be possible to precisely
superimpose the IHC brain slices with individual layers of
PET images. In this way, the brain regions considered always
remain different. Since the method comparison between PET
and IHC is based on the comparison of qualitative characteristics
and a ranking scale (and not on a correlation of quantitative,
continuous characteristics), we believe that the error made
is negligible. A third point concerns the reproducibility of
the experimental PET study and the cited studies for the
IHC for which we have no information. For the IHC, this
would require laboratory comparisons to check and compare
their measurement quality. However, as mentioned above, the
distribution has already been shown in agreement in several
studies (see Egertová et al., 2003; Harkany et al., 2003; Cristino
et al., 2006), thus, we assume a good reproducibility. PET
test-retest measurements in rats showed that the variability
between the test and retest measurements was <5% (Miederer
et al., 2013) so that we assume a variability in the same order of
magnitude for our mice studies. Two final remarks concern the
PET and IHC methods in general. These methods are suitable
to measure CB1 receptor availability and protein expression;
however, these parameters do not necessarily correlate with
agonist-induced recruitment of G proteins and thus with
functional relevance, as reviewed in detail by Busquets-Garcia
et al. (2018). Furthermore, CB1 receptors are not only located
at presynaptic terminals but also at postsynaptic compartments
of neurons and on astrocytes, which cannot be depicted by
PET or IHC. These two aspects, concerning functional relevance
and imaging possibilities, must be taken into account in the
evaluation and interpretation of measurement data.

CONCLUSIONS

For the analysis of the [18F]MK-9470 accumulation in the mouse
brain, a semi-quantitative parameter such as %ID/ml is well
suited to provide a simple acquisition and analysis protocol that
allows the differentiation of individual brain regions. However,
care should be taken when interpreting PET results of subcortical
regions, such as the thalamus, as these regions are associated with
an overestimation of the PET signal. Compared to the ex vivo
method IHC, PET makes it possible to assess the time-course
of the ligand into tissue and to investigate the entire brain
instead of brain slices. This preclinical [18F]MK-9470 study has
demonstrated the radioligand’s applicability for imaging the
CB1 receptor availability in the healthy mouse brain and thus
offers the potential to study the endocannabinoid system in
pathological conditions in mice.
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Preterm infants exposed to supraphysiological oxygen (hyperoxia) during the neonatal
period have hippocampal atrophy and cognitive dysfunction later in childhood and as
adolescents. Previously, we reported that 14-week-old adult mice exposed to hyperoxia
as newborns had spatial memory deficits and hippocampal shrinkage, findings that
mirror those of human adolescents who were born preterm. The area CA1 region of
the hippocampus that is crucial for spatial learning and memory is highly vulnerable
to oxidative stress. In this study, we investigated the long-term impact of neonatal
hyperoxia exposure on hippocampal CA3–CA1 synaptic function. Male and female
C57BL/6J mouse pups were continuously exposed to either 85% normobaric oxygen
or air between postnatal days 2–14. Hippocampal slice electrophysiology at CA3–CA1
synapses was then performed at 14 weeks of age. We observed that hyperoxia
exposed mice have heightened strength of basal synaptic transmission measured
in input-output curves, increased fiber volley amplitude indicating increased axonal
excitability, and heightened LTP magnitude at CA3–CA1 synapses, likely a consequence
of increased postsynaptic depolarization during tetanus. These data demonstrate that
supraphysiological oxygen exposure during the critical neonatal developmental period
leads to pathologically heightened CA3–CA1 synaptic function during early adulthood
which may contribute to hippocampal shrinkage and learning and memory deficits we
previously reported. Furthermore, these results will help shed light on the consequences
of hyperoxia exposure on the development of hippocampal synaptic circuit abnormalities
that could be contributing to cognitive deficits in children born preterm.

Keywords: early-life insult, hyperoxia, preterm, long-term hippocampal dysfunction, synaptic transmission,
neuronal excitability
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INTRODUCTION

Children and adolescents who were born very preterm are
at higher risk of a lower intelligence quotient (Brydges et al.,
2018) and deficits in executive function and processing speed
(Lundequist et al., 2015; Brydges et al., 2018). They are also
at high risk for developing attention deficit hyperactivity
disorder and autism spectrum disorder (Rommel et al., 2017;
Franz et al., 2018) than their counterparts who were born
at term. In the neonatal intensive care unit, oxygen (O2) is
the most widely used therapy. Extremely preterm infants
(gestational age ≤28 weeks) frequently require prolonged
periods of high concentrations of O2 due to the immaturity
of their lungs. Under normal conditions in utero, with greater
adaptive mechanisms allow an adequate supply of O2 to
the tissues, the fetus develops in a relatively hypoxemic
environment (fetal oxygen saturation of 80%; Castillo et al.,
2008). In contrast, for ex-utero preterm infants, organ
development occurs in a relatively hyperoxemic condition
as the targeted range for O2 saturation (saturation range
88–95%) is higher than fetal levels, which could have
a deleterious effect on organ development (Askie et al.,
2017). The high concentrations of unsaturated fatty acids,
high rate of O2 consumption, and low concentrations
of endogenous antioxidants make the developing brain
highly vulnerable to oxidative stress (OS; Ikonomidou and
Kaindl, 2011). Though cumulative OS has been linked with
neurodegenerative disorders such as Alzheimer’s disease
(Cioffi et al., 2019) and Parkinson’s disease (Crotty et al.,
2017), the impact of OS during the critical developmental
period on brain development and function later in life is not
well known.

Previously, we have shown that young adult C57BL/6J
(14-week-old) mice that are exposed to 85% O2 (hyperoxia)
from postnatal day (P) 2–14 (neonatal) exhibit deficits in
spatial learning, show signs of hyperactivity and have shrinkage
of area CA1 of the hippocampus (Ramani et al., 2013), a
brain region central to normal learning and memory (Squire,
1992; Tsien et al., 1996; Squire, 2004; Eichenbaum, 2017;
Stevenson et al., 2018) that is highly vulnerable to OS (Wilde
et al., 1997; Wang et al., 2007; Wang and Michaelis, 2010;
Medvedeva et al., 2017). Recently, we have shown that hyperoxia
exposure during the neonatal period (P2–14) permanently
impairs hippocampal mitochondrial function, increases proton
leak in the mitochondria, and alters complex I enzyme function
when assessed at young adult age (Ramani et al., 2019).
Adequate mitochondrial function is essential for normal synaptic
function and long-term plasticity as well as the formation and
maintenance of learning and memory. An altered hippocampal
mitochondrial function could increase neuronal reactive oxygen
species (ROS), disturb homeostasis, and lead to abnormalities
in the induction and maintenance of hippocampal long-term
potentiation (LTP), a form of long-term synaptic plasticity which
results in a persistent strengthening of synaptic transmission,
contributing to long-term memory formation and maintenance
(McGaugh, 2000; Levy et al., 2003; Cheng et al., 2010;
Todorova and Blokland, 2017; Asok et al., 2019; Rossi and

Pekkurnaz, 2019). While our previous research has shown
that early life oxidative stress leads to deficits in cognitive-
behavioral performance measured at 14 weeks of age, which
are likely permanent, the mechanisms by which this occurs are
still unknown.

In this study, we hypothesized that prolonged exposure to
hyperoxia during the neonatal period would alter CA3–CA1
hippocampal synaptic function when assessed in early adulthood.

MATERIALS AND METHODS

All protocols were approved by the UAB Institutional Animal
Care and Use Committee (IACUC) and were consistent with the
PHS Policy on Humane Care and Use of Laboratory Animals
(Office of Laboratory Animal Welfare, Aug 2002) and the Guide
for the Care and Use of Laboratory Animals (National Research
Council, National Academy Press, 1996). Unless denoted, all
experiments were done with at least five to six mice of either sex
from at least two litters for each experimental condition.

Animal Model
C57BL/6J dams and their pups were exposed to either
normobaric hyperoxia (85% O2) or normobaric 21% O2
ambient air (Air) from second postnatal day (P2) until 14 days
of age (P14; Ross et al., 2006; James et al., 2010). Dams
were alternated every 24 h from hyperoxia to air to reduce
hyperoxia-induced adult lung injury. After the 14th postnatal
day (P14), mice were returned to air and maintained on a
standard rodent diet and light/dark cycling in micro isolator
cages until assessment at 14 weeks of age. A series of
electrophysiological assessments were performed to study basal
synaptic transmission, neurotransmitter release probability, and
the induction of LTP. Animals of both sexes were used in
this study.

Hippocampal Slice Preparation
Animals were deeply anesthetized via inhalation of isoflurane,
rapidly decapitated, and brains were removed. Coronal sections
(350 µm) from the dorsal hippocampus were prepared
using a vibratome (Leica VT10000A). To preserve neuronal
health and limit excitotoxicity, slices were sectioned in low
Na+, sucrose-substituted ice-cold artificial cerebrospinal fluid
[aCSF; in mM: NaCl 85; KCl 2.5; MgSO4 4; CaCl2 0.5;
NaH2PO4 1.25; NaHCO3 25; glucose 25; sucrose 75 (saturated
with 95% O2, 5% CO2, pH 7.4)]. Slices were held at
room temperature for 1 h in aCSF [in mM: 119.0 NaCl,
2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 NaH2PO4, 26.0 NaHCO3,
11.0 Glucose (saturated with 95% O2, 5% CO2, pH 7.4)] before
transfer to bath submersion chamber warmed to 26–28◦C
for recordings.

Electrophysiology
As previously described (Smith and McMahon, 2018b),
extracellular field excitatory postsynaptic potentials (fEPSPs)
were recorded from the dendrites of CA1 pyramidal cells.
CA3 axons were stimulated using a stainless-steel electrode
(FHC, Bowdoin, ME, USA) placed in the middle of the
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CA1 stratum radiatum between the CA1 pyramidal cell
layer and the hippocampal fissure within 200–300 µm of an
aCSF-filled glass recording electrode, also within CA1 stratum
radiatum. Baseline fEPSPs were obtained by delivering a 0.1 Hz
stimulation for 200 µs to generate fEPSPs of ∼0.5 mV in
amplitude (∼50% of maximal response). The paired-pulse
facilitation (PPF) characteristic of this synapse was elicited
using an inter-stimulus interval of 50 ms (Wu and Saggau,
1994). All data were obtained using pClamp10 software
(Molecular Devices, LLC, San Jose, CA, USA) and analyzed
using GraphPad Prism 7 (GraphPad Software, Incorporation,
and SigmaPlot V12 (Systat Software, Incorporation). Only
experiments with ≤8% baseline variance were included in the
final data sets.

Input/Output curves: following a stable 10-min baseline,
input-output (I/O) curves were generated by increasing the
stimulus intensity (10 µA increments) until a maximal fEPSP
slope was obtained. The initial slopes of the six fEPSPs generated
at each stimulus intensity were averaged and plotted as a single
value. Fiber volley amplitudes were also measured to determine
the change in axonal activation across the same stimulation
range (0–320µA). Statistical significance was determined using a
two-tailed and unpaired Student’s t-test at the maximal stimulus
intensity (320 µA; *p < 0.05).

Paired-Pulse Ratio (PPR): PPR was determined by dividing
the fEPSP slope of the second event in a pair of pulses at 50 ms
intervals by the slope of the first fEPSP. Statistical significance
was determined using a two-tailed unpaired Student’s t-test at
the maximal stimulus intensity (320 µA; *p < 0.05).

Long-term potentiation (LTP): following a 20 min stable
baseline (0.1 Hz, 200 µs duration with the stimulus strength set
to elicit initial fEPSP amplitude of ∼50% maximum response),
LTP was induced using one bout of theta-burst stimulation
(TBS). Each bout of TBS consists of five pulses at 100 Hz
repeated 10 times at 200 ms intervals (weak TBS). Weak TBS
was chosen to ensure that differences in the LTP magnitude were
not masked by using a strong TBS that could induce maximal
LTP. Statistical significance was determined using a two-tailed
unpaired Student’s t-test comparing the average of the fEPSP
slope from the last 5 min of the recording (44–59min) to baseline
for the air-exposed and hyperoxia-exposed groups (*p < 0.05,
**p < 0.01).

Postsynaptic depolarization to induce LTP: to determine if
TBS generated a different amount of postsynaptic depolarization
between experimental groups during LTP induction, the
area under the curve (AUC) was measured at 100 ms from
baseline. This arbitrary time point was chosen due to the
combined influence of NMDAR and AMPAR-mediated
currents being the most impactful. Statistical significance
was determined using a two-tailed unpaired Student’s
t-test (*p < 0.05).

Coastline Burst Index: as previously described
(Stewart et al., 2017), CA1 dendritic excitability was
quantified using a modified version of the Coastline
Burst Index (mCBI; Korn et al., 1987). The equation,∑125

25 (|Vx+1 − Vx|), was used to calculate mCBI, which
summates the voltage differential between each point

in the waveform (sampled at 10k Hz) beginning 5 ms
after the stimulus artifact (25 ms). The equation also
encompasses all repetitive population spikes activities
(25–70 ms corresponding to 2,000 total data points
per waveform).

Statistical Analysis
The experimenter was blind to the groups, data collection, and
analysis. Results were expressed as means± SE with significance
set at p < 0.05 (∗) determined by two-tailed unpaired Student’s
t-test assuming unequal variance comparing results from air to
hyperoxia exposed mice. Sufficient power was determined with
G∗Power 3.1.9.2 (Franz Faul, University Kiel, Germany). Outliers
were determined with a Grubb’s test (GraphPad Software,
Incorporation), and significant outliers were removed.

RESULTS

Basal Synaptic Transmission Is
Significantly Altered at CA3–CA1 Synapses
in Hyperoxia-Exposed Mice
To determine the lasting impact of early life O2 exposure on
the strength of excitatory input from CA3 pyramidal cells onto
CA1 pyramidal cells, we measured input-output (I/O) curves
generated by incrementally increasing the stimulus intensity
(0–320 µA, 10 µA intervals). As shown in Figure 1A, the
maximum fEPSP slope is significantly larger at CA3–CA1
synapses measured in slices from the young adult mice
exposed to neonatal hyperoxia compared to air-exposed
mice (Figure 1A, at 320 µA, mean ± SE; Air = 0.31 ± 0.06,
Hyperoxia = 0.67 ± 0.15, p = 0.04, n = 6 slices/6 animals in
Air, and 6 slices/6 animals in Hyperoxia). To determine if this
increase in basal synaptic strength might result from an increase
in presynaptic excitability, we re-analyzed the data and plotted
fiber volley amplitude, a measure of axon depolarization, vs.
stimulus strength. Again, we found that the maximum fiber
volley amplitude at CA3–CA1 synapses was significantly larger
in young adult mice exposed to neonatal hyperoxia (Figure 1B, at
320 µA, mean± SE; Air = 0.25± 0.04, Hyperoxia = 0.45± 0.07,
p = 0.03, n = 6 slices/6 animals in Air, and 6 slices/6 animals in
Hyperoxia). Together, these data support the interpretation
that early life O2 exposure increases presynaptic
excitability resulting in heightened basal strength at the
CA3–CA1 synapses.

The Paired-Pulse Ratio Is Not Altered in
CA3–CA1 Synapses in Young Adult Mice
Exposed to Neonatal Hyperoxia
To determine whether early-life O2 exposure alters the
presynaptic release probability, we analyzed PPR, an indirect
measure of presynaptic neurotransmitter release probability
(Dobrunz et al., 1997). No differences in the PPR at CA3–CA1
synapses were detectable between the adult mice that had either
neonatal hyperoxia or air exposure (Figure 2A; mean ± SE;
Air = 1.48 ± 0.08, Hyperoxia = 1.54 ± 0.15, p = 0.75,
n = 5 slices/5 animals in Air, and 6 slices/6 animals in Hyperoxia),
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FIGURE 1 | Long-term effect of neonatal hyperoxia exposure on CA3–CA1 synapses basal synaptic transmission. (A) Input-Output curves. Blue circles represent
the air-exposed group, and red triangles represent the hyperoxia-exposed group. The maximum field excitatory postsynaptic potentials (fEPSP) slope is significantly
larger at CA3–CA1 synapses from the young adult mice exposed to neonatal hyperoxia compared to air-exposed mice. Unpaired Student’s t-test at 320 µA
means ± SEM; Air = 0.31 ± 0.06, Hyperoxia = 0.67 ± 0.15, p = 0.04, n = 6 slices/6 animals in Air, and 6 slices/6 animals in 85% O2. ∗Represents p < 0.05; Air vs.
Hyperoxia. (B) Fiber volley amplitude. Blue circles represent the air-exposed group, and red triangles represent the hyperoxia-exposed group. Compared to
air-exposed mice, fiber volley amplitude at the CA3–CA1 synapse was significantly larger in the young adult mice exposed to neonatal hyperoxia. Unpaired Student’s
t-test at 320 µA; mean ± SE; Air = 0.75 ± 0.19, Hyperoxia = 1.44 ± 0.23, p = 0.04, n = 6 slices/6 animals in Air, and 6 slices/6 animals in 85% O2. ∗Represents
p < 0.05; Air vs. Hyperoxia.

suggesting that presynaptic release probability in adulthood is
likely unaffected.

Heightened LTP Magnitude at CA3–CA1
Synapses in Young Adult Mice Exposed to
Neonatal Hyperoxia
Next, we asked whether the increased excitability observed in
the input/output curves would lead to heighten LTP magnitude
since strong depolarization facilitates the removal of the voltage-
dependent Mg2+ block from NMDARs. Indeed, a weak theta-
burst stimulation (TBS; one bout of TBS with each bout
consisting of five pulses at 100 Hz repeated 10 times at
200 ms interval) induced a greater magnitude of LTP at
CA3–CA1 synapses measured at 44–59 min post-TBS in young
adult mice exposed to hyperoxia compared to air-exposed
young adult mice (Figure 2B; Air-exposed: 134 ± 12% of
baseline fEPSP slope vs. Hyperoxia-exposed 217 ± 23% of
baseline fEPSP slope, **p < 0.01, n = 5 slices/5 animals in
Air, and 6 slices/6 animals in Hyperoxia). The greater LTP
magnitude was not a consequence of stronger stimulation
during baseline since the statistical comparison of baseline
fiber volley amplitudes were not different between groups (Air:
0.27 ± 0.05 mV vs. Hyperoxia: 0.18 ± 0.09 mV, p = 0.42).
Next, when we analyzed the magnitude of the postsynaptic
depolarization during the TBS, we found a larger depolarization
in young adult mice exposed to hyperoxia during the neonatal
period compared to air-exposed mice (Figure 2C; mean ± SE;
Air = 8.81 ± 0.73, Hyperoxia = 12.66 ± 1.34, p = 0.03,
n = 5 slices/5 animals in Air, and 6 slices/6 animals in Hyperoxia),

which could explain the greater magnitude LTP in hyperoxia-
exposed mice.

Coastline Burst Index Indicates
Hyperexcitability
For further analysis of the depolarization during TBS, we used
coastline burst analysis as a measure of heightened excitability.
We found that young adult mice exposed to neonatal hyperoxia
had a higher mean CBI percentage compared to room-air
exposed mice (Figure 3, mean ± SE; Air = 1.06 ± 0.03,
hyperoxia = 1.27 ± 0.05, p = 0.02, n = 6 slices/6 animals in
Air, and 6 slices/6 animals in Hyperoxia). Collectively these data
are consistent with the interpretation that the CA1 dendrites
in young adult mice exposed to hyperoxia during the neonatal
period are hyperexcitable, perhaps a consequence of increased
presynaptic excitability (Figure 1B) compared to air-exposed
young adult mice.

DISCUSSION

This is the first preclinical study to investigate the consequence of
early life hyperoxia exposure, a condition experienced by preterm
infants, on hippocampal synaptic function and long-term
plasticity. Using acute brain slice electrophysiology in 14-week-
old mice, we discovered that exposure to supraphysiological
levels of O2 during the first two postnatal weeks leads to
heightened presynaptic excitability, increased strength of basal
synaptic transmission, and a greater magnitude of LTP at
CA3–CA1 synapses. Previously, we reported deficits in spatial
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FIGURE 2 | Long-term effect of neonatal hyperoxia on presynaptic probability and the magnitude of long-term potentiation in young adult mice. (A) Paired Pulse
Ratio (PPR). A blue bar with horizontal lines represents the air-exposed group. The solid red bar represents the hyperoxia-exposed group. No differences in the PPR
were detectable between the adult mice that had either neonatal hyperoxia or air exposure at the CA3–CA1 synapse. Unpaired Student’s t-test mean ± SE;
Air = 1.48 ± 0.08, Hyperoxia = 1.54 ± 0.15, p = 0.75, n = 5 slices/5 animals in Air, and 6 slices/6 animals in 85% O2. (B) Long-Term Potentiation (LTP). Blue circles
represent the air-exposed group, and red triangles represent the hyperoxia-exposed group. The magnitude of theta-burst stimulation (TBS) induced LTP was
significantly greater at the CA3–CA1 synapses in the young adult mice exposed to neonatal hyperoxia compared to air-exposed mice. Unpaired Student’s t-test:
means ± SEM%; Air-exposed: 134 ± 12% of baseline fEPSP slope vs. Hyperoxia-exposed 217 ± 23% of baseline fEPSP slope, n = 5 slices/5 animals in Air, and
6 slices/6 animals in 85% O2. ∗Represents p < 0.01; Air vs. Hyperoxia. (C) Maximum depolarization at tetanus. A blue bar with horizontal lines represents the
air-exposed group. The solid red bar represents the hyperoxia-exposed group. Young adult mice that had hyperoxia exposure as neonates had a greater magnitude
of the postsynaptic depolarization during the TBS. Unpaired Student’s t-test: mean ± SE; Air = 8.81 ± 0.73, Hyperoxia = 12.66 ± 1.34, p = 0.03,
n = 5 slices/5 animals in Air, and 6 slices/6 animals in 85% O2.∗Represents p < 0.05; Air vs. Hyperoxia.

memory and increased anxiety in this model (Ramani et al.,
2013), findings that mimic neurobehavioral deficits seen in
adolescents born preterm who received prolonged periods
of supplemental O2 in the neonatal intensive care unit. In
addition to neurobehavioral deficits, preterm infants are also
at high risk for clinical and subclinical seizures compared to
term-born infants (22.2% compared to 0.5%; Scher, 2006).
Therefore, the abnormalities in synaptic transmission and
heightened excitability we observe in this model suggest similar
changes could be a major contributor to the cognitive and
neurobehavioral deficits and seizures seen in the adolescents
born preterm.

The pathophysiological processes by which early life
hyperoxia exposure increases CA3–CA1 synapse excitability are
likely complex. In this study, early life hyperoxia exposure leads
to a larger steady-state postsynaptic dendritic depolarization
later in life, which suggests that the larger magnitude of LTP

we observe at CA3–CA1 synapses in the hyperoxia-exposed
mice might be due to the heightened postsynaptic dendritic
depolarization. Further, the increased basal synaptic strength
and heightened axon excitability revealed in the I/O curves, in
addition to the increase in CA1 dendritic excitability observed
in the CBI analysis in the neonatal hyperoxia-exposed young
adult mice, indicates that early life O2 exposure also markedly
enhances excitability in the CA3–CA1 circuit later in life.
The increased fiber volley amplitudes at CA3–CA1 synapses
we observed indicate either a decrease in action potential
threshold in the axons or that a larger number of axons are
recruited by electrical stimulation during the generation of
the I/O curves and LTP induction. The lack of change in PPR
suggests there is no change in the presynaptic release probability
of glutamate, indicating that the heightened responses are
not likely caused by abnormal function of axon terminals.
Previously, we reported that hyperoxia reduces the expression
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FIGURE 3 | Long-term effect of neonatal hyperoxia on CA3–CA1 synapse
excitability in young adult mice. Blue circles represent the air-exposed group,
and red triangles represent the hyperoxia-exposed group. Young adult mice
exposed to neonatal hyperoxia had a higher mean coastal burst index
compared to air-exposed mice. Unpaired Student’s t-test: mean ± SE;
Air = 1.06 ± 0.03, Hyperoxia = 1.27 ± 0.05, p = 0.02. n = 5 slices/5 animals
in Air, and 6 slices/6 animals in 85% O2. ∗Represents p < 0.05; Air vs.
Hyperoxia.

of hippocampal potassium voltage-gated channel subfamily D
member 2 (KCND2) protein at 14 weeks (Ramani et al., 2018).
Therefore the action potential threshold may be decreased as a
consequence of neonatal hyperoxia. Future studies are needed to
determine how hyperoxia conditions during the neonatal period
induce altered excitability and whether axon sprouting occurs
that remains in adulthood. Further investigations examining
other stimulation protocols, such as high-frequency stimulation,
the LTP magnitude at saturation following several rounds
of stimulation, and long-term depression, will also provide
additional mechanistic information in our model.

Another important consideration is the possibility of
decreased GABAergic inhibition, as inhibitory interneurons
play a critical role in maintaining the excitatory and inhibitory
balance. Since developing GABAergic interneurons are highly
vulnerable to oxidative stress (Cabungcal et al., 2013), likely,
hyperoxia-exposed young-adult mice may also have deficits
in GABAergic function. Thus, weakened inhibition would
be expected to facilitate the induction of LTP, leading to
a heightened potentiation, and it could also be responsible
for the CA1 dendritic hyperexcitability we observed in
our neonatal hyperoxia model. In future studies, detailed
investigations are needed into a potential loss of GABAergic
interneurons leading to decreased strength of inhibitory
transmission and increased excitation/inhibition balance. It
is also possible that hyperoxia exposure compromises the
health of GABAergic interneurons and GABAergic tone
resulting in CA3–CA1 synaptic hyperexcitability. Future
electrophysiological experiments recording from GABAergic
interneurons and recording in GABAA receptor blockers
(e.g., Picrotoxin, Bicuculline) may help determine the
role of GABAergic tone on hyperoxia-induced CA3–CA1

hyperexcitability we observed in this neonatal hyperoxia model.
In future studies, we will also employ whole-cell current-
clamp studies to investigate at the single-cell level precise
changes in intrinsic membrane properties including resting
membrane potential, input resistance, and action potential
threshold, and will use voltage-clamp to gain a more detailed
understanding of alterations in synaptic transmission, including
the excitation/inhibition balance, and possible deficits in
GABAergic inhibition.

Our study used TBS to induce LTP (Larson et al., 1986)
instead of high-frequency stimulation. TBS mimics the complex-
spike discharges of the pyramidal neurons (Rudell et al.,
1980; Rudell and Fox, 1984) that occur spontaneously during
learning and memory formation. The optimal repetition rate
used in TBS corresponds to the frequency of the hippocampal
theta rhythm, an EEG pattern related to memory storage
processes (Vanderwolf, 1969). Though this study assessed the
changes in LTP magnitude at CA3–CA1 synapses induced by
early-life OS, we did not investigate possible changes in LTP
induction or expression at other hippocampal synapses such
as the perforant pathway to the dentate gyrus or to distal
CA1 dendrites (temporammonic pathway), which provide a
major input to the hippocampus from the entorhinal cortex and
is involved inmemory consolidation. Also, while experiments are
designed to evaluate the effect of early life hyperoxia exposure
on hippocampal development, hyperoxia-induced physiological
changes in the damsmight have adversely impacted hippocampal
development in hyperoxia exposed mice pups.

Our findings are consistent with neonatal mouse models
of ischemia and reperfusion injury (Zanelli et al., 2015) but
are in contrast with many models of OS-associated brain
disorders, which linked OS-induced LTP deficits to the cognitive
decline (Bisht et al., 2018; Matikainen-Ankney et al., 2018;
Smith and McMahon, 2018a). This indicates that OS affects
the developing brain differently than the adult brain and leads
to long-lasting impairment in synaptic function. Additional
electrophysiological studies are needed to assess the excitatory
and inhibitory balance, action potential generation, interneuron
function, axonal sprouting, and dendritic arborization. A better
understanding of these systems is required to determine the
mechanisms by which early life OS leads to long-lasting
synaptic dysfunction.
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Previous studies indicate that top-down influence plays a critical role in visual
information processing and perceptual detection. However, the substrate that carries
top-down influence remains poorly understood. Using a combined technique of
retrograde neuronal tracing and immunofluorescent double labeling, we characterized
the distribution and cell type of feedback neurons in cat’s high-level visual cortical areas
that send direct connections to the primary visual cortex (V1: area 17). Our results
showed: (1) the high-level visual cortex of area 21a at the ventral stream and PMLS
area at the dorsal stream have a similar proportion of feedback neurons back projecting
to the V1 area, (2) the distribution of feedback neurons in the higher-order visual area
21a and PMLS was significantly denser than in the intermediate visual cortex of area
19 and 18, (3) feedback neurons in all observed high-level visual cortex were found in
layer II–III, IV, V, and VI, with a higher proportion in layer II–III, V, and VI than in layer
IV, and (4) most feedback neurons were CaMKII-positive excitatory neurons, and few of
them were identified as inhibitory GABAergic neurons. These results may argue against
the segregation of ventral and dorsal streams during visual information processing,
and support “reverse hierarchy theory” or interactive model proposing that recurrent
connections between V1 and higher-order visual areas constitute the functional circuits
that mediate visual perception. Also, the corticocortical feedback neurons from high-level
visual cortical areas to the V1 area are mostly excitatory in nature.

Keywords: top-down influence, feedback neurons, primary visual cortex, cat, high-level visual cortex

INTRODUCTION

It is widely assumed for a long time that visual perception is formed step by step in a feedforward
mode from the retina to LGN, then to the primary visual cortex (V1), and finally to higher-order
visual cortical areas (Hubel and Wiesel, 1968; Hirsch, 2003; Herzog and Clarke, 2014). Different
types of visual information are processed through segregated pathways of ventral and dorsal streams
in the visual cortex of primates and cats (Tong et al., 2011; Sheth and Young, 2016). Generally, the
ventral stream, from V1 to V3 and then to V4, processes information of object form and identity,
whereas the dorsal stream, from V1 to V2 and then to V5 (MT), is responsible for the processing
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of object location and movement (Sheth and Young, 2016).
Anatomical and physiological evidence has shown that the
cortical areas 17, 18, and 19 of the cat can be equated with
macaque areas V1, V2, and V3, respectively, and the area
21a and the posterior medial bank of the lateral suprasylvian
sulcus (PMLS) can be equated with macaque areas V4 and
V5, respectively (Payne, 1993; Dreher et al., 1996a; Price et al.,
2006; Shen et al., 2006; Tong et al., 2011). Therefore, the visual
system of a cat may have a ventral-dorsal information processing
manner similar to that of primate (Dreher et al., 1996b; Wang
et al., 2007; Tong et al., 2011), but supporting evidence is quite
limited so far (Connolly et al., 2012).

On the other hand, although the feedforward visual signal
encoding along the hierarchical visual pathways is fundamental,
an increasing body of evidence indicates that top-down influence
from higher-level cortical areas to the V1 area plays a critical
role in information processing and visual perception (Galuske
et al., 2002; Lee, 2002; Ro et al., 2003; Gazzaley et al., 2005;
Fenske et al., 2006; Schwabe et al., 2006; Gilbert and Sigman,
2007; Rolls, 2008; Bardy et al., 2009; Chalk et al., 2010; McMains
and Kastner, 2011; Al-Aidroos et al., 2012; Nassi et al., 2013;
Moldakarimov et al., 2014; Zhang et al., 2014; Kamiyama et al.,
2016; Liang et al., 2017; Nurminen et al., 2018; Keller et al.,
2020). However, the characteristics of feedback influence on the
responses of V1 neurons remains in debate (Han and VanRullen,
2016). Some authors propose that top-down influence produces
excitatory feedback inputs and facilitate neuronal response in the
V1 area (Wang et al., 2000, 2007, 2010; Huang et al., 2004; Liang
et al., 2007; Tong et al., 2011; Chen et al., 2014; Zhang et al.,
2014; van Loon et al., 2015; Kok et al., 2016; Pafundo et al., 2016;
Yang X. et al., 2016; Baumgartner et al., 2018; Huh et al., 2018),
whereas others suggest that top-down influence exert suppressive
impacts on neurons in the low-level visual areas (Roland et al.,
2006; Chalk et al., 2010; Nassi et al., 2013, 2014; Klein et al.,
2014; Hishida et al., 2019; Maniglia et al., 2019). Still, others
report bidirectional top-down effects of both suppression and
enhancement (Gazzaley et al., 2005; Johnson and Johnson, 2009;
Cox et al., 2019). Furthermore, though the top-down influence
of different higher visual cortical regions is widely reported, their
relative contributions to the information encoding of V1 neurons
are largely unclear (Huang et al., 2007; Wang et al., 2007;
Huh et al., 2018).

To understand the above-mentioned issues, a critical step
is to examine the corticocortical connection substrates that
carry top-down influence on the low-level cortical areas.
Although some authors have taken efforts to define the feedback
projections using retrograde and anterograde tracing techniques
(Olson and Lawler, 1987; Dreher et al., 1996a; Fitzgibbon et al.,
1999; Han et al., 2008; Connolly et al., 2012; Yang X. et al., 2016),
information about the distribution and cell types of feedback
neurons in different high-level cortical areas are quite limited.
Using a combined technique of retrograde neuronal tracing and
immunofluorescent double labeling, this study compared the
proportion and cell type of neurons in cat’s different higher-
level visual cortical areas that send direct feedback projections
to the V1 area, trying to expand our understanding of the
characteristics and mechanisms of top-down influence.

MATERIALS AND METHODS

Animals
Five healthy young adult cats (female, 1–3 years old, bodyweight
2.5–3.4 kg) were used in this study. All cats had normal vision
with no retinal and eye disease. All animal treatments and
experimental procedures were strictly following the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Academic and Ethics
Committee of Anhui Normal University.

Animal Preparation and Injection of
Retrograde Tracer
Animal anesthesia and physiological maintaining were
performed as previously described (Hua et al., 2010; Meng
et al., 2013; Yang J. et al., 2016; Zhao et al., 2020). Briefly,
the cat was first anesthetized with ketamine HCl (40 mg/kg,
i.m.) and xylazine (2 mg/kg, i.m.). Noninvasive intubation of
tracheal and intravenous cannulae was performed under sterile
preparation. After the cat was fixed in a stereotaxic apparatus,
glucose (5%)-saline (0.9%) solution containing urethane
(40 mg/kg body weight) was infused intravenously to maintain
necessary anesthesia. Artificial respiration was performed and
expired pCO2 was kept at approximately 3.8%. Heart rate
(approximately 180–220 pulses/min) and electrocardiogram
were monitored during the experiment to evaluate the state
of anesthesia and ensure the animals were not responding to
pain. The body temperature (38◦C) was maintained using a
heating blanket.

Microinjection of neuronal tracers was delivered via a pulled
glass micropipette (tip diameter 10–15 µm) attached to a 2-
µl Hamilton syringe. We selected red Retrobeads (#78R170,
Lumafluor Inc., Shanghai, China), a fluorescent dye, as the
retrograde neuronal tracer as previously reported (Zhang et al.,
2014). The injection of red Retrobeads was performed in
the V1 area (Horsley-Clarke coordinates: P0-P8/L0-L4) of the
left hemisphere after a craniotomy on the skull. We selected
six injection sites in the V1 area (P1/L1.5, P2/L2, P3/L2.5,
P4/L3, P5/L3.5, P6/L3.5), which corresponded to the retinotopic
coordinates within approximately 0–20◦ from the vertical
and horizontal meridian according to previous studies (Tusa
et al., 1978, 1979; Connolly et al., 2012; see Supplementary
Information: Supplementary Figure 1). In each injection site,
a total of 1 µl red Retrobeads was delivered slowly and separately
at different cortical depth (2,000–200 µm, the release of 0.1
µl at an interval of 200 µm) from the cortical surface. At
the end of the injection, the exposed cortical area was covered
with absorbable gel foam, and the opening was closed with
a piece of the repaired skull using tissue adhesive and dental
cement. After the incision was sutured, the anesthesia supply
was terminated. The animal was moved to the rearing room
after it recovered to a normal physiological state. Full care
was given to the animal in the following 2 weeks. On the
first 3–4 days after surgery, the animal was given a daily dose
injection (1 ml) of antibiotic penicillin (800,000 units) to protect
against infection.
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Brain Tissue Sectioning and
Immunofluorescent Double Labeling
Two weeks after tracer injection, the cat was deeply anesthetized
with ketamine HCl (80 mg/kg, i.m.) and then transcardially
perfused with 0.9% saline followed by 2% paraformaldehyde
in 0.1 M phosphate-buffered saline (PBS). The brain tissue on
the left hemisphere was removed and post-fixed overnight in
2% paraformaldehyde at 4◦C. On the next day, the cerebral
cortex containing visual cortical areas 17, 18, 19, 21a, and PMLS
was dissected and cryoprotected by sequential incubation in
10% (2 h), 20% (2 h), and 30% (overnight) sucrose until tissue
sinking. Then, the brain tissue was embedded in OCT compound
(Tissue-Tek, 4583, Sakura Finetek Inc., Torrance, CA, USA),
and coronal sections were cut at a thickness of 40 µm using a
Leica cryostat (Leica Biosystems Inc., Buffalo Grove, IL, USA).
Serial frozen sections were collected in order, placed in wells
filled with cryoprotectant solution (ethylene glycol-based; 30%
ethylene glycol, 30% sucrose, 1% PVP-40, in 0.1 M Phosphate
buffer pH 7.4) and temporarily stored at −20◦C for subsequent
observation and immunofluorescent labeling.

We visualized respectively the total cortical neurons (NeuN-
labeled neurons), CaMKII-positive excitatory neurons, and
GABAergic inhibitory neurons on adjacent free-floating sections
using the fluorescent double-labeling technique. The primary
antibodies used in this study included rabbit anti-NeuN (1:1,000,
ab177487, Abcam, Shanghai, China), rabbit anti-CaMKII (1:120,
ab134041, Abcam, Shanghai, China), and rabbit anti-GABA
(1:200, A2052, Sigma, Shanghai, China). After incubation
overnight at 4◦C with primary antibodies, the sections were
washed in PBS for three times, and then incubated with the
secondary antibody (goat anti-Rabbit IgG H&L, Alexa Fluor
488, 1:1,000, ab150077; Abcam) diluted in QuickBlock Secondary
Antibody Dilution Buffer (P0265; Beyotime) for 2 h at room
temperature. After secondary antibody incubation and several
washes in PBS, sections were mounted on clean glass slides with
glycerol and sealed with nail polish. Control sections were labeled
simultaneously using the same procedure as described above,
with the exception that the primary antibody was substituted
with QuickBlock Primary Antibody Dilution Buffer.

Image Acquisition and Statistical Analysis
Images were taken with a confocal laser scanning microscope
(FV1000, Olympus) using a 20× or 60× objective as described
in our previous studies (Ding et al., 2017, 2018). Automated
sequential acquisition of multiple channels was used. The frame
size was 1,024× 1,024 pixels or 512× 512 pixels. For each image,
10 confocal planes were Z-stacked with a step of 0.56 µm. Stacks
of images were merged into a maximum intensity projection and
saved as a tiff file.

Ten randomly sampled slice triplets, including adjacent
NeuN-, CaMKII- and GABA-labeled slices, in each cortical area
from each animal, were used for data analysis. The visual cortical
areas, including area 17 (A17), area 18 (A18), area 19 (A19),
area 21a (A21a), and area PMLS, were located according to
Horsley-Clarke coordinates of cat brain (Payne, 1993; Dreher
et al., 1996b; Rushmore and Payne, 2004; Huang et al., 2006;

Connolly et al., 2012; Stolzberg et al., 2017) after reconstruction
with serial coronal sections labeled with NeuN (Figure 1). Cell
counting was carried out at the central location of each visual
cortical area and performed using Image-Pro Plus 6.0 software
(MediaCybernetics, Bethesda, MD, USA) by experimenters who
were blinded to the cortical areas and animals from which the
images were obtained.

To determine if a red Retrobeads-traced neuron (RN)
had a good overlap with a NeuN-positive neuron (NN) or
CaMKII-positive excitatory neuron (CN) or GABA-positive
inhibitory neuron (GN), we computed the similarity degree
between the RN and the corresponding NN or CN or
GN in the paired contours of neurons (Figure 2). Briefly,
after extracting the contours of corresponding neurons using
Image-Pro Plus software, the paired contours were loaded
into Matlab 2014a, and their shape overlapping degree
(%) was calculated using Hamming distance computing
program (Brandeis University, Professor Praveen Chaturvedi;
compare shape: amount of overlap with hamming distance.
See Supplementary File 1: compare shape.m). An RN had a
contour overlapping degree of ≥75% with the corresponding
NN, CN, and GN was defined as a NeuN/Retrobeads double-
positive neuron (NRN), CaMKII/Retrobeads double-positive
neuron (CRN) and GABA/Retrobeads double-positive neuron
(GRN), respectively.

The number of different types of neurons, including
NN, NRN, CRN, and GRN neurons, was counted in the
corresponding area of interest (AOI, 100 × 100 µm) at each
cortical layer (layers I, II–III, IV, V, and VI) in stacked images
from each sampled slice using ‘‘Image-Pro Plus’’ AOI duplicate
function. The cortical layers were identified according to the
adjacent NeuN-labelled section. The mean density of NN, NRN,
CRN, and GRN in each cortical layer were calculated based on
the cell count across multiple AOIs.

The mean value in each cortical area of each animal was
expressed as the mean ± standard deviation. Comparisons
between different cortical layers and between different cortical
areas were performed with ANOVA or nonparametric tests. The
difference with p < 0.05 was considered significant.

RESULTS

Neurons Traced by Red Retrobeads in the
Different High-Level Visual Cortex
The injection sites of red Retrobeads in the V1 area of five cats
were examined in consecutive sections. The tracer delivery in
three of five cats was successful with all injection locations within
the gray matter of the V1 area, and no visible neuronal damage
was observed around injection sites (Figures 3A–C). Two cats
showed some injection locations deep into the white matter of
the V1 area and thus were not used for statistical counting of
traced neurons.

NeuN-labeled neurons (NNs) with cell bodies traced by
red Retrobeads were found in all studied high-level visual
cortex (Figure 4). A Retrobeads-traced neuron (RN) with ≥75%
overlap with a NN was counted as a feedback or NRN neuron.
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FIGURE 1 | Reconstruction of coronal section samples showing estimates of the border (solid lines) between visual cortical area 17 (A17), 18 (A18), 19 (A19), 21a
(A21a), PMLS, and 7 (A7) according to previous studies (Payne, 1993; Dreher et al., 1996b; Rushmore and Payne, 2004; Huang et al., 2006; Connolly et al., 2012;
Stolzberg et al., 2017). The number on the left of each section indicates the serial section number counted along with posterior (P)-to-anterior (A) direction, which
corresponds approximately to the Horsley–Clarke coordinates at P8, P4, P3, P2, P1, A2, and A4. The section thickness is 40 µm. The scale bar (in the lower right
corner) equals to 1,000 µm.

Observation on sampled sections found that NRN neurons in
A21a and PMLS area were denser than that in A18 and A19
(Figure 4), and most NRNs distributed at layer 2–3 (II–III), layer
5 (V), and layer 6 (VI), a small number of NRNs presented at
layer 4 (IV), and no NRN was identified in layer 1 (I; Figure 4).
Therefore, we statistically compared the proportion of NRN to
NN at layers II–III, IV, V, and VI between different high-level
visual cortical areas.

Two-way ANOVA indicated that the mean proportion of
NRN to NN showed significant variation between different
high-level visual cortical areas (main effect of the area:
F(3,464) = 105.239, p < 0.0001), and between different cortical
layers (effect of layer: F(3,464) = 91.904, p < 0.0001; Figure 5);
there was a significant interaction between cortical area and
cortical layer (interaction of area × layer: F(9,464) = 2.709,
p = 0.004). Further Post hoc pairwise comparisons between
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FIGURE 2 | Sample contours showing the method for computing the overlapping goodness between red Retrobeads-labeled neurons (right column) and
NeuN-labeled neurons (left column). (C1) shows a typical NeuN/Retrobeads double-positive neuron (indicated by dashed line boxes) in the corresponding area of
images from cortical layer II/III in the area 21a. (C2) shows the NeuN/Retrobeads double-positive neuron (dashed line boxes) in the corresponding area of images
with the background-subtracted using tools of Photoshop CS3. (C3) Shows an extracted contour of NeuN-labeled neuron (NN) and the corresponding
Retrobeads-labeled neuron (RN) from the images. The paired contours of neurons were loaded into MATLAB 2014a for calculating their shape overlapping degree
(%) using Hamming distance computing program (School: Brandeis University. Professor: Praveen Chaturvedi compare shape: amount of overlap with hamming
distance. See Supplementary File 1: compare shape.m). The scale bar equals to 30 µm.

cortical areas indicated that the mean proportion of NRN to NN
across all cortical layers in A21a had no significant difference
from that in the PMLS area (p = 0.101), whereas that in both A21a
and PMLS area was significantly higher than that in A18 and
A19 (all p < 0.0001), and that in A18 was significantly larger
than in A19 (p< 0.0001). Post hoc pairwise comparisons between
cortical layers showed that the mean value of NRN/NN across all
cortical areas in layer VI was not significantly different from that
in layer II–III (p = 0.145) and layer V (p = 0.453), whereas that in
layer IV was significantly lower than in layer II–III, V and VI (all
p < 0.0001), and that in layer II–III was smaller than in layer V
(p = 0.002).

All analysis above indicated that the feedback neurons in
high-level visual cortical areas had a denser distribution in
cortical layer II–III (0.12 ± 0.06), V (0.14 ± 0.07), and VI
(0.13 ± 0.06) than in layer IV (0.06 ± 0.03), and the proportion
of feedback neurons was higher in A21a (0.15 ± 0.08) and

PMLS area (0.14 ± 0.05) than in A18 (0.09 ± 0.04) and A19
(0.06± 0.05).

Identification of the Cell Type of Feedback
Neurons
To evaluate the proportion of excitatory and inhibitory
cell types of feedback neurons in these high-level visual
areas, we respectively measured and compared the mean
ratio of CaMKII/Retrobeads double-positive neurons (CRNs)
and GABA/Retrobeads double-positive neurons (GRNs) to
NNRs at each cortical layer of different cortical areas in
neighboring sections.

CaMKII-Positive Feedback Neurons
The excitatory CaMKII-positive neurons (CN) distributed
widely across all cortical layers in each high-level visual
cortex, and pyramidal cells in layers III and V showed a
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FIGURE 3 | Image samples showing Retrobeads (red fluorescence) injection site across multiple sections with double-labeling of NeuN (green fluorescence).
Superposed images in (A–C) display three different injection sites in the V1 area (area 17). The number on the left of each section indicates the serial section number
counted along the posterior-to-anterior direction. The scale bar equals to 500 µm.

FIGURE 4 | Samples of images showing the distribution of NeuN-labeled total neurons (NN), red Retrobeads-labeled neurons (RN), and NeuN/Retrobeads
double-positive neurons (NRN) at different cortical layers in the cortical area 21a (upper left square), PMLS (upper right square), 18 (lower left square) and 19 (lower
right square). The row L I–VI shows the distribution of NNs, RNs, and NRNs in the cortical layer 1–6 at low magnification power, and the scale bar equals to 120 µm.
The row L II/III and L V/VI show NNs, RNs, and NRNs in the cortical layer 2/3 and 5/6 at high magnification power, with the scale bar of 30 µm. The letter I, II/III, IV, V,
and VI indicate the cortical layers 1, 2/3, 4, 5, and 6, respectively. Arrows indicate the typical neurons of NN, RN, and NRN.
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stronger immunoreaction than in layers IV and VI (Figure 6).
Observation in all sampled sections found that red Retrobeads-
traced neurons (RNs) in A21a and PMLS areas had more
overlapping with CNs compared with that in A18 and A19,
and the CaMKII/Retrobeads double-positive neurons (CRNs)
were denser in cortical layer II–III, V, and VI than in layer IV
(Figure 6).

Two-way ANOVA indicated that the proportion of CRN
neurons to NRNs showed a significant variation among
different high-level visual cortical areas (main effect of the area:
F(3,464) = 93.38, p < 0.0001), and between different cortical layers
(effect of layer: F(3,464) = 6.096, p < 0.0001; Figure 7); there
was a significant interaction between cortical areas and cortical
layers (interaction of area × layer: F(9,464) = 1.96, p = 0.042).
Further Post hoc pairwise tests between cortical areas showed
that the mean proportion of CRNs to NRNs across all cortical
layers had no significant difference between in A21a and PMLS
(p = 0.80) as well as between A18 and A19 (p = 0.977), whereas
the mean ratio of CRNs to NRNs in both A21a or PMLS area was
significantly higher than in A18 and A19 (all p < 0.0001). Post
hoc pairwise tests between different cortical layers displayed that
the mean value of CRNs/NRNs across all cortical areas exhibited
no significant difference among cortical layer II–III, V, and VI
(layer II–III vs. V: p = 0.24; layer II–III vs. VI: p = 0.651; layer
V vs. VI: p = 0.104), whereas the mean value of CRNs/NRNs in
layer IV was significantly smaller than in layer II–III (p = 0.003),
V (p < 0.0001) and VI (p = 0.012).

All comparisons displayed above indicated that the mean
proportion of excitatory feedback neurons was higher in A21a
(0.82 ± 0.09) and PMLS area (0.80 ± 0.13) than in A18
(0.61 ± 0.12) and A19 (0.62 ± 0.15) and the excitatory
feedback neurons had a denser distribution at cortical layer II–III
(0.73± 0.13), V (0.75± 0.15), and VI (0.72± 0.17) than at layer
IV (0.67± 0.17).

GABA-Positive Feedback Neurons
The inhibitory GABA-positive neurons were found at all cortical
layers in different cortical areas (Figure 8). However, red
Retrobeads-traced neurons (RNs) in all layers exhibited very
scarce overlapping with GABA-positive neurons (Figure 8). As a
result, the number of GBA/Retrobeads double-positive neurons
(GRN) was often counted as zero in many AOIs. Therefore, we
compared the inter-area difference of GRN/NRN at different
cortical layers using nonparametric tests with Kruskal–Wallis H.
The results showed that the mean ratio ofGRN/NRN in cortical
layer II–III, IV, V, and VI had no significant difference among
different cortical areas (layer II–III: X2

(3) = 0.554, p = 0.907;
layer IV: X2

(3) = 0.063, p = 0.996; layer V: X2
(3) = 0.71,

p = 0.871; and layer VI: X2
(3) = 1.429, p = 0.699; Figure 9).

Further, the mean ratio of GRN/NRN across all cortical areas
showed no significant variation among cortical layer II–III
(0.042 ± 0.048), IV (0.050 ± 0.062), V (0.050 ± 0.051), and
VI (0.047 ± 0.043; X2

(3) = 1.213, p = 0.75); the mean ratio of
GRN/NRN across all cortical layers had no significant difference
among cortical area A21a (0.047± 0.049), PMLS (0.048± 0.060),
A18 (0.048 ± 0.046), and A19 (0.047 ± 0.050; X2

(3) = 0.048,
p = 0.997; Figure 9).

The comparisons above indicated that the mean ratio of
GRN/NRNwas very low at all cortical layers of all studied cortical
areas, and showed no inter-area and inter-layer difference.
Specifically, the mean ratio of GRN/NRN across all cortical
layers in A21a (0.047 ± 0.049), PMLS area (0.048 ± 0.060),
A18 (0.048 ± 0.046), and A19 (0.047 ± 0.050) was significantly
lower than that of CRN/NRN (A21a: 0.82 ± 0.09; PMLS area:
0.80± 0.13; A18: 0.61± 0.12; A19: 0.62± 0.15; A21: p < 0.0001;
PMLS area: p < 0.0001; A18: p < 0.0001; and A19: p < 0.0001;
Figures 7, 9).

DISCUSSION

Characteristics of Feedback Neurons in
the High-Level Visual Cortex
It is traditionally assumed that visual information is processed
in a feedforward hierarchical model that simple visual features
are coded at the primary (V1) or low-level visual cortex,
and complex visual attributes converged at higher-order visual
areas for perceptual output (Juan and Walsh, 2003; Ro et al.,
2003; Briggs and Usrey, 2011; Klink et al., 2017). Specifically,
different visual representations are formed along segregated
parallel pathways, with object shape or form information
processed by the ventral stream from area V1→V3→V4 and
motion/spatial location signatures processed by the dorsal stream
from V1→V2→V5 (Lehky and Sereno, 2007; Brown, 2009;
Kravitz et al., 2011; Mercier et al., 2017). Similar ventral and
dorsal visual streams are also defined in the cat after the
homolog area 17, 18, 19, 21a and PMLS are equated with
V1, V2, V3, V4, and V5 based on electrophysiology evidence
and area-specific behavioral observations (Dreher et al., 1993,
1996b; Payne, 1993; Wang et al., 2000, 2007; Shen et al., 2006;
Tong et al., 2011; Connolly et al., 2012). Even though the
importance of feedforward processing, evidence acquired in
recent decades indicate that top-down influence from high-level
visual or even nonvisual cortical areas can modulate neuronal
response in the primary or low-level visual cortex (Wang et al.,
2007; Thiele et al., 2009; Chen et al., 2014; Zhang et al., 2014;
Huh et al., 2018), and thus plays critical roles during visual
perceptual detection and perceptual learning (Alink et al., 2010;
Miller et al., 2011; Al-Aidroos et al., 2012; Volberg et al.,
2013; Morís Fernández et al., 2015). Nevertheless, the neuronal
substrate carrying top-down influence to the V1 area is poorly
understood. Based on neural circuit tracing techniques, some
authors have taken great efforts to examine the corticocortical
projections between low-level and higher-order visual cortex
in the primate (Anderson and Martin, 2009), cat (Han et al.,
2008; Connolly et al., 2012), ferret (Cantone et al., 2005;
Khalil and Levitt, 2014) and mouse (Johnson and Burkhalter,
1994; Gonchar and Burkhalter, 2003; Laramée and Boire, 2014;
Froudarakis et al., 2019). Complex back-projected connections
are reported among varied cortical areas, such as V2 and
V1 (Budd, 1998; Anderson and Martin, 2009), V5/V4/V3 and
V1/V2 (Johnson and Burkhalter, 1997; Barone et al., 2000;
Rockland and Knutson, 2000; Lyon and Kaas, 2002; Anderson
and Martin, 2006) as well as area17, 18, 19, 21, PMLS and
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FIGURE 5 | Histograms with error bars (SDs) represent the mean proportion of NeuN/Retrobeads double-labeled neurons (NRNs) to NeuN-labeled total neurons
(NNs) at cortical layer II–III, IV, V, and VI in cortical area 21a (A21a), PMLS, 18 (A18), and 19 (A19). Solid dots on each histogram show individual data of count from
30 sections (10 sections/cat).

FIGURE 6 | Samples of images showing the distribution of CaMKII-positive neurons (CN), red Retrobeads-labeled neurons (RN), and CaMKII/Retrobeads
double-positive neurons (CRN) at different cortical layers in the cortical area 21a (upper left square), PMLS (upper right square), 18 (lower left square), and 19 (lower
right square). The row L II/III and L V/VI respectively show CNs, RNs, and CRNs in the cortical layer 2/3 and 5/6 at a high magnification power. Arrows indicate the
typical neurons of CN, RN, and CRN. The scale bar equals to 30 µm.

7 (Symonds and Rosenquist, 1984; Shipp and Grant, 1991;
Norita et al., 1996; Batardiere et al., 1998; Cantone et al.,
2005; Han et al., 2008; Sherk, 2010). The distribution of tracer-
labeled feedback neurons reported by different authors varied
considerably with cortical layers (Symonds and Rosenquist,
1984; Budd, 1998; Rockland and Knutson, 2000; Cantone et al.,

2005; Anderson and Martin, 2009) and cortical areas (Shipp
and Grant, 1991; Batardiere et al., 1998; Anderson and Martin,
2006; Sherk, 2010). Factors leading to these variations are
unclear. Recent imaging studies show that top-down influence
affects the neural activity of the V1 area in a retinotopically
specific manner (Griffis et al., 2015b, 2017), which raises the
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FIGURE 7 | Histograms with error bars (SDs) represent the mean proportion of CaMKII/Retrobeads double-labeled neurons (CRNs) to NeuN/Retrobeads
double-labeled neurons (NRNs) at cortical layer II–III, IV, V, and VI in the cortical area 21a (A21a), PMLS, 18 (A18), and 19 (A19). Solid dots within each histogram
show individual data of counts from 30 neighboring sections (10 sections/cat).

FIGURE 8 | Samples of images showing the distribution of GABA-positive neurons (GN), red Retrobeads-labeled neurons (RN), and GABA/Retrobeads
double-positive neurons (GRN) at different cortical layers in the cortical area 21a (upper left square), PMLS (upper right square), 18 (lower left square), and 19 (lower
right square). The row L II/III and L V/VI respectively show GNs, RNs, and GRNs in the cortical layer 2/3 and 5/6. Arrows indicate the typical neurons of GN and RN.
The scale bar equals to 30 µm.

expectation that feedback projections may vary accordingly
(Griffis et al., 2015a). Considering most previous studies perform
a single or two tracer injection at the target cortical area in

each animal (Symonds and Rosenquist, 1984; Batardiere et al.,
1998; Barone et al., 2000; Rockland and Knutson, 2000; Sherk,
2010; Khalil and Levitt, 2014), it is probably that difference
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FIGURE 9 | Histograms with error bars (SDs) represent the mean proportion of GABA/Retrobeads double-labeled neurons (GRNs) to NeuN/Retrobeads
double-labeled neurons (NRNs) at cortical layer II–III, IV, V, and VI in cortical area 21a (A21a), PMLS, 18 (A18), and 19 (A19), respectively. The mean value was an
average of counts from 30 neighboring sections (10 sections/cat).

in the tracer injection site, depth and spreading range could
have, at least partially, contributed to the variations in the
number of tracer-labeled neurons. Further studies are needed to
clarify this issue by comparatively examining feedback neurons
after injection of tracers at different retinotopic coordinates in
the V1 area.

The current study performed multiple tracer injections at a
wide range of retinotopic locations (about 0–20◦ from the vertical
and horizontal meridian, see also Supplementary Figure 1)
in the V1 area (area 17) of each cat and released tracers at
varied cortical depth from 200 to 2,000 µm (see section ‘‘Animal
Preparation and Injection of Retrograde Tracer’’). We found
that tracer-labeled feedback neurons in the high-level visual
cortex distributed widely in cortical layer II–III, IV, V, and
VI except for layer I. Our statistical results showed that the
higher-level visual cortical area 21a at the ventral stream of
pathway and area PMLS at the dorsal stream had a comparable
proportion of feedback neurons that back-projected directly
to the V1 area, and the distribution of feedback neurons in
these two higher-level visual areas was similar at cortical layer
II–III, IV, V, and VI. These results suggest that the ventral
and dorsal visual streams may closely interact through the
V1 area during information processing, which is consistent
with previous studies (Shen et al., 2006; Gilaie-Dotan et al.,
2013; Zachariou et al., 2014; Huang et al., 2017; Mercier et al.,
2017) and argues against the proposition of ventral vs. dorsal
pathway segregation (Brown, 2009; Bracci and Op de Beeck,
2016; Milner, 2017). Further, this study also quantitatively
compared the proportion of feedback neurons among different
high-level visual cortical areas. Surprisingly, the result indicated
that the mean proportion of feedback-to-V1 neurons at cortical
layer II–III, IV, V, and VI in the higher-order visual area 21a

and PMLS was significantly higher than in the intermediate
visual area 18 and 19. This result suggests that information
in the higher-order visual cortex may need to return to
the V1 area for further strengthening or integration before
proceeding to perceptual output. Our results may challenge the
traditional feedforward hierarchical processing model (Silvanto,
2014, 2015) and support the reverse hierarchy theory or
interactive model proposing that recurrent connections between
V1 and higher-order visual areas form functional circuits
mediating aware and unaware visual perception (Johnson
and Burkhalter, 1997; Juan and Walsh, 2003; Tong, 2003;
Juan et al., 2004; Silvanto et al., 2005; Koivisto et al., 2010;
Froudarakis et al., 2019).

Mechanisms of Top-Down Influence
Although it is widely aware of the importance of top-down
influence in visual perception and learning (Alink et al., 2010;
Miller et al., 2011; Al-Aidroos et al., 2012; Volberg et al.,
2013; Morís Fernández et al., 2015). The underlying brain
mechanisms remain elusive. An increasing number of studies
show that high-level visual and even nonvisual cortical areas may
affect neuronal responses and thus modulate visual information
encoding in the primary or low-level visual cortex, such as
stimulus selectivity and contrast sensitivity (Wang et al., 2007;
Thiele et al., 2009; Chen et al., 2014; Zhang et al., 2014; Huh
et al., 2018). However, results reported by different research
groups are diverse or even opposite. For example, some authors
find out that top-down influence can facilitate the responses
of V1 neurons and thus enhance their orientation or direction
selectivity (Wang et al., 2000, 2007, 2010; Galuske et al., 2002;
Huang et al., 2007; Tong et al., 2011; Moldakarimov et al., 2014;
Zhang et al., 2014; Nurminen et al., 2018; Keller et al., 2020),
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whereas others report that top-down influence is suppressive
and lowers neuronal response in the low-level visual cortex
(Murray et al., 2002; Alink et al., 2010; Nassi et al., 2013; Klein
et al., 2014; Hishida et al., 2019; Maniglia et al., 2019; Ranson
et al., 2019). A critical way to reconcile these contradictions
is to determine the cell type of feedback neurons as well as
the neurotransmitter system used by the feedback circuitry.
Nevertheless, limited information has been provided by previous
studies although a few authors have shed some light on this
issue (Gonchar and Burkhalter, 2003; Zhang et al., 2014; van
Loon et al., 2015; D’Souza et al., 2016; Nurminen et al.,
2018). In this study, we classified feedback neurons using the
fluorescent double-labeling method after neuronal tracing and
brain tissue sectioning. Our results showed that most tracer-
labeled feedback neurons in the higher-order visual cortical area
21a and PMLS (about 75–86%) and more than half feedback
neurons in the intermediate visual area 18 and 19 (about
54–67%) are CaMKII-positive excitatory neurons, whereas very
few feedback neurons are identified as inhibitory GABAergic
ones (around 5%). This result is consistent with the proposition
that top-down influence may use primarily excitatory amino acid
neurotransmitters (Johnson and Burkhalter, 1994; Liang et al.,
2007; Anderson and Martin, 2009; van Loon et al., 2015; Han
and VanRullen, 2016), and support feedback facilitation effects
reported previously (Wang et al., 2000, 2007, 2010; Chen et al.,
2014; Pafundo et al., 2016; Keller et al., 2020). Interestingly,
the total percentage of CaMKII-positive plus GABA-positive
feedback neurons measured in this study was lower than 100%,
especially in the intermediate visual area 18 and 19. The
reasons could be partially related to the counting standard
we set for feedback neurons with ≥75% overlapping with
NeuN-, CaMKII- and GABA-positive neurons. The amounts
of different types of neurons could be underestimated. An
additional reason was likely that a part of feedback neurons
might use other neurotransmitters that were not visualized in the
current study, such as noradrenergic, cholinergic, and serotonin
neurotransmitter systems (Hirata et al., 2006; Challis and Berton,
2015; Datta et al., 2019). Further studies are needed to clarify
these possibilities.

Even though a dominant drive of excitatory feedback can
increase neuronal responses in the V1 or low-level visual areas,
we cannot exclude the involvement of other neurotransmitter
systems, such as GABAergic inhibition (Zhang et al., 2014;
Mazo et al., 2016), because the different source of feedback
influences may differently activate recurrent neuronal circuits
and modulate the balance between excitation and inhibition in
the V1 area (Johnson and Burkhalter, 1997; Schwabe et al., 2006;
Yang et al., 2013; D’Souza et al., 2016; Kamiyama et al., 2016;
Liang et al., 2017). This may explain why some authors observe
bidirectional effects of both enhancement and suppression in
the V1 or low-level visual cortex after modification of top-down
influence (Gazzaley et al., 2005; Johnson and Johnson, 2009;
Cox et al., 2019). Additionally, feedback-derived disinhibition
may also occur in the V1 area (Zhang et al., 2014; Tremblay
et al., 2016; Feldmeyer et al., 2018) although the feedback
neurons are mostly excitatory as shown in this study. Further
studies are needed to examine the dynamics of neurotransmitter

systems in the V1 or low-level visual areas during top-down
influence manipulation to elucidate the underlying neuronal and
molecular mechanisms.
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Neuromuscular development is a multistep process and involves interactions among
various extracellular and transmembrane molecules that facilitate the precise targeting
of motor axons to synaptogenic regions of the target muscle. Collagenous proteins
with transmembrane domains have recently emerged as molecules that play essential
roles in multiple aspects of neuromuscular formation. Membrane-associated collagens
with interrupted triple helices (MACITs) are classified as an unconventional subtype
of the collagen superfamily and have been implicated in cell adhesion in a variety of
tissues, including the neuromuscular system. Collagen XXV, the latest member of the
MACITs, plays an essential role in motor axon growth within the developing muscle.
In humans, loss-of-function mutations of collagen XXV result in developmental ocular
motor disorders. In contrast, collagen XIII contributes to the formation and maintenance
of neuromuscular junctions (NMJs), and disruption of its function leads to the congenital
myasthenic syndrome. Transmembrane collagens are conserved not only in mammals
but also in organisms such as C. elegans, where a single MACIT, COL-99, has been
documented to function in motor innervation. Furthermore, in C. elegans, a collagen-like
transmembrane protein, UNC-122, is implicated in the structural and functional integrity
of the NMJ. This review article summarizes recent advances in understanding the roles
of transmembrane collagens and underlying molecular mechanisms in multiple aspects
of neuromuscular development and disorders.

Keywords: collagen, extracellular matrix, neuromuscular junction (NMJ), motor neuron, axon guidance,
myasthenia gravis

INTRODUCTION

For the acquisition of proper motor function, spinal motor neurons and their target muscles need to
be precisely interconnected by specialized synapses called neuromuscular junctions (NMJs; Sanes
and Lichtman, 1999; Bonanomi and Pfaff, 2010). Motor axons are guided to the target muscles that
are simultaneously formed, and extend and branch over the myotubes toward the endplate region
where pre-formed clusters of acetylcholine receptors (AChRs) are present. Axon terminals then
contact the AChR clusters and nerve-derived agrin binds to the Lrp4-MuSK complex on muscle
(Kim et al., 2008). This facilitates the maturation of AChR clusters in the postsynaptic region,
resulting in the assembly and refinement of NMJs. Previous studies have unveiled a variety of
molecules that regulate these processes, including transmembrane/secretory guidance cues and
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synaptic components (Bonanomi and Pfaff, 2010; Wu et al.,
2010). Among them, atypical collagens with transmembrane
domains have recently emerged as molecules that play essential
roles in multiple aspects of neuromuscular formation.

Collagens are the most abundant proteins in the mammalian
body, playing a wide range of biological roles in tissue scaffolding,
cell differentiation, adhesion, migration, and tissue repair
(Myllyharju and Kivirikko, 2004). Most collagens are secreted
and assembled into fibrils or supramolecular structures that act
as components of the extracellular matrix (ECM). However, like
cell surface receptors or adhesion molecules, transmembrane
collagens are expressed on the cellular membrane. Collagens XIII
and XXV, the main focus of this review article, are expressed
in developing muscles and play crucial roles in continuous but
independent developmental processes frommotor innervation to
NMJ formation.

TRANSMEMBRANE COLLAGENS

The hallmark of collagens is a triple-helical structure composed
of polypeptides called α-chains, which contain Gly-X-Y
repeat sequences (Myllyharju and Kivirikko, 2004). Among
the 28 vertebrate collagen types (I–XXVIII), collagens XIII,
XVII, XXIII, and XXV are members of a subfamily named
membrane-associated collagens with interrupted triple helices
(MACITs; Shoulders and Raines, 2009; Ricard-Blum, 2011).
MACITs are type II transmembrane proteins consisting of an
N-terminal cytoplasmic domain, a transmembrane domain, and
a C-terminal large ectodomain (Giudice et al., 1992; Hägg et al.,
1998; Hashimoto et al., 2002; Banyard et al., 2003; Figure 1).
The ectodomain is composed of several collagenous (COL)
domains flanked by non-collagenous (NC) domains. Once
α-chains polymerize via the coiled-coil domains, which are
important for inter-chain interactions, the triple-helix formation
of MACIT proceeds in the N- to C-terminal direction, opposite
to that of other, secreted collagen types (Snellman et al., 2000;
Areida et al., 2001; Latvanlehto et al., 2003; McAlinden et al.,
2003). Another characteristic feature of MACITs is that they
can exist in two different forms: a membrane-tethered form and
a shed form. Collagens XIII, XXIII, and XXV share a similar
molecular structure and are cleaved by furin-like proprotein
convertases at the recognition sequence immediately N-terminal
to the first COL domain (Snellman et al., 2000; Hashimoto
et al., 2002; Banyard et al., 2003). They are evolutionally
conserved as a single gene in Ecdysozoa, such as col-99 in
C. elegans, and the furin cleavage sites and C-terminal sequences
are highly conserved among orthologs and paralogs (Tu
et al., 2015). Collagen XVII is structurally different from
the other three and is cleaved by ADAM family proteases
(Franzke et al., 2002, 2004).

In addition to MACITs, several collagen-like transmembrane
proteins not defined as members of the collagen superfamily
have been identified, such as ectodysplasin A, the colmedins,
and members of the class A scavenger receptors (Ezer et al.,
1999; Loria et al., 2004; Kelley et al., 2014). These proteins
are all characterized as type II membrane proteins harboring
one or two collagenous domain(s) and some other functional

protein motifs. Like MACITs, ectodomains of ectodysplasin A
and colmedins are secreted (Elomaa et al., 2001; Loria et al., 2004;
Maertens et al., 2007).

Members of the MACIT family are expressed in a variety
of tissues and cells. Collagen XVII, also known as BP180 or
BPAG2, was the first MACIT to have its biological function
elucidated (Tsuruta et al., 2011). It is a structural component
of hemidesmosomes, which facilitate the adhesion of basal
keratinocytes to the underlying basement membrane. Moreover,
collagen XVII has been associated with congenital and acquired
blistering diseases. These findings indicate that collagen XVII
plays an important role in the skin as a cell adhesion molecule.
The other three MACITs are structurally related and are
therefore presumed to have similar functions. Of these, the
physiological function of collagen XXIII has not yet been
characterized. Meanwhile, recent studies on collagens XIII and
XXV in genetically modified mice and in rare genetic disorders
have revealed that the transmembrane collagens are important
for the development of the neuromuscular system, which will be
discussed in the following sections.

ROLES OF TRANSMEMBRANE
COLLAGENS IN NEUROMUSCULAR
DEVELOPMENT IN ANIMAL MODELS

Collagen XXV in Intramuscular Motor
Innervation
Collagen XXV was originally identified as CLAC-P, which
is a precursor of a collagenous Alzheimer amyloid plaque
component, CLAC (Hashimoto et al., 2002; Söderberg et al.,
2003). It is expressed exclusively in neurons in adult mammals
(Hashimoto et al., 2002; Monavarfeshani et al., 2017). The
ectodomain binds to amyloid-β fibrils, resulting in co-deposition
with amyloid plaques in the brains of Alzheimer’s patients or
model mice (Kowa et al., 2004; Osada et al., 2005; Söderberg et al.,
2005; Hashimoto et al., 2020).

During embryonic development, however, collagen XXV is
expressed in both neural and muscular tissues (Tanaka et al.,
2014; Gonçalves et al., 2019). The biological role was revealed
by a study in mice deficient in Col25a1, which displayed
characteristics of neuromuscular defects (Tanaka et al., 2014).
In Col25a1−/− embryos, motor nerves fail to enter and branch
within the target muscle. The lack of motor innervation leads to
excessive apoptosis of spinal motor neurons during development,
resulting in neonatal death due to respiratory failure. These
abnormalities were fully reproduced by conditional disruption
of Col25a1 in developing muscles but not in motor neurons
(Munezane et al., 2019), indicating an essential role for muscle-
derived collagen XXV in intramuscular motor innervation.

The expression of Col25a1 in muscles is transiently
upregulated when myoblasts fuse to form multinucleated
myotubes, and rapidly declines after the formation of NMJs.
A possible mechanism for this dynamic regulation is the
persistent suppression of Col25a1 expression by signals
downstream of the nerve-induced excitation of skeletal muscle
(Munezane et al., 2019; Figures 2A,B). In addition, muscle-
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FIGURE 1 | Schematic presentation of the domain structures of membrane-associated collagens with interrupted triple helices (MACITs) and collagen-like
transmembrane proteins. The MACITs family collagens are shown at the top. Collagens XIII, XXV, XXIII, and XVII are the mammalian MACITs, and COL-99 is the
nematode MACIT. Two collagen-like transmembrane proteins, the colmedin family proteins gliomedin and UNC-122, are shown at the bottom. The cellular
membrane is shown in gray, collagen repeat domains (COL) in green, non-collagenous domains (NC) in dark blue, olfactmedin domains in yellow. Protease cleavage
sites are depicted as scissors.

specific microRNA, miR-499, has been suggested to
downregulate the expression of Col25a1 as myotubes mature
(Gonçalves et al., 2019).

How does collagen XXV in muscles induce motor
innervation? In vitro and cell-based assays have shown that
collagen XXV attracts motor axons through its interaction
with PTPσ and PTPδ (Munezane et al., 2019; Figure 2A).
PTPs are type IIa receptor protein tyrosine phosphatases
implicated in axon elongation and regeneration as well as in
synapse formation (Takahashi and Craig, 2013; Ohtake et al.,
2018). Notably, the presence of an uncharacterized ligand for
PTPσ expressed in developing myotubes has been suggested
(Sajnani-Perez et al., 2003). Furthermore, mice doubly deficient
in PTPσ and PTPδ are the only models that phenocopy the
severe developmental deficits observed in Col25a1 knockouts,
supporting the functional link between collagen XXV and PTPs
(Uetani et al., 2006).

Previous studies of neuromuscular development have shown
that the lack of essential components involved in NMJ
formation or pharmacological blockade of action potentials
in developing muscles leads to axon overgrowth far beyond
the AChR clusters. This predicted the presence of muscle-
derived signals that retrogradely promote intramuscular axon

growth, which can be suppressed by muscle excitation (Dahm
and Landmesser, 1988; DeChiara et al., 1996). The interaction
between collagen XXV and PTPσ/δ may satisfy the features
of this long-predicted signaling, and future validation of
its sufficiency and elucidation of the downstream molecular
pathways are expected.

Collagen XIII in NMJ Maturation
Collagen XIII is distributed at the sites of cell-cell and cell-matrix
interactions in a variety of developing and adult tissues such as
skeletal muscle, heart, and neural structures, suggesting that it
is involved in cell adhesion (Peltonen et al., 1999; Sandberg-lall
et al., 2000; Hägg et al., 2001; Sund et al., 2001). Particularly
in skeletal muscle, collagen XIII is rich in the AChR-positive
postsynaptic regions on the motor endplate and myotendinous
junction (Hägg et al., 2001; Latvanlehto et al., 2010).

Analyses of mice lacking collagen XIII (Col13a1−/−) revealed
a role for collagen XIII in the formation of NMJs (Latvanlehto
et al., 2010). Although Col13a1−/− mice are viable, they showed
delayed/incomplete AChR cluster development, aberrant NMJ
morphology, and compromised synaptic function. Furthermore,
transgenic overexpression of collagen XIII under the mouse
endogenous Col13a1 promoter induced mislocalization of
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FIGURE 2 | Proposed model for the roles of collagens XXV and XIII in neuromuscular development. (A) In developing muscle, motor axons extend and branch over
the myotubes toward the region where pre-formed acetylcholine receptor (AChR) clusters are present (upper panel). Collagen XXV expressed in myotubes interacts
with PTPσ and PTPδ on motor axons to induce intramuscular axon growth (lower panel). (B) Axon terminals contact the AChR clusters, resulting in the formation of
functional neuromuscular junctions (NMJs; upper panel). At the NMJ (lower panel), neuron-derived agrin induces postsynaptic maturation through Lrp4/MuSK. Also,
collagen XIII expressed in myotubes promotes both presynaptic and postsynaptic maturation. Acetylcholine (ACh) released from the presynaptic nerve terminal binds
to AChRs in the synaptic region and depolarizes the myotubes, resulting in the suppression of collagen XXV expression.

collagen XIII in the extrasynaptic regions of skeletal muscle,
resulting in abnormal NMJ maturation (Härönen et al., 2019).
Thus, proper expression of collagen XIII in skeletal muscle is
essential for the formation and function of NMJs.

Mechanistically, collagen XIII has been suggested to regulate
both presynaptic and postsynaptic maturation (Figure 2B).
In Col13a1−/− mice, synaptic vesicles failed to accumulate
properly in presynaptic terminals (Latvanlehto et al., 2010).
In contrast, Col13a1tm/tm mice that solely express cleavage-
deficient collagen XIII had fully aligned synaptic vesicles and
a rather elevated number of presynaptic active zones (Härönen
et al., 2017). Thus, the transmembrane form of collagen
XIII retrogradely induces presynaptic differentiation of the
NMJ, presumably through trans-synaptic adhesion. In terms of
postsynaptic maturation, the collagen XIII ectodomain promotes
the development of postsynaptic AChR clusters from immature
plaque-like to mature pretzel-like structures in C2C12 myotubes
in an autocrine manner (Latvanlehto et al., 2010). In vivo,
the study of Col13a1tm/tm mice suggests that the presence of
membrane-tethered collagen XIII is sufficient for postsynaptic
maturation (Härönen et al., 2017). Collagen XIII binds to
ColQ, the collagenous tail of acetylcholinesterase (AChE), and
regulates the distribution of AChE. This may partly explain the
mechanisms that promote postsynaptic maturation (Härönen
et al., 2017). These observations collectively imply a dominant

role for full-length collagen XIII in NMJ maturation and a
homeostatic role for the shed ectodomain.

In addition to NMJ formation, collagen XIII has also been
shown to play a role in the regeneration process of NMJs. In
Col13a1−/− mice but not inCol13a1tm/tm mice, regeneration and
functional recovery following nerve crush were severely impaired
and incomplete, indicating the importance of membrane-
tethered collagen XIII in NMJ recovery after peripheral nerve
injury (Zainul et al., 2018).

Nematode MACIT, COL-99
A genetic screen revealed that COL-99 is involved in axon
guidance (Taylor et al., 2018). COL-99 is the only ortholog
of collagens XIII, XXIII, and XXV in C. elegans and has a
similar domain structure: a transmembrane domain, multiple
collagenous domains, and putative furin cleavage sites in the
juxtamembrane domain (Tu et al., 2015; Figure 1). Mutations
in the col-99 gene lead to defects in the axonal projection
of the major longitudinal tracts, e.g., the ventral nerve cord
(VNC) and dorsal nerve cord (DNC; Taylor et al., 2018). The
affected nerve cords are formed by axons of several classes of
neurons, including motor neurons. COL-99 is expressed in the
hypodermis during development and navigates axon outgrowth
longitudinally, possibly through the discoidin domain receptors
DDR-1 and DDR-2, receptor tyrosine kinases expressed by
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neurons. Given that COL-99 is also localized in adult muscles,
especially in the NMJs, the MACITs might have conserved
functions in the neuromuscular system of a wide range of species
(Tu et al., 2015; Taylor et al., 2018).

Collagen-Like Transmembrane Proteins
Colmedins are a family of type II membrane proteins harboring
collagenous and olfactomedin domains in the extracellular
region (Loria et al., 2004; Tomarev and Nakaya, 2009; Figure 1).
Gliomedin, a mammalian colmedin, is widely expressed in
neural tissues and regulates the formation of the nodes of
Ranvier by serving as a glial ligand for the axonal adhesion
molecules NrCAM and neurofascin (Eshed et al., 2005; Maertens
et al., 2007). In contrast, a C. elegans colmedin UNC-122
is expressed in muscles and is localized in the postsynaptic
sites of the NMJs (Loria et al., 2004). unc-122 mutant
worms displayed neurotransmission defects and therefore caused
an uncoordinated (unc) phenotype. Although the functional
domains and interacting molecules of UNC-122 remain unclear,
it has been postulated that postsynaptically localized UNC-122
is involved in creating a microenvironment required for the
structural and functional integrity of the NMJs in C. elegans.

NEUROMUSCULAR DISORDERS

Loss-of-Function of Collagen XXV Leads
to Cranial Nerve Dysinnervation
The cranial nerves are 12 pairs of nerves that arise directly
from the brain, nine of which contain a motor component.
A heterogeneous group of congenital syndromes characterized
by abnormalities in the development and wiring of cranial
nerves has been collectively referred to as congenital cranial
dysinnervation disorders (CCDDs; Gutowski et al., 2003). A
growing number of causative genes for CCDDs have been
identified, which are associated with syndromes affecting
the movement of the eye, eyelid, and facial muscles, e.g.,
congenital fibrosis of the extraocular muscles (CFEOM), Duane
syndrome, andMöbius syndrome (Gutowski and Chilton, 2015).
Evidence obtained from genetic, clinical, and biological studies
suggests that CCDDs primarily result from neurodevelopmental
abnormalities (Oystreck et al., 2011).

Recently, a novel subtype of CCDD associated with COL25A1
was reported as CFEOM5 (OMIM #616219; Shinwari et al.,
2015). Patients with CCDD related to COL25A1 display
disturbances of ocular motility, e.g., congenital ptosis and
exotropic Duane syndrome, suggesting abnormal innervation of
the extraocular muscles (Khan and Al-Mesfer, 2015). Consistent
with the clinical findings, systemic or muscle-specific loss
of murine Col25a1 resulted in a significant reduction in
the number of motor neurons in the cranial nerve nuclei,
including the oculomotor, trochlear, trigeminal, and facial
motor nuclei at E18.5. Accordingly, abnormalities in motor
innervation of muscles of the head, such as the extraocular
and masseter muscles, were observed (Munezane et al., 2019).
Notably, COL25A1 is the first gene among the causative genes
of CCDD, whose expression in muscles may account for
the pathomechanism.

Genetic analyses have identified a homozygous missense
mutation in the COL2 domain (p.Gly382Arg) and a compound
heterozygous mutation (p.Gly497Ter and a 12.4 kb deletion
spanning exons 4–10; Shinwari et al., 2015). Another variant
of COL25A1 has also been reported in an exome analysis
of families with CCDD-like phenotypes (Akawi et al., 2015).
Biochemical and cellular studies revealed that the CCDD
mutations in COL25A1 severely impaired the interaction of
collagen XXVwith PTPσ/δ, thereby reducing the ability to attract
motor axons (Munezane et al., 2019). Thus, the collagen XXV-
PTPσ/δ interaction might also be essential for the development
of cranial motor neurons, including those innervating the
extraocular muscles.

Collagen XIII Is Associated With
Neuromuscular Junction Disorders
Congenital myasthenic syndromes (CMS) are a group of
inherited neuromuscular disorders caused by abnormal synaptic
transmission. Although over 30 causative genes have been
reported, which encode proteins that function in postsynaptic,
presynaptic, or basal lamina compartments, there are still CMS
cases left with unidentified genetic mutations (Vanhaesebrouck
and Beeson, 2019). Over the past years, next-generation
sequencing analyses have revealed that mutations in COL13A1
cause autosomal recessive CMS, designated as CMS19 (OMIM
#616720). These include nonsense, frameshift, splice-site,
and missense mutations, which are scattered throughout the
gene (Logan et al., 2015; Dusl et al., 2019; Marquardt and
Li, 2019; Rodríguez Cruz et al., 2019). Mutations leading
to premature termination could trigger nonsense-mediated
mRNA decay or produce C-terminally truncated proteins
that might lack functional domains (Logan et al., 2015).
All the missense mutations affect evolutionarily conserved
amino acid residues, including glycine residues in the first
position of the Gly-X-Y repeat sequence (Rodríguez Cruz
et al., 2019). The functional effect of the CMS mutation
was examined by introducing the COL13A1 c.1171delG
frameshift mutation in C2C12 myoblasts. The mutation
reduced the number of agrin-induced AChR clusters on
differentiated myotubes, indicating the deleterious effects
of CMS mutation on postsynaptic maturation (Logan et al.,
2015). The muscles of CMS19 patients showed abnormalities in
neuromuscular transmission on electrophysiological analysis,
and histological analysis also showed mild changes such as
variations in fiber size, the presence of some inner nuclei,
and disturbed distribution of AChE (Logan et al., 2015;
Rodríguez Cruz et al., 2019).

The clinical features of CMS due to COL13A1 are early-onset
muscle weakness with feeding and breathing difficulties. The
pattern of muscle weakness includes facial and axial weakness
as well as ptosis with limited fatigability. The disease course
is variable, but CMS19 causes severe symptoms early in life
and gradually improves in some cases (Rodríguez Cruz et al.,
2019). Such clinical features may be explained by the results
of animal studies in which collagen XIII plays a major role
in the process of NMJ formation. The combination of β2-
adrenergic receptor agonist salbutamol and potassium channel
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blocker 3,4-diaminopyridine was effective in improving motor
and respiratory function in CMS19 patients (Logan et al., 2015;
Dusl et al., 2019; Rodríguez Cruz et al., 2019). Salbutamol and
3,4-diaminopyridine have been suggested to enhance synaptic
integrity and ACh release, respectively, and may therefore
compensate for the functional loss of collagen XIII.

Collagen XIII may also be an autoantigen for myasthenia
gravis (MG). MG is a disease caused by autoantibodies targeting
components of the motor endplate, resulting in muscle weakness
and fatigability. Although the majority of patients possess
antibodies against AChR, an increasing number of other
antigenic targets have been identified (Gilhus et al., 2016). In a
study using sera from MG patients, collagen XIII autoantibodies
were detected in 5 of 70 patients tested, and three of them were
AChR antibody seronegative (Tu et al., 2018). No discernible
symptomatic differences were observed amongMG patients with
and without collagen XIII autoantibodies. Further analyses are
needed to clarify the specificity of collagen XIII for MG and its
therapeutic or diagnostic value.

CONCLUSION

Findings from experimental and pathophysiological studies
highlight the cell adhesion properties of transmembrane
collagens in neuromuscular development. These collagens have
markedly different structural features from traditional adhesion
molecules; in the case of collagen XIII, the approximately 150 nm
long ectodomain is rod-shaped with hinges that correspond to
the NC domains (Tu et al., 2002). These considerably large
and flexible molecular properties might be important for its
function in connecting gaps in the neuromuscular synaptic cleft
of about 50–100 nm or between myotubes and incoming axons
loosely surrounded by Schwann cell precursors. Furthermore,
by the nature of collagenous domains, collagens XIII and XXV
have been reported to interact with multiple ECM components
such as fibronectin, nidogen, and glycosaminoglycan chains

(Tu et al., 2002; Osada et al., 2005). Thus, the shed ectodomain,
which is a characteristic of transmembrane collagens, may not
only relieve the function of full-length molecules but may also
exert unique roles in the neuromuscular ECM.

The functions indicated by animal studies mostly explain
the disease mechanisms affected by mutations in collagens
XIII and XXV. However, phenotypic and histopathological
changes were more severe in the gene-deficient mice than
in humans. Particularly for collagen XXV, the reason that
the mutational effects are limited to impairments in the
EOMs in humans remains unsolved. Possible explanations
might be that partial loss of function due to mutations
only affects vulnerable muscle types, or that neuron-muscle
interactions in humans involve a certain contribution of
other molecules, including the closely related transmembrane
collagens. Elucidating the molecular basis of the bioactive and
pathological mechanisms of transmembrane collagens in the
future will be of fundamental importance in neurodevelopmental
research. Given the regulatory function of collagen XIII in the
structures of NMJs and the axon-inducing effects of collagen
XXV, transmembrane collagens may also have the ability to
facilitate the regenerative process from nerve andmuscle damage
and degeneration caused by neuromuscular disorders; collagen
XIII has indeed been implicated in neuromuscular synapse
regeneration (Zainul et al., 2018). From this perspective, future
research on transmembrane collagens may also lead to clinical
applications in various neuromuscular disorders.
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Ionotropic receptors (IRs) are a highly divergent subfamily of ionotropic glutamate

receptors (iGluR) and are conserved across Protostomia, a major branch of the animal

kingdom that encompasses both Ecdysozoa and Lophothrochozoa. They are broadly

expressed in peripheral sensory systems, concentrated in sensory dendrites, and

function in chemosensation, thermosensation, and hygrosensation. As iGluRs, four IR

subunits form a functional ion channel to detect environmental stimuli. Most IR receptors

comprise individual stimulus-specific tuning receptors and one or two broadly expressed

coreceptors. This review summarizes the discoveries of the structure of IR complexes

and the expression and function of each IR, as well as discusses the future direction for

IR studies.

Keywords: Drosophila, ionotropic receptors, chemosensation, gustation, olfaction, thermosensation,

hygrosensation

INTRODUCTION

Ionotropic receptors (IRs) are a highly divergent subfamily of ionotropic glutamate receptors
(iGluR) (Benton et al., 2009). Most iGluRs bind the excitatory neurotransmitter glutamate and
function in synaptic communication in the brain (Mayer and Armstrong, 2004). In contrast, IRs
are primarily and broadly expressed in peripheral sensory systems and have diverse functions,
including chemosensation, thermosensation, and hygrosensation (van Giesen and Garrity, 2017).
They might also be involved in hearing and social cluster formation (Senthilan et al., 2012; Jiang
et al., 2020). IRs are conserved across Protostomia, a major branch of the animal kingdom that
encompasses both Ecdysozoa and Lophothrochozoa, and play a key role in host-seeking behavior
in disease vectors, such as mosquitoes (Croset et al., 2010; Raji et al., 2019; Greppi et al., 2020;
Jové et al., 2020). While “antennal” IRs are conserved across insects, often contain many introns,
and function in olfaction, thermosensation, and hygrosensation; species-specific “divergent IRs”
are often single intron genes, are expressed in peripheral and internal gustatory neurons, and are
required for taste and food assessment (Benton et al., 2009; Croset et al., 2010).

As iGluRs, four IR subunits form a functional ion channel to allow cations–mainly monovalent
cation, but also calcium–to flux into and activate sensory neurons (Abuin et al., 2011, 2019).
Most IR receptors comprise individual stimulus-specific tuning receptors and one or two broadly
expressed coreceptors (Abuin et al., 2011). IR proteins are detected in the cell body and sensory
dendrites but not at synapses (Benton et al., 2009; Ai et al., 2010, 2013; Abuin et al., 2011; Grosjean
et al., 2011). Expression of IRs in sensory dendrites is critical for sensory responses and requires the
heteromeric IR complex formation (Abuin et al., 2011; Ai et al., 2013).

There are 63 IR proteins in Drosophila melanogaster, including four coreceptors (IR8a,
IR25a, IR76b, and IR93a) and 59 tuning receptors (Benton et al., 2009; Koh et al., 2014;
van Giesen and Garrity, 2017). The expression of most IRs–except for five tuning receptors
(IR48a, IR51a, IR54a, IR60a, and IR87a)–has been described (Supplementary Tables 1, 2).
However, the function of only 18 tuning receptors has been found (Table 1).
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Ni IRs’ Structure and Function

In this review, I will first summarize the discoveries of the
structure of IR complexes. Next, I will discuss the known
function of IR proteins, including the discoveries from most
recent studies as well as the information described in previous
review articles (Rytz et al., 2013; van Giesen and Garrity,
2017; Rimal and Lee, 2018). Importantly, the information about
IR expression and function, with references, will be listed in
Table 1 and Supplementary Tables 1, 2. Finally, I will discuss the
future direction for IR studies in Drosophila melanogaster and
other animals.

STRUCTURE

As iGluRs, four IR subunits are predicted to form a functional ion
channel. This possibility has been confirmed by photobleaching
and counting GFP-tagged subunits in vitro and analogy with
the heterotetrameric stoichiometry of iGluRs (Abuin et al., 2011,

TABLE 1 | The known function of each IR.

Tuning IR Coreceptor Function Stimulus Expression References

7a Gustation acetic acid Labellum: taste bristles Croset et al., 2010; Rimal et al., 2019

20a 76b Gustation amino acids Tarsus: taste bristles Ganguly et al., 2017

21a 25a/93a Thermosensation cool Arista/DOG Benton et al., 2009; Ni et al., 2016;

Budelli et al., 2019

31a 8a Olfaction 2-oxopentanoic acid Antenna: sensilla Benton et al., 2009; Silbering et al.,

2011

40a 25a/93a Hygrosensation dry Sacculus (I, II) Benton et al., 2009; Enjin et al., 2016;

Knecht et al., 2016

41a 25a/76b Olfaction pyridine, pyrrolidine,

1,4-diaminobutane (putrescine),

cadaverine, and spermidine

Antenna: sensilla Abuin et al., 2011; Silbering et al.,

2011; Hussain et al., 2016

56d 25a/76b Gustation hexanoic acid and octanoic acid Labellum: taste bristles and pegs;

tarsus: taste bristles

Ahn et al., 2017; Tauber et al., 2017;

Sanchez-Alcaniz et al., 2018

56d 25a/76b Gustation carbonation Labellum: taste peg Sanchez-Alcaniz et al., 2018

60b Gustation sucrose Pharynx: LSO Joseph et al., 2017

62a 25a/76b Gustation calcium labellum Lee et al., 2018

64a 8a Olfaction hydrochloride acid and acetic acid Sacculus (III) Ai et al., 2010, 2013; Silbering et al.,

2011; Gao et al., 2015

68a 25a/93a Hygrosensation moist Sacculus (II) Frank et al., 2017; Knecht et al., 2017

75a 8a Olfaction acetic acid and propionic acid Antenna: sensilla Benton et al., 2009; Abuin et al., 2011;

Silbering et al., 2011; Gorter et al.,

2016; Prieto-Godino et al., 2016, 2017

75b/c 8a Olfaction propionic acid, butyric acid and

2-oxyopentanoic acid

Antenna: sensilla Benton et al., 2009; Abuin et al., 2011;

Silbering et al., 2011; Prieto-Godino

et al., 2017

75d 25a Olfaction pyrrolidine Antenna: sensilla Benton et al., 2009; Silbering et al.,

2011

76a 25a/76b Olfaction pyrrolidine and phenylethylamine Antenna: sensilla Benton et al., 2009; Abuin et al., 2011;

Silbering et al., 2011

84a 8a Olfaction phenylacetic acid and

phenylacetaldehyde

Antenna: sensilla Benton et al., 2009; Grosjean et al.,

2011; Silbering et al., 2011; Hueston

et al., 2016

92a Olfaction ammonia, methylamine,

dimethylamine, trimethylamine,

ethylamine, triethylamine,

butylamine and pyrrolidine

Antenna: sensilla Benton et al., 2009; Abuin et al., 2011;

Silbering et al., 2011; Min et al., 2013

2019). For IR complexes that use IR8a as coreceptors, there are
two IR8a subunits and two tuning IRs in each heterotetrameric
complex (Abuin et al., 2011, 2019). Although IRs are iGluR-
related proteins, they are not closely related to the well-described
AMPA, NMDA, or kainate classes of iGluRs (Benton et al.,
2009). Instead, the IR family is extremely divergent and the
overall amino acid sequence identity is 10–70% (Benton et al.,
2009).

iGluRs contain four protein domains: the amino-terminal

domain (ATD), ligand-binding domain (LBD), transmembrane
domain (TMD), and carboxy-terminal domain (CTD) (Mayer
and Armstrong, 2004). The extracellular ATD domain is followed

by the LBD domain that contains two half-domains, S1 and S2. S1
and S2 form a “Venus flytrap” structure that closes upon binding
of glutamate (Armstrong et al., 1998). In the primary structure,
S1 and S2 are separated by the ion channel pore. The ion channel
pore is formed by two transmembrane segments (TM1 and TM2)

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 February 2021 | Volume 13 | Article 638839187

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


Ni IRs’ Structure and Function

FIGURE 1 | Schematic of the IR coreceptor and tuning receptor. ATD, the

amino-terminal domain; LBD, the ligand-binding domain; S1 and S2, two

half-domains of LBD that form a “Venus flytrap” structure; CREL, the

coreceptor extra loop; TMD, the transmembrane domain; Pore, the ion

channel pore region; CTD, the carboxy-terminal domain.

and a re-entrant pore loop (Kuner et al., 2003). S2 is followed by
a third transmembrane segment (TM3) and a cytosolic carboxy-
terminal domain (CTD). The IR coreceptors, IR8a and IR25a,
contain the ATD, LBD, TMD, CTD, and coreceptor extra loop
(CREL). Tuning IRs and less broadly expressed coreceptors,
IR76b and IR93a, do not contain typical ATD domains and
CRELs (Figure 1) (Benton et al., 2009; Croset et al., 2010).

The ATD domain is involved in the assembly of iGluR
subunits into heteromeric complexes (Jin et al., 2009). The
coreceptors, IR8a and IR25a, contain ATD domains (Figure 1)
(Croset et al., 2010). Deletion of the ATD in IR8a abolishes
the cilia localization, suggesting a role for this domain in
protein folding, IR complex assembly, or cilia targeting (Abuin
et al., 2011). Moreover, the direct interactions between two IR8a
ATDs have been identified by protein fragment complementation
assays (Abuin et al., 2019), suggesting that ATDs in coreceptors
are involved in the assembly of heteromeric complexes. Tuning
IRs and less broad coreceptor IRs, IR76b and IR93a, do not
contain typical ATD domains (Figure 1) (Benton et al., 2009;
Croset et al., 2010). Instead, they have a relatively short and highly
divergent N-terminal region of about 200 amino acids before
the LBD S1 domain (Croset et al., 2010; Abuin et al., 2011).
Interestingly, deletion of the short amino acid N-terminal region
in IR84a also abolishes the normal cilia targeting, suggesting
that this fragment has a similar importance to the ATD domain
in coreceptors in protein folding, IR complex assembly, or cilia
targeting (Abuin et al., 2011). Moreover, the short amino acid N-
terminal regions in two IR84a subunits do not interact directly
(Abuin et al., 2019).

Both coreceptors and tuning receptors contain the ligand-
binding domain (LBD) and transmembrane domain (TMD)
(Figure 1) (Benton et al., 2009). The IR LBDs are highly divergent
and, thus, the ligand-binding specificity of most or all IRs is
likely to be both distinct from that of iGluRs and varied within
the IR family (Benton et al., 2009; Croset et al., 2010; Abuin

BOX 1 | Ester, alcohol, amine, and carboxylic acid.

An alcohol carries at least one OH group bond to a saturated carbon atom.

An amine is a derivative of ammonia (NH3), wherein one or more hydrogen

atoms have been replaced by a substituent.

A carboxylic acid contains a C(=O)OH group attached to an alkyl group.

The amino acid and fatty acids are carboxylic acids.

An ester is a derivative of an acid in which at least one C(=O)OH group is

replaced by a C(=O)OR group. R represents an alkyl group.

A ketone contains a C(=O) group bonded to two alkyl groups.

et al., 2011). For example, all iGluRs have an arginine (R) residue
in S1 that binds the glutamate α-carboxyl group (C(=O)OH);
only 19 IRs retain this residue. Moreover, a threonine (T)
residue in the first half of S2 exists in all AMPA and kainate
receptors and functions to contact the glutamate γ-carboxyl
group. Only 9 IRs retain this residue. In the second half of
S2, all iGluRs have an aspartate (D) or glutamate (E) that
interacts with the glutamate α-amino group (NH2). Only 10 IRs
retain this conserved residue. Importantly, only three IRs (IR8a,
IR75a, and IR75c) retain all three conserved residues (R, T, and
D/E). These conserved residues, at least in IR8a, are unlikely
to recognize glutamate by the mutational analysis of IR8a
(Mayer, 2006; Benton et al., 2009; Abuin et al., 2011).

The LBD domains are important for receptor targeting and
chemical recognition. Mutation of the conserved R and D in
IR8a reduces or abolishes the efficiency of targeting the cilia,
suggesting a role for the IR8a LBD in receptor localization (Abuin
et al., 2011). IR84a retains the R residue in the S1 domain. A point
mutation of this residue does not affect the receptor targeting
to cilia, but eliminates the ligand-evoked responses, indicating
that the IR84a LBD is required for chemical recognition (Abuin
et al., 2011). Interestingly, this R residue is conserved in acid-
sensing IRs (IR31a, IR64a, IR75a, IR75b, IR75c, and IR84a) but
divergent in amine-sensing IRs (IR41a, IR76a, and IR92a) (Box 1;
Table 1), suggesting that this R residue might play a conserved
role between iGluRs and acid-sensing IRs in conjugating the
carboxyl group (C(=O)OH) of their ligands (Benton et al., 2009;
Silbering et al., 2011). Studies on IR75a in different Drosophila
species provide additional evidence about the function of the
LBD domain in chemical recognition. Mutations of three amino
acids (T289, Q536, and F538) in the IR75a LBD domain changes
the responses to acetic acid, butyric acid, and 2-oxopentanoic
acid (Box 2), suggesting one or more of these residues act as
chemical-specificity determinants (Prieto-Godino et al., 2016).

The coreceptor extra loop (CREL) is highly conserved in
IR8a and IR25a across the insect and Protostomia, respectively.
This loop is absent in tuning IRs or iGluRs (Figure 1). CRELs
locate near the beginning of the S2 domain and possess several
conserved characteristics, including the presence of predicted
short alpha-helical and beta-sheet regions and a single consensus
N-glycosylation target motif (NXS/T) (Abuin et al., 2019).
Deletion of CREL or mutation of the N-glycosylation site in
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BOX 2 | Chemical formulas mentioned in this review.

Acetic acid: CH3C(=O)OH

Propionic acid: CH3CH2C(=O)OH

Butyric acid: CH3(CH2)2C(=O)OH

Hexanoic acid: CH3(CH2)4C(=O)OH

Octanoic acid: CH3(CH2)6C(=O)OH

Linoleic acid: CH3(CH2)4CH=CHCH2CH=CH(CH2)7C(=O)OH

2-Oxopentanoic acid: CH3(CH2)2C(=O)C(=O)OH

Lactic acid: CH3CH(OH)C(=O)OH

Tartaric acid: C(=O)OHCH(OH)CH(OH)C(=O)OH

Citric acid: C(=O)OHC(OH)(CH2C(=O)OH)2

Phenylacetic acid: C6H5CH2C(=O)OH

Methylamine: CH3NH2

Dimethylamine: CH3NHCH3

Trimethylamine: (CH3)3N

Ethylamine: CH3CH2NH2

Triethylamine: (CH3CH2)3N

Butylamine: CH3(CH2)3NH2

1,4-Diaminobutane: NH2(CH2)4NH2

Cadaverine: NH2(CH2)5NH2

Spermidine: NH2(CH2)3NH(CH2)4NH2

Pyridine: C5H5N

Pyrrolidine: (CH2)4NH

Phenethylamine: C6H5(CH2)2NH2

Phenylacetaldehyde: C6H5CH2C(=O)H

CREL affects the cilia trafficking of the IR complex, suggesting
a role of CREL in receptor targeting (Abuin et al., 2019).

The ion channel pore is the most conserved region between
IRs and iGluRs (Benton et al., 2009; Croset et al., 2010). To
confirm that IRs act as ion channels, multiple point mutations
in the putative ion channel pore have been generated. In the
pore region of GluA2, glutamine is required to control calcium
permeability (Hume et al., 1991). In the same position, IR84a
retains glutamine (Q401). The IR84a mutant receptors that have
a point mutation of this glutamine do not affect the conductance
of monovalent cations but lack calcium permeability (Abuin
et al., 2011; Ng et al., 2019). Moreover, IR8a contains a
proline in the pore region. A point mutation of this proline
decreases the ligand-evoked currents, affects the conductance
of monovalent cations, and abolishes the calcium-dependent
conductance (Abuin et al., 2011). These data together support the
notion that IRs function as ion channels and suggest that the pore
regions of both coreceptors and tuning receptors are required to
mediate the ionic pathway.

TM3 is also involved in controlling the ion conductance
of iGluRs (Sobolevsky et al., 2009). In the absence of ligands,
iGluRs are closed. A spontaneous A288T mutation in TM3
disrupts the closed conformation, resulting in a constitutive
sodium conductance (Zuo et al., 1997). When expressing in
HEK293T cells, IR76b behaves as a sodium leaky channel and
is in a constitutively open state. This constitutive current can

FIGURE 2 | The adult fly head to show the olfactory organs (the third antennal

segment and maxillary palp), gustatory organs [the labellar taste sensillum,

labellar taste peg, labial sense organ (LSO), ventral cibarial sense organ

(VCSO), and dorsal cibarial sense organ (DCSO)], thermosensory organ (the

arista), and hygrosensory organ (the sacculus).

be attenuated by a T to A point mutation in the corresponding
position of IR76b (Zhang et al., 2013). This point mutation also
blocks the in vivo low salt responses (Zhang et al., 2013).

While deletion of the CTD (Figure 1) of IR84a does not affect
localization or function, deletion of the CTD of IR8a strongly
reduces cilia-targeting efficiency (Abuin et al., 2011), suggesting
a role of the coreceptor CTD domains in receptor localization.

Interestingly, when IR8a is the coreceptor in an IR complex,
the complex often contains a single tuning receptor and, thus,
two IR8a subunits and a couple of the same tuning receptors
are in the complex (Abuin et al., 2011, 2019). However, IR25a
often complexes with IR76b to mediate chemical sensation and
IR93a to mediate temperature and humidity sensation (Table 1).
Studies about the structure of IR complexes that include IR25a,
IR76b, and IR93a have not been reported.

CHEMOSENSATION

Animals mainly depend on their smell and taste to assess the
quality and nutritional value of food. While olfaction plays a
key role for insects to identify food, gustation is crucial for
the decision of whether to feed. Moreover, both olfaction and
gustation are important for courtship behavior (Squire et al.,
2003; Montell, 2009; Carey and Carlson, 2011).

Olfaction
Olfactory sensory organs in adult flies are housed in the third
antennal segment and maxillary palp (Figure 2). Each olfactory
sensory neuron (OSN) is located in a sensillum and expresses
a specific type or very small combination of receptors. All
OSNs that express the same receptor converge their axons to
a single pair of glomeruli in the antennal lobe (Vosshall and
Stocker, 2007). Upon additional local processing at the level of
the antennal lobe, the odor information is sent via projection
neurons to two main higher brain centers, the mushroom body
and the lateral horn (Masse et al., 2009).
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The third antennal segment bears three classes of olfactory
sensilla: basiconic, trichoid, and coeloconic sensilla. Each
sensillum contains the dendrites of up to three OSNs with
different odorant response profiles. Three classes of olfactory
molecular receptors have been identified: the odorant receptors
(ORs), ionotropic receptors (IRs), and a few gustatory receptors
(GRs) (Vosshall et al., 2000; Jones et al., 2007; Benton et al.,
2009). OSNs innervating basiconic and trichoid sensilla generally
express ORs and respond to many esters, ketones, and alcohols;
while, except for OR35a-expressing neurons, OSNs housed in
coeloconic sensilla express IRs and respond to many amines
and carboxylic acids (Box 1) (de Bruyne et al., 2001; Hallem
et al., 2004; Yao et al., 2005; van der Goes van Naters and
Carlson, 2007; Vosshall and Stocker, 2007; Benton et al., 2009;
Silbering et al., 2011). Coeloconic sensilla can be classified into
four clusters (ac1, ac2, ac3, and ac4) by their expression of
stereotyped combinations of IR genes (Benton et al., 2009). IRs
are also expressed in the sacculus, a three-chambered pit under
the antennal surface, and in the arista, a feather-like structure
that extended from the third segment of the antenna (Foelix
et al., 1989; Shanbhag et al., 1995) (Figure 2). Although OR- and
IR-expressing OSNs project to complementary sets of glomeruli
in the antennal lobe, the axon terminals of the projection
neurons postsynaptic to IR or OR OSNs are interdigitated
within the mushroom body and the lateral horn (Silbering et al.,
2011).

Three IR coreceptors, IR8a, IR25a, and IR76b, function in
olfactory systems. IR8a is broadly expressed in the main portion
of the third antennal segment and the third chamber of the
sacculus (Supplementary Table 1) (Benton et al., 2009; Abuin
et al., 2011; Ai et al., 2013; Menuz et al., 2014). IR8a is not
detected elsewhere in the adult head, body, appendages, or larval
stages (Benton et al., 2009; Sanchez-Alcaniz et al., 2018). IR8a is
a coreceptor, generally forming heterotetrameric complexes with
tuning IR receptors to detect carboxylic acids (Box 1) (Silbering
et al., 2011). IR8a in mosquitoes is also necessary for sensing
acidic volatiles, such as lactic acid, and human odor (Box 2) (Raji
et al., 2019).

IR25a is the IR gene that is most similar to the ancestral IR
and evolved from a bilaterian non-NMDA receptor gene (Croset
et al., 2010). It is another coreceptor that is broadly expressed in
the main portion of the third antennal segment (Benton et al.,
2009; Abuin et al., 2011; Chen et al., 2015). Unlike IR8a, IR25a
is expressed in the first and second saccular chambers and arista
(Benton et al., 2009; Abuin et al., 2011; Chen et al., 2015; Steck
et al., 2018; Budelli et al., 2019). IR25a is also found in the
second antennal segment (Chen et al., 2015), proboscis (Chen
and Amrein, 2017; Chen and Dahanukar, 2017; Lee et al., 2018;
Sanchez-Alcaniz et al., 2018; Steck et al., 2018), legs (Chen et al.,
2015; Chen and Amrein, 2017; Lee et al., 2018; Sanchez-Alcaniz
et al., 2018; Steck et al., 2018), wings (Sanchez-Alcaniz et al.,
2018), and abdomen (Sanchez-Alcaniz et al., 2018) in adults
(Supplementary Table 1). In larvae, IR25a is broadly expressed
(Supplementary Table 2) (Stewart et al., 2015; Croset et al., 2016;
van Giesen et al., 2016; Rist and Thum, 2017; Sanchez-Alcaniz
et al., 2018). As an olfactory receptor, IR25a detects amines when
forming heterotetrameric complexes with tuning IR receptors

(Box 1) (Silbering et al., 2011). Generally, IR25a and IR8a have
selective functional properties and cannot substitute each other
(Abuin et al., 2011).

IR76b is the third identified coreceptor in the olfactory
system that is expressed in the main portion of the third
antennal segment, but not the sacculus or arista (Benton et al.,
2009; Menuz et al., 2014; Hussain et al., 2016; Steck et al.,
2018). IR76b is also broadly expressed outside of the olfactory
system, including the proboscis (Zhang et al., 2013; Hussain
et al., 2016; Chen and Amrein, 2017; Chen and Dahanukar,
2017; Ganguly et al., 2017; Jaeger et al., 2018; Lee et al.,
2018; Sanchez-Alcaniz et al., 2018; Steck et al., 2018), legs
(Zhang et al., 2013; Hussain et al., 2016; Chen and Amrein,
2017; Ganguly et al., 2017; Lee et al., 2018; Sanchez-Alcaniz
et al., 2018; Steck et al., 2018), wings (Zhang et al., 2013;
Hussain et al., 2016; Sanchez-Alcaniz et al., 2018; Yanagawa
et al., 2019), and abdomen (Supplementary Table 1) (Sanchez-
Alcaniz et al., 2018). Moreover, IR76b is detected in larvae
(Supplementary Table 2) (Stewart et al., 2015; Croset et al., 2016;
Rist and Thum, 2017; Sanchez-Alcaniz et al., 2018). In olfactory
systems, IR76b often complexes with IR25a to detect variant
odorants. Unlike IR8a or IR25a, IR76b does not contain the ATD
or CREL domain.

IR31a is expressed in the OSNs that project to antennal ac1
coeloconic sensilla (Benton et al., 2009). Their axons terminate
at VL2p glomeruli in the antennal lobe (Silbering et al., 2011).
The coreceptor, IR8a, is necessary for the function of IR31a
neurons to respond to 2-oxopentanoic acid (Box 2; Table 1)
(Silbering et al., 2011).

IR41a is expressed in the OSNs whose dendrites are housed
in antennal ac2 coeloconic sensilla (Silbering et al., 2011). Their
axons are projected to VC5 glomeruli (Silbering et al., 2011;
Hussain et al., 2016). The IR41a positive OSNs respond to amine
ligands, including pyridine, pyrrolidine, 1,4-diaminobutane
(putrescine), cadaverine, and spermidine (Box 2) (Silbering et al.,
2011; Hussain et al., 2016). IR25a and IR76b are coexpressed with
IR41a and necessary for the amine responses (Table 1) (Abuin
et al., 2011; Silbering et al., 2011; Hussain et al., 2016).

IR64a is expressed in the OSNs surrounding the third saccular
chamber (Benton et al., 2009; Ai et al., 2010). These OSNs send
their axons to two pairs of glomeruli, DC4 and DP1m (Ai et al.,
2010, 2013; Silbering et al., 2011; Gao et al., 2015). The dendrites
of DC4- and DP1m-targeting OSNs innervate ventral and dorsal
compartments of the third saccular chamber, respectively (Ai
et al., 2013). IR8a is expressed in both DC4- and DP1m-targeting
IR64a positive neurons (Ai et al., 2013). DC4-targeting OSNs
detect hydrochloric acid (HCl) and acetic acid (Box 2). IR8a and
IR64a form an acid receptor that is necessary and sufficient for
acid responses (Table 1) (Ai et al., 2010, 2013; Silbering et al.,
2011; Gao et al., 2015).

IR75a is expressed in the ac2/3 coeloconic OSNs. The axons
of ac2 OSNs target DP1l glomeruli, while ac3 axons target DL2
(Benton et al., 2009; Silbering et al., 2011; Prieto-Godino et al.,
2016, 2017). IR75a forms an acidic receptor with IR8a and is
necessary and sufficient to detect acetic acid and propionic acid
(Box 2) (Abuin et al., 2011; Silbering et al., 2011; Gorter et al.,
2016; Prieto-Godino et al., 2016). IR75b and IR75c are expressed
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in the ac3I and ac3II coeloconic OSNs, respectively (Prieto-
Godino et al., 2017). Both IR75b and IR75c are sufficient to
respond to propionic acid, butyric acid, and 2-oxyopentanoic
acid (Box 2) with different sensitivities. These responses also
depend on IR8a (Table 1) (Benton et al., 2009; Abuin et al., 2011;
Silbering et al., 2011; Prieto-Godino et al., 2017).

IR75d is expressed in the ac1/2/4 coeloconic OSNs that send
their axons to VL1 glomeruli (Benton et al., 2009; Silbering
et al., 2011). IR75d-expressing OSNs respond to pyrrolidine
and these responses are IR25a dependent (Box 2; Table 1)
(Silbering et al., 2011).

IR76a is expressed in the ac4 coeloconic OSNs that project
to VM4 (Benton et al., 2009; Silbering et al., 2011). IR76a
and two coreceptors, IR25a and IR76b, are sufficient to detect
pyrrolidine and phenylethylamine (Box 2; Table 1) (Abuin et al.,
2011; Silbering et al., 2011).

IR84a is expressed in the ac4 coeloconic OSNs that send
their axons to VL2a (Benton et al., 2009; Grosjean et al., 2011;
Silbering et al., 2011; Hueston et al., 2016). Two IR8a subunits
and two IR84a subunits form a heterotetramer that is necessary
and sufficient to detect phenylacetic acid and phenylacetaldehyde
(Box 2; Table 1) (Benton et al., 2009; Abuin et al., 2011; Grosjean
et al., 2011; Silbering et al., 2011). VL2a is one of the only
three glomeruli that are larger in males and whose inputs and
outputs express male-specific isoforms of the behavioral sex
determination gene fruitless (Manoli et al., 2005; Stockinger
et al., 2005). Although IR84a does not show sexually dimorphic
expression and is not tuned to fly-derived pheromones, it
increases male courtship in the presence of IR84a ligands, such
as phenylacetic acid (Grosjean et al., 2011).

IR92a is expressed in the ac1 coeloconic OSNs that projects
to VM1 (Benton et al., 2009; Silbering et al., 2011). IR92a
is necessary to detect ammonia, methylamine, dimethylamine,
trimethylamine, ethylamine, triethylamine, butylamine, and
pyrrolidine (Box 2; Table 1) (Silbering et al., 2011; Min et al.,
2013). Although IR92a is found to be coexpressed with IR8a,
IR25a, and IR76b, none of these coreceptors are necessary for the
responses of ammonia or other amines (Abuin et al., 2011; Min
et al., 2013).

IR25a and IR76b have been identified in the larval
olfactory system, the dorsal organ ganglion (DOG)
(Supplementary Table 2) (Stewart et al., 2015; van Giesen
et al., 2016; Sanchez-Alcaniz et al., 2018). However, their
functions in larval olfaction have not been demonstrated.

Gustation
Gustatory receptor neurons (GRNs) in adult flies are found in
many peripheral organs, including the labellum, pharynx, legs,
wing margins, and abdomen (Figure 2). The labellum contains
taste sensilla and taste pegs. The pharynx contains three organs:
the labial sense organ (LSO), ventral cibarial sense organ (VCSO),
and dorsal cibarial sense organ (DCSO). These pharyngeal taste
organs are critical to monitor food quality. The head of the
Drosophila larva contains three external chemosensory organs:
the dorsal organ ganglion (DOG), terminal organ ganglion
(TOG), and ventral organ ganglion (VOG) (Figure 3). In the

FIGURE 3 | The larval anterior part to show the chemosensory organs,

including the terminal organ ganglion (TOG), dorsal organ ganglion (DOG),

ventral organ ganglion (VOG), dorsal pharyngeal sensilla (DPS), ventral

pharyngeal sensilla (VPS), posterior pharyngeal sensilla (PPS), and dorsal

pharyngeal organ (DPO). Larval thermosensitive cells are housed in the DOG.

Upper panel: top view; lower panel: side view. The orientation is shown by

double headed arrows. A, anterior; P, posterior; V, ventral; D, dorsal; L, lateral.

pharynx, there are four internal chemosensory organs: the dorsal,
ventral, and posterior pharyngeal sensilla (DPS, VPS, and PPS),
and dorsal pharyngeal organ (DPO). Moreover, the posterior
tip of the larva also contains chemosensory neurons. GRNs are
housed in sensilla that have a single pore for tastants to enter
(Montell, 2009). IRs have been found in all identified taste organs
(Supplementary Tables 1, 2). Unlike IRs and ORs which are
expressed in complementary OSNs, IRs and GRs are coexpressed
in GRNs (Koh et al., 2014).

IR25a and IR76b, not IR8a, function as gustatory coreceptors
to detect different tastants. They are broadly expressed in all
taste organs in both larval and adult flies, with the exception
that IR76b is not detected in the posterior tip of the larva
(Supplementary Tables 1, 2) (Zhang et al., 2013; Chen et al.,
2015; Stewart et al., 2015; Croset et al., 2016; Hussain et al.,
2016; van Giesen et al., 2016; Chen and Amrein, 2017; Chen
and Dahanukar, 2017; Ganguly et al., 2017; Rist and Thum,
2017; Jaeger et al., 2018; Lee et al., 2018; Sanchez-Alcaniz et al.,
2018; Steck et al., 2018; Yanagawa et al., 2019). As in olfactory
systems, IR25a and IR76b often collaborativelymediate responses
to tastants. For example, both IR25a and IR76b are necessary
to detect acids in tarsal GRNs, including acetic acid, citric acid,
tartaric acid, hexanoic acid, octanoic acid, linoleic acid, and
hydrochloric acid (Box 2) (Ahn et al., 2017; Chen and Amrein,
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2017). In labellar taste bristles, IR25a and IR76b are necessary for
responses to salt (high and low), potassium chloride, and calcium
(Jaeger et al., 2018; Lee et al., 2018). They can also function
independently in mediating responses to other tastants. For
example, IR25a, not IR76b, is necessary to detect denatonium, a
bitter tastant, in the C7 GRN in the TO (van Giesen et al., 2016).
On the other hand, IR76b but not IR25a is necessary to detect
the yeast/amino acid mixture in the tarsal bristles and larval
TO (Croset et al., 2016; Ganguly et al., 2017). Labellar IR76b
is necessary to detect polyamines, including 1,4-diaminobutane
and cadaverine (Box 2), and to mediate avoidance of polyamines
(Hussain et al., 2016). Moreover, IR76b alone is sufficient to form
the low salt receptor that does not require additional IRs (Zhang
et al., 2013). IR76b in the labellum has also been proposed as a
sensitivity modulator to regulate the preference for acetic acid,
citric acid, and sucrose (Box 2) (Chen H. L. et al., 2019).

IR7a is expressed in the bitter GRNs in the labellum and
is required for the avoidance of acetic acid (Box 2) (Rimal
et al., 2019). Although IR25a is coexpressed with IR7a, it is
not necessary for the function of IR7a in detecting acetic acid
(Table 1) (Croset et al., 2010; Rimal et al., 2019). IR7a and IR7f are
expressed in the blood-sensitive GRNs on the stylet tip of female
mosquitoes (Jové et al., 2020).

IR20a in tarsal GRNs is coexpressed with IR76b and, at least
partially, required for detecting amino acid mixture (Table 1)
(Ganguly et al., 2017). Since the loss of IR20a results in weaker
defects in amino acid detection, IR20a may be functionally
redundant with other IRs (Ganguly et al., 2017). Moreover,
expression of IR20a is sufficient to confer sensitivities of amino
acidmixture to labellar sensilla and to block the function of IR76b
in detecting low salt (Zhang et al., 2013; Ganguly et al., 2017).

IR52a is expressed in the adult legs and wings (Koh et al.,
2014; He et al., 2019). It shows sexual dimorphic expression and
is necessary for sexual behavior in both male and female flies
(Koh et al., 2014; He et al., 2019). IR52c and IR52d are expressed
in sexually dimorphic taste neurons in forelegs. These neurons
are activated by contacting females during courtship (Koh et al.,
2014). The function of IR52a, IR52c, and IR52d may depend on
IR25a and IR76b, since IR25a and IR76b are coexpressed with
IR52a, IR52c, and IR52d in forelegs (Koh et al., 2014). However,
the chemical cues that activate IR52a, IR52c, and IR52d have not
been found.

IR56d is found in labellar taste sensilla and pegs, as well as
tarsal bristles (Ahn et al., 2017; Tauber et al., 2017; Sanchez-
Alcaniz et al., 2018). Together with IR25a and IR76b, IR56d
is necessary for the responses to multiple fatty acids, including
hexanoic acid, octanoic acid, and linoleic acid (Box 2; Table 1)
(Ahn et al., 2017; Tauber et al., 2017; Sanchez-Alcaniz et al., 2018).
Interestingly, the norpA gene, which encodes a phospholipase C
(PLC) that acts as a downstream effector of G-protein coupled
receptors in the fly’s visual system, is necessary for these responses
(Ahn et al., 2017; Tauber et al., 2017). These three IRs are also
necessary to detect carbonations in taste pegs (Table 1) (Sanchez-
Alcaniz et al., 2018).

IR60bmediates sucrose responses in LSO in the adult pharynx
and acts in limiting sucrose consumption (Table 1) (Koh et al.,
2014; Joseph et al., 2017; Chen Y. D. et al., 2019).

IR62a forms a calcium-responsive receptor with IR25a and
IR76b in the labellum and is necessary to mediate calcium
avoidance (Table 1) (Lee et al., 2018).

THERMOSENSATION AND

HYGROSENSATION

Temperature and humidity influence the fitness and geographic
distribution of all animals and are crucial for insects. Insects rely
on the ambient temperatures to set their body temperatures and
must avoid dehydration, a constant threat for insects due to their
small bodies and large ratios of surface area to volume (Garrity
et al., 2010; Chown et al., 2011).

IRs function in thermosensation and hygrosensation. In adult
flies, IR-formed thermoreceptors have been identified in the
arista and sacculus (Figure 2), although the molecular basis of
the saccular thermoreceptors has not been resolved (Enjin et al.,
2016; Frank et al., 2017; Budelli et al., 2019). The sacculus also
houses hypersensitive neurons that depend on IRs to detect the
humidity change (Enjin et al., 2016; Knecht et al., 2016, 2017;
Frank et al., 2017). While the IR-formed humidity receptors
have not been found in larvae, the IR-formed thermoreceptors
have been identified in the larval dorsal organ ganglion (DOG)
(Figure 3) (Knecht et al., 2016; Ni et al., 2016).

As discussed, IR25a is broadly expressed and functions as a
coreceptor for olfaction and gustation to detect variant chemicals.
In addition, IR25a is also expressed in thermoresponsive neurons
in the larval DOG and adult arista to support thermosensation,
as well as humidity sensitive neurons in the sacculus to
support hygrosensation (Figures 2, 3; Supplementary Tables 1,
2) (Benton et al., 2009; Enjin et al., 2016; Knecht et al., 2016, 2017;
Ni et al., 2016; Frank et al., 2017; Budelli et al., 2019). Moreover,
IR25a in the femur chordotonal organ neurons is proposed
to be a warm receptor to mediate circadian clock resetting
by temperature, although the tuning receptors, if any, for this
process are still unknown (Chen et al., 2015). In the brain, IR25a-
dependent sensory neurons with different sensory modalities
send their projections to different regions where the specific
sensory information is processed. For example, the antennal
IR25a-positive sensory neurons project to distinct glomeruli
based on the specific tuning receptors. The IR41a- and IR76a-
dependent OSNs send their axons to two different glomeruli, VC5
and VM4 (Benton et al., 2009; Silbering et al., 2011; Hussain et al.,
2016). The aristal IR21a cool cells project to the VP3 glomerulus
(Silbering et al., 2011; Marin et al., 2020). The VP4 and VP5
glomeruli receive information from IR40a dry cells and IR68a
moist cells, respectively (Enjin et al., 2016; Knecht et al., 2016,
2017; Frank et al., 2017; Marin et al., 2020). In contrast, the
IR25a-positive GRNs project to the sub-esophagael zone (SEZ),
the primary taste center of the Drosophila central nervous system
(Tauber et al., 2017; Sanchez-Alcaniz et al., 2018). Besides IR25a,
IR93a also functions as a coreceptor specific for thermosensation
and hygrosensation (Enjin et al., 2016; Knecht et al., 2016, 2017;
Frank et al., 2017; Budelli et al., 2019).

The tuning receptor for cool detection is IR21a (Ni et al.,
2016; Budelli et al., 2019). IR21a is expressed in the larval DOG
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and adult arista (Figures 2, 3). It forms a cool-active receptor
with IR25a and IR93a and is necessary and sufficient to mediate
the cool responsiveness (Table 1) (Ni et al., 2016; Budelli et al.,
2019). These three IRs are also critical for the morphogenesis of
the membrane-riched dendritic structure in cooling cells (Budelli
et al., 2019). Although IR21a is expressed in the sacculus (Benton
et al., 2009), the coreceptors and functional importance have not
been identified. Moreover, IR21a in mosquitoes is necessary for
host-seeking behavior (Greppi et al., 2020).

IR40a and IR68a are the tuning receptors for dry and moist
detection, respectively (Enjin et al., 2016; Knecht et al., 2016,
2017; Frank et al., 2017). IR40a is expressed in the first and second
saccular chambers and necessary for the dry activation of dry
neurons (Figure 2;Table 1) (Benton et al., 2009; Enjin et al., 2016;
Knecht et al., 2016). IR68a is mainly expressed in the second
chamber of the sacculus and necessary for detecting moist air
(Figure 2; Table 1) (Frank et al., 2017; Knecht et al., 2017). The
function of IR40a and IR68a also depends on IR25a and IR93a
(Table 1) (Enjin et al., 2016; Knecht et al., 2016, 2017; Frank et al.,
2017).

DISCUSSION

In Drosophila melanogaster, 63 IRs have been identified
and function in olfaction, gustation, thermosensation, and
hygrosensation (Benton et al., 2009; Koh et al., 2014; van
Giesen and Garrity, 2017). The expression of most IRs–except
for IR48a, IR51a, IR54a, IR60a, and IR87a–has been shown
by in situ hybridization, antibody staining, and/or driver lines
(Supplementary Tables 1, 2). Besides four coreceptors (IR8a,
IR25a, IR76b, and IR93a), the functions of only 19 tuning
receptors have been identified (Table 1). IR52a, IR52c, and IR52d
are expressed in taste neurons in wing margins and legs. They are
required for courtship behavior (Koh et al., 2014; He et al., 2019).
However, the ligands of these IRs are unknown and, thus, are not
listed in Table 1. To comprehensively understand the IR family
and peripheral sensory systems in Drosophila melanogaster, it is
important to identify the function of each IR. Moreover, the IR
family is a highly divergent subfamily of iGluRs (Benton et al.,
2009). Although iGluRs have been well-studied, it is not fully
understood how IR-formed receptors are gated by their chemical
ligands. Most importantly, how do IR-formed receptors sense
temperature and humidity change?

In addition, a tuning receptor usually binds one or two
coreceptors to detect a specific environmental stimulus. However,
although none of IR8a, IR25a, and IR76b is necessary, IR92a-
mediated responses of ammonia can only be detected when IR92a
is expressed in IR OSNs, but not OR OSNs, in the antenna
(Abuin et al., 2011; Min et al., 2013), suggesting these three
coreceptors might have redundant functions in supporting the
IR92a-dependent responses of ammonia. Thus, it is worth testing
whether a tuning IR can pair with different coreceptors to form
a functional receptor and, if so, whether these receptors have the
same function.

IRs are conserved across protostome species and
bioinformatic analyses of IR genes have been performed in

many species (Benton et al., 2009; Croset et al., 2010; Bengtsson
et al., 2012; Glaser et al., 2013; Poivet et al., 2013; Rytz et al., 2013;
Cao et al., 2014; Groh-Lunow et al., 2014; Liu et al., 2014, 2017,
2018; Missbach et al., 2014; Ahmed et al., 2016; Dippel et al.,
2016; Macharia et al., 2016; van Schooten et al., 2016; Cicconardi
et al., 2017; Latorre-Estivalis et al., 2017; Yang et al., 2017, 2020;
Zbinden et al., 2017; Harrison et al., 2018; Kozma et al., 2018;
Matthews et al., 2018; Robertson et al., 2018, 2019; Rojas et al.,
2018; Andersson et al., 2019; Lei et al., 2019; Li et al., 2019; Ma
et al., 2019; Xu et al., 2019; Balart-García et al., 2020; Sun et al.,
2020; Wu et al., 2020; Yin et al., 2020). However, the functional
studies of IRs in non-model organisms are largely lacking. This
is mainly due to the limitation of genetic approaches in these
organisms. To overcome this problem, two genetic approaches
have been applied. First, IR genes from non-model organisms
are cloned and expressed in Drosophila melanogaster to perform
functional studies. For example, the functional specificities of
Drosophila sechellia IR75a, IR75b, and IR75c are firstly obtained
by expressing these genes in Drosophila melanogaster (Prieto-
Godino et al., 2016, 2017). Moreover, expression of the mosquito
IR76b is sufficient to rescue the defects in detecting amino acid
mixture in Ir76b mutant flies (Ganguly et al., 2017). The IR25a
and IR93a orthologues in honey bee parasitic mites, Tropilaelaps
mecedease, are sufficient to rescue the temperature and humidity
preference defects when expressing in IR25a and IR93a mutant
flies, respectively (Lei et al., 2019). These data suggest conserved
roles of IR76b, IR25a, and IR93a in sensory function, although
the endogenous function is not evaluated. Second, with the
advance of CRISPR techniques, genetic manipulation is achieved
in many non-model organisms. For instance, the functional
necessity of IR8a, IR75b, and IR64a in noni attraction is studied
in Drosophila sechellia by generating the corresponding mutants
using CRISPR techniques (Auer et al., 2020). In mosquitoes, the
IR21a mutants have been generated by CRISPR techniques and
its necessity for cool responses in thermosensory neurons in
the antennal tip and heat-seeking behavior has been identified
(Greppi et al., 2020). The IR8a mutant mosquitoes are also
generated using CRISPR techniques. These mutant mosquitoes
are fundamental to identify the necessity of IR8a in sensing
human odor during blood feeding (Raji et al., 2019). The driver
lines of IR7a and IR7f are expressed in the blood-sensitive
GRNs on the stylet tip on female mosquitoes, although their
contribution to blood ligand detection is unknown (Jové et al.,
2020). Functional studies of IRs in different animals will play a
key role in understanding molecular mechanisms of multiple
sensory modalities in various disease vectors and pests and, thus,
help to develop tools to control them.
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Neural circuit formation is an intricate and complex process where multiple neuron

types must come together to form synaptic connections at a precise location and time.

How this process is orchestrated during development remains poorly understood. Cell

adhesion molecules are known to play a pivotal role in assembling neural circuits. They

serve as recognition molecules between corresponding synaptic partners. In this study,

we identified a new player in assembling neural circuits in the outer retina, the L1-family

cell adhesion molecule Neurofascin (Nfasc). Our data reveals Nfasc is expressed in

the synaptic layer where photoreceptors make synaptic connections to their respective

partners. A closer examination of Nfasc expression shows high levels of expression in

rod bipolars but not in cone bipolars. Disruption of Nfasc using a conditional knockout

allele results in selective loss of pre- and post-synaptic proteins in the rod synaptic layer

but not in the cone synaptic layer. Electron microscopic analysis confirms that indeed

there are abnormal synaptic structures with less dendrites of rod bipolars innervating

rod terminals in loss of Nfasc animals. Consistent with these findings, we also observe

a decrease in rod-driven retinal responses with disruption of Nfasc function but not in

cone-driven responses. Taken together, our data suggest a new role of Nfasc in rod

synapses within the mouse outer retina.

Keywords: retina, synapse, rods, rod bipolars, neurofascin, cell adhesion molecule

INTRODUCTION

Throughout the developing nervous system, neurons form synaptic connections to distinct targets.
However, the key molecules that instruct neurons to select their appropriate partners remains
poorly understood. The mouse outer retina is an excellent system to study how neurons chose
their appropriate synaptic targets (Sanes and Zipursky, 2010, 2020). First, all the neuron types
and their respective connections have been well-characterized (Dunn and Wong, 2012; Behrens
et al., 2016; Shekhar et al., 2016). Second, the retina is a highly organized laminated structure where
connectivity defects often result in disorganization of the synaptic layer (Dick et al., 2003; Soto et al.,
2013; Ribic et al., 2014). And third, neurons in the outer retina extend their dendrites and axon in a
relative short distance, as their synaptic partners are located in close proximity (Sarin et al., 2018).
In the outer retina, rod and cone photoreceptors reside in the Outer Nuclear Layer (ONL) and they
send their axon into the Outer Plexiform Layer (OPL) where they synapse to distinct interneurons
(Hoon et al., 2014; Zhang et al., 2017; Sarin et al., 2018). These interneurons include horizontal cells
and bipolar cells, which are located in the Inner Nuclear Layer (INL). See Figure 1A. Horizontal
cells connect laterally to the different photoreceptors where the dendrites connect to cones and the
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axon to rods (Kolb, 1974). Cones contact horizontal cells around
postnatal day (P) 3-4, whereas rods synapse to the axon of
horizontal cells at P7-8 (Olney, 1968; Blanks et al., 1974;
Rich et al., 1997; Sarin et al., 2018). Following horizontal cell
connectivity, photoreceptors then synapse to their respective
bipolar cell (i.e., rod bipolars and cone bipolars) as shown in
Figure 1A. Dendrites of both rod bipolars and cone bipolars
extend into the OPL where they innervate rods and cones,
respectively (Haverkamp et al., 2000; Dunn and Wong, 2012;
Euler et al., 2014; Behrens et al., 2016). Cone bipolars make
synapses with cones around P7, and rod bipolars synapse with
rods at P9 (Sherry et al., 2003; Sarin et al., 2018; Anastassov et al.,
2019). Synapse formation is largely complete by P21.

Cell adhesion molecules mediate key molecular interactions
among different neuron types (Zipursky and Sanes, 2010; Sanes
and Zipursky, 2020). They serve as molecular cues in pre-
and post-synaptic neurons to establish proper connectivity
among appropriate synaptic partners (Zipursky and Sanes, 2010;
Sanes and Zipursky, 2020). Photoreceptor wiring is a multi-
step process. As described above, initial contacts are made
between photoreceptors and horizontal cells followed by contacts
between photoreceptors and bipolar cells (Olney, 1968; Blanks
et al., 1974; Rich et al., 1997; Sarin et al., 2018). Several cell
adhesion molecules have been implicated at different stages
during photoreceptor connectivity. The cell adhesion molecules
SynCAM1 and Netrin-G ligand-2 (Ngl-2) are important in rod-
to-horizontal cell connectivity where loss of SynCAM1 or Ngl-2
results in processes from horizontal cells failing to be confined
to the synaptic layer, and instead misproject into the ONL
(Soto et al., 2013; Ribic et al., 2014). Similarly, members of the
Sema and Plexin family are also implicated in rod-to-horizontal
cell connectivity where loss of Sema6a or its receptor PlexinA4
disrupt the normal positioning of horizontal cell processes
within the OPL (Matsuoka et al., 2012). In rod-to-rod bipolar
connectivity, the leucine-rich repeat cell adhesion molecule Elfn1
is found in rods and is critical in recruiting pre- and post-synaptic
machinery to the OPL where Elfn1 binds trans-synaptically to
the metabotropic Glutamate Receptor 6 (mGluR6) expressed in
rod bipolars (Cao et al., 2015; Wang et al., 2017). Another cell
adhesion molecule implicated in rod-to-rod bipolar connectivity
is Dystroglycan, which is expressed in rods and binds to the
extracellular matrix protein, Pikachurin (Omori et al., 2012).
Loss of Dystroglycan or Pikachurin results in rod bipolars
failing to invaginate rod terminals and recruit components for
phototransduction (Omori et al., 2012; Orlandi et al., 2018).
These findings highlight how cell adhesion molecules are critical
for synapse formation; however, only a few of these molecules
have been uncovered in the outer retina.

To identify novel cell adhesion molecules involved in
synaptogenesis, we looked for unique expression patterns of
candidate genes using published RNA sequencing data of mouse
outer retinal neurons during synaptogenesis (Sarin et al., 2018).
From our analysis, we find the L1-family cell adhesion molecule
Neurofascin (Nfasc) to be a promising candidate as Nfasc is
expressed throughout synapse formation (Sarin et al., 2018). In
the present study, we found Nfasc to be highly expressed in rod
bipolars. Moreover, loss of Nfasc results in synaptic defects in

rod to rod bipolar connectivity. This is seen by (i) a reduction
of synaptic protein expression only in the rod synaptic layer, (ii)
less dendrites of rod bipolars contacting rod terminals, and (iii)
a decrease of rod-driven retinal responses. Based on these data,
we propose Nfasc is a novel molecule important for synapses
between rods and rod bipolars.

MATERIALS AND METHODS

Animals
All mouse procedures were approved by Baylor College of
Medicine Institutional Animal Care and Use Committee.
Nfascflox/flox mice removes exon 4 as described in Amor et al.
(2017) and were kindly provided by Dr. Matthew Rasband.
Chx10cre mice have been described in Rowan and Cepko (2004)
and were generously provided by Dr. Melanie Samuel. To
conditionally remove Nfasc function in the retina, we crossed
Chx10cre; Nfascflox/wt transgenicmice withNfascflox/flox which we
refer to as Nfasc CKO.Nfascflox/flox mice withoutChx10cre served
as controls.Wild-type retinas are fromCD1mice purchased from
Charles River. Both males and females were used in experiments.

Immunohistochemistry
Eyes were collected at various developmental time points with P0
designated as the day of birth. Whole eyes were fixed at 60min in
4% paraformaldehyde in PBS except for mGluR6 staining which
were lightly fixed at room temperature for 10min. Eye cups were
dissected and sectioned at 20µm as previously described (Sarin
et al., 2018). Slides were dried overnight and washed with PBS
for 10min twice to start antibody staining. Sectioned slides were
incubated with blocking buffer (10% normal goat serum, 1%BSA,
0.5% Triton X-100 in PBS) followed by primary antibodies at
4◦C overnight (see Table 1). Slides were washed 3 times with PBS
for 10min each and then incubated with secondary antibodies
at 1:1000 dilution at 4◦C overnight. Slides were then washed 3
times with PBS, stained with DAPI (1:1000), and then sealed with
Vectashield (Vector Laboratories).

RNAscope
We performed in situ hybridization at P13 using RNAscope
technology (Advanced Cell Diagnostics) and following
manufacturer’s instructions. To detect Nfasc mRNA, we
used Mm-Nfasc-C2 (Cat#558151-C2) probe on 20µm retinal
sections followed by antibody staining as described above to
visualize horizontal cells (anti-Calb), rod bipolars (anti-PKC),
and cone bipolars (anti-Scgn). Quantification of Nfasc mRNA
puncta was performed using the confocal imaging software
Imaris version 9.6 (Bitplane, South Windsor, CT, USA). The
number of Nfasc puncta (0.6µm in size) was detected using
the Imaris Spot feature. Quantification of Nfasc puncta within
the cell bodies of rod bipolars, cone bipolars, and horizontal cells
was done in at least two retinal sections from one control mice
and from two Nfasc CKO animals.

Histological Quantification
For quantification, images were collected from 3 to 4 animals per
group with at least 3 confocal images per animal taken with the
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FIGURE 1 | Nfasc is expressed in the OPL during synapse formation (A–D). Schematic drawing of outer retinal development. Cones (blue) initially make contact to

horizontal cells (magenta). At P7, rods begin to contact horizontal cells. By P13, cone bipolars (dark blue) and rod bipolars (dark green) located in the inner nuclear

layer (INL) form synapses with cones and rods, respectively (A). Antibody staining in wild-type retinas reveals Nfasc (green) is not detected at P5 and only becomes

visible until P7 when the OPL emerges. Nuclei is stained with DAPI (B). Co-labeling of Nfasc with known cell-type specific markers (C). Rod terminals are stained with

anti-PSD-95 (magenta) and show little overlap with anti-Nfasc (green) as depicted with yellow dotted traces. Cone terminals (anti-CAR, magenta) also shows little

co-localization with Nfasc (green). Nfasc appears to be expressed in the same layer as the dendrites of cone bipolars (anti-Scgn) and rod bipolars (anti-PKC) as well

as with the processes of horizontal cells (anti-Calb) (C). Nfasc mRNA (green) is detected by in situ hybridization in wild-type retinas at P13 and shown to localize to the

top-most region of the INL. Antibody staining after in situ hybridization shows Nfasc mRNA expression in rod bipolars (anti-PKC), cone bipolars (anti-Scgn), and

horizontal cells (anti-Calb). Quantification of Nfasc mRNA puncta (0.6µm in size) per cell shows Nfasc is significantly reduced in rod bipolars but not in cone bipolars

nor horizontal cells in Nfasc CKO. Data are represented as mean values ± SEM. Statistical significance determined by an unpaired two-tailed Student’s t-test. *p <

0.05. Images are shown as confocal sections. Scale bar shown in each figure panel.

same confocal settings. Nfasc antibody staining was performed
in all retinal sections to confirm loss of Nfasc in Nfasc CKO.
All images were taken from roughly the same position in the
retina (central-periphery) where we noticed significant reduction
inNfasc protein expression. Confocal images were acquired using

a Zeiss LSM 800 microscope and then analyzed with Imaris.
Quantification of pre- and post-synaptic marker expression was
performed using the Imaris Spot feature. Puncta with a diameter
of 0.6µm for Bassoon, 0.7µm for CtBP2, and 1µm for mGluR6
were counted in retinal sections. These measurements were
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TABLE 1 | List of primary antibodies used in this study.

Antibody name Labeling specificity Source Dilution

Chicken polyclonal anti-Nfasc Neurofascin R&D Systems Cat#AF3235,

RRID:AB_10890736

1:1000

Rabbit anti-Cone Arrestin

(CAR)

Cone Photoreceptors Millipore Cat# AB15282,

RRID:AB_1163387

1:500

Mouse monoclonal

anti-Bassoon

Presynaptic photoreceptor

terminals

Enzo Life Sciences Cat#

VAM-PS003F,

RRID:AB_1659573

1:500

Rabbit anti-Calbindin (Calb) Horizontal cells, amacrine

cells, retinal ganglion cells

Swant Cat# CB38,

RRID:AB_10000340

1:2000

Mouse monoclonal

anti-Protein Kinase C (PKC)

Rod bipolar cells Abcam Cat# ab31,

RRID:AB_303507

1:500

Mouse polyclonal

anti-PSD-95

Photoreceptor terminals

(highly expressed in rods

compared to cones)

Thermo Fisher Scientific Cat#

MA1-046, RRID:AB_2092361

1:500

Rabbit polyclonal

anti-metabotropic Glutamate

Receptor 6 (mGluR6)

ON biopolar cells Gift from Larry Zipursky; (Sarin

et al., 2018)

Rabbit polyclonal

anti-Secretagogin (Scgn)

Cone bipolar cells BioVendor Laboratory Medicine

Cat# RD181120100,

RRID:AB_2034060

1:1000

Mouse monoclonal

anti-CtBP2

Photoreceptor terminals BD Biosciences Cat# 612044,

RRID:AB_399431

1:500

performed in n = 30–40 retinal sections (from 10 different
confocal sections) from four different control animals and three
different Nfasc CKO mice. The number of Bsn within cone
terminals were averaged from 3 retinal slices from controls (n =

4 mice) and Nfasc CKO (n= 4 mice). Retinal layer thickness was
measured in confocal sections stained with DAPI using Imaris.
Statistical significance between experimental groups and controls
was determined using an unpaired two-tailed Student’s t-test. All
statistical analysis was performed using GraphPad Prism version
9 with p-values given in the text and figure legends.

Transmission Electron Microscopy (TEM)
Eye cups were fixed in 3% glutaraldehyde in 4◦C overnight.
Tissue samples were washed in 1M sodium phosphate buffer
(pH 7.3), post-fixed in 1% osmium tetroxide for 1 h and
dehydrated through a series of graded alcohol steps. Tissue
samples were infiltrated (harden) with acetone and polybed
812 plastic resin and embedded in plastic block molds with
100% polybed 812. Ultra-thin sections (80 nm) were cut using
a Leica EMUC ultra microtome at the same central-periphery
location where we detect minimal Nfasc expression based on
immunohistochemistry. These sections were mounted on 100
mesh copper grids and stained with 2% uranyl acetate and
Reynold’s lead stain. Grids were visualized on a JEOL JEM 1230
electron microscope and images were captured on an AMTV600
digital camera. Analysis was performed on 3–4 different TEM
images taken from four controls and four Nfasc CKO mice.
ImageJ software was used to measure ribbon length within

triad structures. Statistical significance was determined using an
unpaired Student’s t-test.

Electroretinography (ERG)
Scotopic ERGs were recorded bilaterally from four control
animals (n = 8) and four Nfasc CKO mice (n = 8) at 4–
5weeks old. Mice were dark adapted overnight and anesthetized
with a weight-based i.p. injection solution of ketamine (46
mg/ml), xylazine (9.2 mg/ml), and acepromazine (0.77 mg/ml).
Pupils were dilated with a drop of 1% tropicamide and 2.5%
phenylephrine. Mice were placed on a heating pad and a single
drop of 2.5% methylcellulose gel was applied on each eye before
placing a platinum electrode in contact with the center of the eye.
Similar platinum electrodes were placed at the base of the tail
and another between the ears to serve as ground and reference
electrodes, respectively. Mice were moved into a Ganzfeld dome
and remained in complete darkness for 5min before initiating
the experiment.

Half millisecond square flashes for scotopic measurements
were produced by cyan light emitting diodes of 503 nm peak
wavelength. The output of the LED flashes were calibrated
using a radiometer (ILT1700 International Light, MA) with a
photodiode sensor and scotopic filter that provided readout in
the unit of scot cd∗s/m2. These were converted to the unit of
photoisomerizations/rod (R∗/rod) where 1 scot cd∗s/m2 = 581
photoisomerizations/rod/s as previously reported (Saszik et al.,
2002; Abd-El-Barr et al., 2009; Tse et al., 2015). The sensor was
placed inside the Ganzfield sphere at the level of the mice. By
measuring the radiometer readout at various levels of LED input,
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a standard curve showing the relationship between the LED input
and output was obtained.

At the lowest intensity, 25 responses were averaged with a
delay of 2 seconds between each flash. As the intensity of the
flash increased, fewer responses were averaged with a longer delay
between flashes as described in Abd-El-Barr et al. (2009) Tse et al.
(2015). At the end of the scotopic recordings, a pair of 1500W
xenon lamps (Novatron, Dallas, TX) attenuated with apertures
and diffusers were used to produce two saturating light stimuli.
Rod ERGs were acquired by single flash stimuli with a strength
below the operative range of cones, whereas cone ERGs were
measured by a paired-flash protocol using xenon flashes (Pennesi
et al., 2003; Abd-El-Barr et al., 2009; Tse et al., 2015). In the
paired-flash protocol, an initial conditioning flash (4.6 × 106 R∗

per M cone) saturates both rods and cones 2 seconds before a
probe flash. The ERG recorded by the probe flash (1.8 × 106 R∗

per M cone) is attributed to responses driven by cones because
cones recover faster than rods (Tse et al., 2015).

Signals were amplified with a Grass P122 amplifier (Grass
Instruments, West Warwick, RI) and band-pass filtered from
0.1 to 1,000Hz. Data was acquired with a National Instruments
data acquisition unit (USB-6216, National Instruments, TX) at
a 10 kHz sampling rate. Traces were averaged and analyzed
using a custom Matlab code (MathWorks, Natick, MA) used
previously in Abd-El-Barr et al. (2009) Tse et al. (2015). To
remove oscillatory potentials before fitting, the scotopic b-wave
was digitally filtered using the filtfilt function in Matlab (low-
pass filter; Fc = 60Hz). The a-wave was measured from baseline
to trough of the initial negative deflection and the b-wave was
measured from the a-wave trough to the peak of the subsequent
positive deflection (Tse et al., 2015). The relationship between
b-wave amplitude and stimulus intensity was described using
the saturating hyperbolic Naka-Rushton equation and the Solver
function in MS Excel where Bmax is the saturated scotopic b-
wave amplitude and I0.5 is the stimulus intensity that provides
half saturation (Naka and Rushton, 1966; Abd-El-Barr et al.,
2009; Tse et al., 2015). Statistical significance was determined
using the Holm-Sidak method for multiple comparisons or an
unpaired Student’s t-test using the GraphPad software. Alpha
level is set at p < 0.05.

RESULTS

Nfasc Is Expressed in the Emerging OPL
During Synapse Formation
To identify novel cell adhesion molecules that guide synapse
formation in the outer retina, we analyzed published RNA
sequencing data for unique sets of molecules expressed during
synaptogenesis (Sarin et al., 2018). We found the L1-family
member, Neurofascin (Nfasc) to be expressed from P7 to P30
in outer retinal neurons (Sarin et al., 2018). To confirm this
expression data, we performed antibody staining on retinal
sections at various developmental time points: P5, P7, P13,
and P30. We found Nfasc begins to be highly expressed in
the nascent OPL starting at P7 and continues to adult stages
(Figure 1B). By P30, synapse formation in the outer retina is

largely complete. At this stage, rod and cone photoreceptors
occupy distinct layers within the OPL where they synapse to
their respective targets within different sublaminae (Sarin et al.,
2018). To determine the sublamina where Nfasc is localized,
we co-stained retinal sections with different antibodies to label
rod terminals (anti-PSD-95), cone terminals (anti-CAR), cone
bipolars (anti-Scgn), rod bipolars (anti-PKC), and horizontal
cells (anti-Calb). Interestingly, we found Nfasc mainly overlaps
with processes from cone bipolars, rod bipolars, and horizontal
cells, and very little with rod and cone terminals as depicted
with yellow dotted lines (Figure 1C). These data show Nfasc
emerges during synapse formation in the nascent OPL and
localizes to processes of postsynaptic neurons (i.e., rod bipolars,
cone bipolars, horizontal cells) that synapse selectively to rod and
cone photoreceptors.

Partial Loss of Nfasc in Nfasc CKO
Transgenic Mice
To determine the role of Nfasc in retinal connectivity, we
conditionally removed Nfasc in early retinal progenitors by
crossing Chx10-cre transgenic mice (Rowan and Cepko, 2004)
to a Nfasc floxed allele (Nfascflox/flox) (Amor et al., 2017). This
line is referred to as Nfasc CKO. We performed antibody
staining to validate loss of Nfasc in transgenic adult mice
(Figures 2A–C). Low magnification of a representative retinal
section shows Nfasc is removed in a mosaic manner in Nfasc
CKO where there are areas devoid of Nfasc (white arrows)
immediately adjacent to areas with remaining Nfasc expression
(yellow arrows) (Figure 2B). This expression pattern is distinct
from controls that display uniform Nfasc expression throughout
the OPL (Figure 2A).We also noticed that Nfasc was consistently
removed in the central-peripheral region of the retina (white
arrows). Prior studies using Chx10-cre mice have reported a
similar mosaic expression pattern in the retina where there
are a few cells that fail to recombine (Lefebvre et al., 2008).
Consistent with these findings, we also observe a similar mosaic
or partial knock out of Nfasc in Nfasc CKO animals. As Nfasc was
consistently reduced in the central-periphery region of the retina,
we performed all our subsequent analysis in these areas.

We then performed in situ hybridization in wild-type retinas
to address which cell-type expresses Nfasc during synapse
formation (i.e., P13).NfascmRNA appears to be highly expressed
in the top-most region of the INL (Figure 1D) where the cell
bodies of horizontal cells, rod bipolars, and cone bipolars reside.
Using Nfasc CKO retinas, we then addressed in which cell-
type were we knocking down Nfasc by performing in situ
hybridization followed by antibody staining. Similar to wild-
type retinas, Nfasc mRNA localizes to the cell bodies of rod
bipolars (anti-PKC), cone bipolars (anti-Scgn), and horizontal
cells (anti-Calb) in controls (Figure 1D). Interestingly, Nfasc
mRNA appears to be significantly reduced in rod bipolars
compared to controls. However, Nfasc mRNA levels in cone
bipolars and horizontal cells do not appear to be affected
(Figure 1D). To confirm these findings, we counted the number
of Nfasc mRNA puncta (∼0.6µm in size) within rod bipolars,
cone bipolars, and horizontal cells. We found that indeed there
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FIGURE 2 | Incomplete loss of Nfasc protein expression in Nfasc CKO (A–D).

Representative retinal sections of controls (A,A’) and Nfasc CKO (B,B’) taken

with a 10X objective and the tiling confocal scanning feature. Nfasc protein

expression (anti-Nfasc, green) is absent in a mosaic columnar manner (white

arrows) throughout the retina in Nfasc CKO where there are remaining areas

with Nfasc expression (yellow arrows). Nuclei is stained with DAPI. Higher

magnification of retinal sections is shown in (C). Measurements of retinal layer

thickness represented as mean values in controls (n = 36 retinal sections from

four different animals) in black and Nfasc CKO (n = 36 retinal sections from

four animals) in green at P30 (D). Scale bar shown in (A,C).

is a significant reduction in the number of Nfasc puncta in rod
bipolars (controls: 3.5 ± 2.2 puncta from 28 rod bipolars; Nfasc
CKO: 1.93 ± 0.78 puncta from 30 rod bipolars) but not in
cone bipolars (controls: 2.07 ± 1 puncta from 14 cone bipolars;
Nfasc CKO: 1.95 ± 1.1 puncta from 39 cone bipolars) nor
horizontal cells (controls: 3.3 ± 2.27 puncta from 20 horizontal
cells; Nfasc CKO: 3.61 ± 2.15 puncta from 18 horizontal cells).
The remaining Nfasc expression we observe in Nfasc CKO
retinas could be due to partial knockdown of Nfasc as seen
with antibody staining, or non-specific binding of our in situ
hybridization probe.

Disruption of Nfasc Results in Selective
Reduction of Synaptic Proteins in Rods
As rod photoreceptors make synapses with rod bipolars, we
next investigated if loss of Nfasc results in synaptic defects
between these two synaptic partners. To perform this analysis,
we used available antibodies that label pre-synaptic proteins

such as Bassoon (Bsn) and post-synaptic proteins such as the
metabotropic Glutamate Receptor 6 (mGluR6). In wild-type
retinas, Bsn is found at the terminals in both rod and cone
photoreceptors, and mGluR6 accumulates at the dendrites of
both rod bipolars and ON cone bipolars (Cao et al., 2015). At
P30, both Bsn and mGluR6 form a puncta-like structure within
the OPL that are in juxtaposition to one another. The number
of Bsn and mGluR6 were quantified from retinal sections that
were imaged using a 40X objective with an OPL area of ∼2,500
µm2. Our data revealed a significant reduction in pre-synaptic
Bsn puncta along the OPL (49.8%) and a 40.2% reduction of
post-synaptic mGluR6 puncta (Figure 3A). This decrease in
expression was not simply due to cell loss as measurements
of each layer thickness within the outer retina (ONL, OPL,
INL) showed no statistical difference between Nfasc CKO and
controls (Figure 2D). A closer examination of the OPL in Nfasc
CKO animals revealed that Bsn and mGluR6 were selectively
reduced in the upper sublamina where rods synapse with rod
bipolars and not in the lower sublamina where cones synapse
with cone bipolars (white arrows) (Figure 3A). In wild-type
retinas, Bsn appears as puncta-like structures localized to the
dendritic tips of rod bipolars (anti-PKC) whereas in cone bipolars
(anti-Scgn) about 3-4 Bsn puncta cluster at the base of the
dendrites (Figure 3C). Bsn clustering in cone terminals can also
be seen with co-staining with the cone marker (anti-CAR) as
shown in Figure 3C. Consistent with Figure 3A, Bsn appears
to be significantly reduced in rod synaptic layer (i.e., upper
sublamina of the OPL) compared to the cone synaptic layer (i.e.,
lower sublamina of the OPL). This observation was confirmed
by counting the number of Bsn puncta (∼0.6µm in size) in
cone terminals labeled with CAR, which showed no statistical
difference between Nfasc CKO (2.58 ± 1.30 Bsn puncta per
cone) and controls (2.31 ± 0.96 Bsn puncta per cone) using
an unpaired Student’s t-test with a p < 0.05 (Figure 3D). A
total of 118 cone terminals were analyzed for controls (n =

4 mice) and 101 for Nfasc CKO (n = 4 mice). Moreover,
reduction of Bsn puncta do not appear to be due to rod bipolar
dendrites failing to reach the OPL as PKC staining shown
in Figure 3C reveals them to be normally positioned within
the OPL.

Remarkably, other pre-synaptic proteins that are localized
to photoreceptor terminals do not appear to be reduced in
animals with loss of Nfasc. Antibodies against PSD-95 (a pre-
synaptic marker highly expressed in rod terminals) and CtBP2
(a pre-synaptic marker for both rods and cones) show no
significant decrease in protein expression even in areas where
mGluR6 is significantly reduced (Figure 3B). This finding was
confirmed by counting the number of CtBP2 puncta (0.7µm
in size) in retinal sections within an OPL area of ∼2,500 µm2

in Nfasc CKO (123.7 ± 25.43 CtBP2 puncta) and controls
(124.1 ± 23.73 CtBP2 puncta) and shown to not be statistically
significant using an un-paired t-test, p < 0.05 (Figure 3D).
These data suggests that rod terminals may be positioned
correctly within the OPL in Nfasc CKO retinas as noted with
PSD95 and CtBP2 expression. However, they fail to form or
maintain synapses with rod bipolars as seen with loss of Bsn
and mGluR6.
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FIGURE 3 | Selective reduction of pre- and post-synaptic protein expression in Nfasc CKO (A–D). Pre-synaptic Bassoon (magenta) and post-synaptic mGluR6

(green) protein is significantly reduced in Nfasc CKO compared to controls (A). Insets are zoomed images of dotted boxed region. At P30, Bsn and mGluR6 forms a

puncta-like structure with 0.6 and 1.0µm in size, respectively. Number of Bsn and mGluR6 puncta were counted in the OPL with an area of ∼2,500 µm2. A total of

10 different confocal sections were analyzed from four control animals (n = 40) and four Nfasc CKO animals (n = 40). Data are represented as mean values ± SEM.

Statistical significance was determined using an unpaired t-test. *p < 0.0001. Images are shown as a single confocal section. Scale bar, 10µm (A). Rod terminals

appear to be normally positioned in the OPL in Nfasc CKO (B). Staining with anti-PSD-95 (magenta) and anti-CtBP2 (magenta) shows expression is not affected even

in areas where mGluR6 expression is reduced (green, white). Cone terminals appear to be unaffected as denoted by white and yellow arrows (B). Dendrites of rod

bipolars (anti-PKC, green) and cone bipolars (anti-Scgn, green) are localized to the OPL in both Nfasc CKO and control retinas. Bsn puncta (magenta, green) appears

to be reduced in the rod synaptic layer as outlined by black brackets and not in the cone synaptic layer as seen with anti-CAR (magenta) and depicted with white

arrows (C). Quantification of CtBP2 puncta within the OPL shows no statistical difference between Nfasc CKO and controls. The average number of Bsn puncta per

cone terminal within a confocal section are plotted. These measurements were taken from 12 different retinal sections from four control and four Nfasc CKO mice. A

total of 118 cone terminals were analyzed for controls and 101 for Nfasc CKO (D).
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Transmission Electron Microscopy (TEM)
to Visualize Rod Terminals
To further examine the rod synaptic structure, we performed
TEM on retinas from Nfasc CKO and control mice at P30
(Figure 4). We classified photoreceptor terminals into four
categories as previously described (Nemitz et al., 2019): [1]
empty terminals - no visible processes, [2] monad – only one
invaginating horizontal cell process, [3] dyad - two invaginating
horizontal cell processes, and [4] triad - two invaginating
horizontal cell processes with at least one ON bipolar dendrite
(Figure 4C). Our data revealed a shift in the frequency of dyads
compared to triads in Nfasc CKO compared to controls but not
in empty, monads, or unclassified.We analyzed 275 rod terminals
from n = 4 mice for controls and found a frequency distribution
of 18% unclassified, 40% empty, 5% monad, 9% dyad, and 28%
triad. For Nfasc CKO, we analyzed 301 rod terminals from n
= 4 mice and found the frequency to be 18% unclassified, 39%
empty, 5% monad, 22% dyad, and 16% triad. See Figure 4D.
The number of dyads and triads in Nfasc CKO compared to
controls was determined to be significant using an unpaired
Student’s t-test (dyads: p = 0.0003; triads: p = 0.04) but not
for the other categories (p < 0.05 considered as significant).
The shift in the frequency of triads to dyads seen with loss
of Nfasc is consistent with dendrites of rod bipolars failing to
make or maintain synapses with rod photoreceptors. We next
addressed if the remaining triad structures were formed properly
by examining the ribbon synapse. By P30, photoreceptors form
a unique electron-dense structure called the ribbon synapse
(Regus-Leidig et al., 2009). The ribbon synapse is the active
zone of neurotransmitter release comprised of hundreds of
vesicles and scaffolding proteins such as Bassoon (Dick et al.,
2003; Regus-Leidig et al., 2009). We observed that ribbon
synapses (black arrows) in Nfasc CKO were abnormal in shape
and size compared to controls (Figure 4A). To confirm this
observation, we measured the ribbon length from the remaining
triad structures in controls (77 rod terminals; n = 4 mice) and
Nfasc CKO (49 rod terminals; n = 4 mice). Ribbon length was
significantly reduced in Nfasc CKO (0.21µm ± 0.11) compared
to controls (0.39µm ± 0.11) using an un-paired Student’s t-test
with a p < 0.0001 (Figure 4B). These findings show that there
are less rod bipolars forming proper synapses with rod terminals
which further supports a role for Nfasc at the rod synapse.

Loss of Nfasc Leads to Reduced
Rod-Driven Retinal Responses
To further validate that loss of Nfasc disrupts rod-to-rod bipolar
connectivity, we measured retinal responses by performing
in vivo full-field electroretinograms (ERG) responses in dark-
adapted mice. Mice were exposed to flashes of varying light
intensities separated into four light zones as described in Abd-
El-Barr et al. (2009): zone I (< 0.1 photoisomerizations/rod),
zone II (between 0.1 and 30 photoisomerizations/rod), zone
III (between 30 and 103 photoisomerizations/rod), and zone
IV (> 103 photoisomerizations/rod). Photopic responses were
elicited using a paired-flash protocol. Individual ERG traces
of Nfasc CKO (red) compared to controls (black) show a

slight decrease in b-wave responses compared to controls under
scotopic (rod-driven) conditions (Figure 5A). To confirm this
observation, we plotted b-wave responses fitted with the Naka-
Rushton equation and calculated the maximum rod-driven b-
wave response (i.e., Bmax) as well as the stimulus intensity that
provides half saturation (I0.5). Our data revealed Nfasc CKO
mice had a Bmax value of 271 µV with an I0.5 of 0.09 log
R∗/rod (red dotted line) which was 30% lower than controls that
had a Bmax of 386 µV with an I0.5 of 0.14 log R∗/rod (black
dotted line) (Figure 5B). We found that rod-driven responses
were statistically significant at higher stimulus intensities and
not at lower as determined by the Holm-Sidak method for
multiple comparisons (p < 0.05). This could be due to the partial
knockout we observe in Nfasc CKO where only at higher light
intensities when more rods are recruited there is a significant
difference in b-wave responses. In addition, we also noticed that
the first flash to elicit cone responses is significant but not the
second flash. This could be attributed to some remaining rod
responses that failed to become saturated with the first flash. To
determine this, we isolated cone b-wave responses and found
no statistical difference using an unpaired Student’s t-test (p <

0.05) between Nfasc CKO and controls (Figure 5E). Next, we
examined a-wave responses from Nfasc CKO and control mice.
We found a-wave responses under rod-driven conditions are not
statistically significant using the Holm-Sidak method (p < 0.05)
but also found that the first flash under the paired protocol to be
significant (Figure 5C). Similar to the cone b-wave responses, we
isolated cone a-wave responses and found no statistical difference
between Nfasc CKO and controls (Figure 5E). Interestingly,
although we find a reduction in scotopic b-wave responses,
the time-to-peak or implicit time are not affected in a-wave
nor b-wave responses (Figure 5D). These data suggest that rod-
driven bipolar responses (i.e., scotopic b-wave) and not cone-
driven responses (photopic b-wave) are affected due to loss of
Nfasc. The slight reduction in ERG b-wave response (∼30%)
could be attributed to the partial knockdown of Nfasc in Nfasc
CKO animals as mentioned previously, or redundant pathways
that can restore normal physiological responses in the absence
of Nfasc.

DISCUSSION

In the present study, we identified a novel role for the Nfasc
cell adhesion molecule in rod photoreceptor synapses in the
mouse outer retina. We found Nfasc to be localized to the
synaptic layer and highly expressed in rod bipolars. Moreover,
disruption of Nfasc results in failure to form or maintain proper
synapses in the rod pathway. This was seen with selective loss
of pre-and post-synaptic protein expression in the rod synaptic
layer, a decrease in ribbon synapses at rod terminals, and
abnormal rod-driven retinal responses. In summary, our work
begins to elucidate a new molecular pathway involved in rod
photoreceptor connectivity.

Nfasc Function at the OPL
Over the last years, several cell adhesion molecules have been
implicated at the rod photoreceptor synapse (Hoon et al.,
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FIGURE 4 | Transmission Electron Microscopic (TEM) analysis reveals synaptic defects in Nfasc CKO (A–D). Representative electron micrographs of rod terminals of

controls and Nfasc CKO mice at P30 (A). In controls, rod terminals (yellow) contain large, well-defined ribbon synapses (arrows) with invaginations from horizontal cells

(blue) and ON bipolar cells (red). In contrast, Nfasc CKO display short and poorly defined ribbon synapses (arrows). Quantification of the length of ribbon synapses in

controls (77 rod terminals; n = 4 mice) and Nfasc CKO (49 rod terminals; n=4 mice). Data represented as mean ± SEM. Statistical significance determined by an

unpaired t-test. *p < 0.0001 (B). Rod terminals were designated as unclassified, empty, monad, dyad, or triad (C). A total of 275 rod terminals were analyzed for

controls (n = 4 mice) and 301 rod terminals for Nfasc CKO (n = 4 mice). Frequency (%) shown for controls and Nfasc CKO in (D). Exact values are listed in the table.

Scale bar = 0.5µm.

2014; Zhang et al., 2017; Sanes and Zipursky, 2020). Some of
these appear to serve a structural function where loss of these
molecules disrupts the physical contacts between photoreceptors
and their synaptic partners such as in the case of Ngl2−/−

and SynCAM1−/− mutant mice (Soto et al., 2013; Ribic et al.,
2014). Others appear to serve more of a functional role where
physical contacts between synaptic partners are not as affected
and yet transmission is greatly impaired like in loss of Pikachurin
and Dystroglycan (Omori et al., 2012; Orlandi et al., 2018).
And others such as Elfn1 appear to be involved in both

the physical and functional aspect of photoreceptor synapses
where they recruit key components to the synapse for proper
transmission (Cao et al., 2015; Wang et al., 2017). Our data
on Nfasc suggests that this cell adhesion molecule may be
involved in the synaptic integrity of rod photoreceptors. We
found that rod terminals and the dendrites appear to be normally
positioned within the OPL; however, key synaptic components
such as Bassoon and mGluR6 fail to be expressed in the rod
synaptic layer. Electron microscopic analysis of rod terminals
also supports that synapses are abnormal in Nfasc CKO retinas,
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FIGURE 5 | Electroretinograms (ERG) from Nfasc CKO mice (A–E). ERG traces of control (black) and Nfasc CKO (red) mice at different scotopic (rod-driven) stimulus

intensities (A). Stimulus response plot showing b-wave amplitudes of dark-adapted control (black, n = 8 from four mice) and Nfasc CKO (red, n = 8 from four mice).

Data points within the rod operative range are fitted with a hyperbolic saturating curve using the Naka-Rushton equation. Dotted line denotes the approximate

threshold for cone photoreceptors (B). Stimulus response plot of scotopic a-wave amplitudes of control (black, n = 8 from four mice) and Nfasc CKO (red, n = 8 from

four mice) (C). Implicit times for scotopic ERG a-wave and b-wave responses as a function of stimulus intensity (D). Isolated amplitudes of the cone a-wave and

b-wave using the paired flash method (E). Data represented as mean values ± SEM. Statistical significance determined by Holm-Sidak method for multiple

comparisons. *p < 0.05, **p < 0.001.

as ribbon synapses (comprised of Bassoon protein) appear
smaller in length compared to controls. Although synapses in
Nfasc CKO appear compromised, they still are largely able to
function based on ERG recordings except at higher scotopic
light intensities. This could be due to several reasons. First, we
noticed that Nfasc CKO animals are not a complete knockout

for Nfasc, as the OPL still retinas some Nfasc expression.
This remaining expression could be sufficed to elicit normal
rod-driven responses at lower stimulus intensities but not at
higher intensities where more rods are recruited. This could
be addressed using germline knock outs for Nfasc however
previous studies show that these animals die shortly after birth
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(Sherman et al., 2005). Second, other cell adhesion molecules
may work in parallel pathways to ensure proper formation
of rod synapses. The cell adhesion molecule Elfn1 found in
rods has been shown to bind trans-synaptically to mGluR6 in
rod bipolars and directly recruit it to the OPL (Cao et al.,
2015). Disruption of Elfn1 results in complete loss of mGluR6
at the rod synaptic layer but not in the cone synaptic layer.
We found Nfasc is not in rods but highly expressed in rod
bipolars. This raises the question if Elfn1 and Nfasc act in a
similar manner where Elfn1 in rods recruit key components
from rod bipolars, whereas Nfasc in rod bipolars recruits pre-
synaptic proteins such as Bassoon either directly or indirectly
from rods. Third, although Nfasc begins to be expressed at
early stages during OPL development (i.e., P7), Nfasc may
have more of a later role at maintaining synapses. Based on
the timing of Nfasc expression, we focused our analysis at
P30 shortly after synapse formation is complete. The Nfasc
CKO phenotype may begin to emerge at P30 but may not
be fully done until several months later. This is often seen
with several models of retinal degeneration where phenotypes
are not seen until many months after synapse formation
(Chang et al., 2002). Thus, examining the retinas from Nfasc
CKO at older stages will help answer this question. Future
work will be needed to further elucidate the role of Nfasc
at the rod synapse along with the interactions of other cell
adhesion molecules.

Nfasc Binding Partners in Other Retinal
Neurons
Nfasc is known to bind in both a homophilic and heterophilic
manner to mediate cell-to-cell interactions (Eshed et al., 2005,
2007; Wei and Ryu, 2012). In other regions of the nervous
system, Nfasc is known to bind to other cell adhesion molecules
to facilitate molecular interactions between glia and neurons
(Eshed et al., 2005, 2007; Sherman et al., 2005; Rasband and
Peles, 2015). These Nfasc-mediated interactions are required
for the precise positioning and formation of Nodes of Ranvier
within myelinated axons (Davis et al., 1996; Sherman et al., 2005;
Rasband and Peles, 2015). Our data on Nfasc could have a similar
role in mediating key neuron-neuron interactions. Thereby, we
speculate that Nfasc along with other cell adhesion molecules
may be required for proper retinal circuit formation. Recent
RNA sequencing data shows Nfasc is differentially expressed
among photoreceptors throughout synapse formation (P7-30),
where Nfasc transcript levels are higher in rods compared to
cones (Sarin et al., 2018). However, our in situ hybridization
data in wild-type retinas at P13 shows low levels of Nfasc mRNA
transcripts in the ONL where rods reside. Removal of Nfasc in
a cell-type specific manner may be necessary to determine if
Nfasc in rods binds in a homophilic manner to rod bipolars.
Moreover, RNA sequencing data reveals known binding partners
of Nfasc such as Neuronal cell adhesion molecule (Nrcam) and
Contactin 1 (Cntn1) are expressed in outer retinal neurons
(Rasband and Peles, 2015; Sarin et al., 2018). Thus, disruption of
these cell adhesion molecules may elucidate complex molecular
interactions of how Nfasc mediates photoreceptor connectivity.

Site of Action of Nfasc Function
Our data demonstrates that loss of Nfasc results in phenotypes
that are consistent with disruption of rod-to-rod bipolar
connectivity. However, the axon of horizontal cells also forms
synaptic connections to rod terminals prior to rod bipolars
(Kolb, 1974). Recent data shows horizontal cells are required
for the dendrites of rod bipolars to form synapses with rod
photoreceptors (Nemitz et al., 2019). Ablation of horizontal cells
at early stages results in dendrites of rod bipolars failing to
express post-synaptic markers such as mGluR6 and failing to
innervate rod terminals (Nemitz et al., 2019). These findings
are consistent with the phenotypes we observe in Nfasc CKO
where there is a decrease in mGluR6 expression and rod synapses
either fail to form or maintain synapses with rod bipolars.
Thus, Nfasc from rod bipolars could be the key molecule that
interacts with horizontal cells to facilitate rod synapse formation.
However, dendrites of rod bipolars also misproject into the
ONL with removal of horizontal cells at both early and later
stages of development (Keeley et al., 2013; Nemitz et al., 2019).
This phenotype is not seen with loss of Nfasc nor is this
seen with loss of Elfn1 (Cao et al., 2015) which suggests that
other horizontal cell-mediated mechanisms may be responsible
for proper positioning of rod bipolar dendrites to the OPL.
The differences in phenotypes suggests that horizontal cells
express other molecules that perform multiple functions during
synapse formation.

Taken together, we uncovered a new role for the cell adhesion
molecule Nfasc in rod photoreceptors within the outer retina.
Future studies will reveal the cell-type specific requirements of
Nfasc function along with the binding partners that facilitate key
neuron-neuron interactions.
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Heparan sulfate proteoglycans (HSPGs) are components of the cell surface
and extracellular matrix, which bear long polysaccharides called heparan sulfate
(HS) attached to the core proteins. HSPGs interact with a variety of ligand
proteins through the HS chains, and mutations in HSPG-related genes influence
many biological processes and cause various diseases. In particular, recent
findings from vertebrate and invertebrate studies have raised the importance of
glycosylphosphatidylinositol-anchored HSPGs, glypicans, as central players in the
development and functions of synapses. Glypicans are important components of
the synapse-organizing protein complexes and serve as ligands for leucine-rich
repeat transmembrane neuronal proteins (LRRTMs), leukocyte common antigen-
related (LAR) family receptor protein tyrosine phosphatases (RPTPs), and G-protein-
coupled receptor 158 (GPR158), regulating synapse formation. Many of these
interactions are mediated by the HS chains of glypicans. Neurexins (Nrxs) are
also synthesized as HSPGs and bind to some ligands in common with glypicans
through HS chains. Therefore, glypicans and Nrxs may act competitively at the
synapses. Furthermore, glypicans regulate the postsynaptic expression levels of
ionotropic glutamate receptors, controlling the electrophysiological properties and
non-canonical BMP signaling of synapses. Dysfunctions of glypicans lead to failures
in neuronal network formation, malfunction of synapses, and abnormal behaviors
that are characteristic of neurodevelopmental disorders. Recent human genetics
revealed that glypicans and HS are associated with autism spectrum disorder,
neuroticism, and schizophrenia. In this review, we introduce the studies showing the
roles of glypicans and HS in synapse formation, neural plasticity, and neurological
disorders, especially focusing on the mouse and Drosophila as potential models for
human diseases.

Keywords: glypican, heparan sulfate proteoglycan, neurexin, synapse-organizing protein, synaptic plasticity,
autism spectrum disorder, schizophrenia

Frontiers in Neural Circuits | www.frontiersin.org 1 February 2021 | Volume 15 | Article 595596210

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/journals/neural-circuits#editorial-board
https://www.frontiersin.org/journals/neural-circuits#editorial-board
https://doi.org/10.3389/fncir.2021.595596
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncir.2021.595596
http://crossmark.crossref.org/dialog/?doi=10.3389/fncir.2021.595596&domain=pdf&date_stamp=2021-02-10
https://www.frontiersin.org/articles/10.3389/fncir.2021.595596/full
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-15-595596 February 4, 2021 Time: 15:18 # 2

Kamimura and Maeda Synaptic Functions of Glypicans

INTRODUCTION

Synapses play essential roles in information processing in
neural networks. During the development of neural networks,
neurons extend axons and form synapses on specific target
cells. After dynamic processes of synapse formation, synapses
mature, and neural networks shift into full operation. Even
after maturation of synapses, neural networks undergo local
or large-scale changes called neural plasticity. Neural plasticity
usually occurs in a neuronal activity-dependent manner at local
synapses in response to internal and external stimuli, which
serves as the basis for learning and memory (Oberman and
Pascual-Leone, 2013). In recent years, it has been recognized
that proteoglycans play critical roles in the development and
plasticity of neural networks (Miyata and Kitagawa, 2017; Yu
et al., 2018; Fawcett et al., 2019). Proteoglycans are cell surface
and extracellular matrix (ECM) glycoproteins that carry sulfated
glycosaminoglycans [chondroitin sulfate (CS), heparan sulfate
(HS), and keratan sulfate] (Maeda et al., 2011). They are roughly
classified into two groups: CS proteoglycans (CSPGs) and HS
proteoglycans (HSPGs). It has been reported that CSPGs stabilize
synapses and regulate neural plasticity and axonal regeneration
(Miyata and Kitagawa, 2017). On the other hand, HSPGs, such
as syndecans, have been considered as the regulators of synapse
formation (Condomitti and de Wit, 2018). Quite recently, it was
found that glypicans work as a component of synapse-organizing
protein complexes. Synapse-organizing proteins play critical
roles in the formation and function of synapses, controlling
initial synaptic adhesion, maturation of synapses, as well as
plasticity (Siddiqui and Craig, 2011; Takahashi and Craig,
2013; Um and Ko, 2013; Sudhof, 2017). Many of the synapse-
organizing proteins form trans-synaptic complexes involving
either presynaptic neurexins (Nrxs) or type IIa receptor protein
tyrosine phosphatases (RPTPs) along with diverse postsynaptic
binding partners. In this review article, we will first discuss the
recent studies on the roles of glypicans in synapse formation
and the function of vertebrate excitatory synapses, focusing on
the interaction with synapse-organizing proteins (Figure 1A).
Second, we will introduce the emerging evidence from fruit
fly, Drosophila, studies showing that glypicans regulate synaptic
and behavioral plasticity by the mechanism at least partially
shared with that of vertebrate glypicans (Figures 1B, 2). Finally,
we will discuss the animal model studies and human genetics
implying the involvement of glypicans in neurodevelopmental
and psychiatric disorders (Table 1).

HSPGs AND HS MODIFICATION
ENZYMES

HSPGs are glycoproteins that possess long (50–200 sugar length)
HS chains covalently attached to the serine residues of the core
proteins (Sarrazin et al., 2011; Xu and Esko, 2014; Kamimura
and Maeda, 2017). There are several types of HSPGs classified
by their core protein structures. These include transmembrane-
type syndecans, glycosylphosphatidylinositol (GPI)-anchored
glypicans and secreted types, perlecan, and agrin. There are four

syndecans (SDC1–4), six glypicans (GPC1–6), one perlecan, and
one agrin in mice and humans (Godfrey et al., 1984; Ledbetter
et al., 1985; Filmus et al., 1988; Marynen et al., 1989; Saunders
et al., 1989; Carey et al., 1992; Kojima et al., 1992; Litwack
et al., 1994; Stipp et al., 1994; Watanabe et al., 1995; Veugelers
et al., 1997; Paine-Saunders et al., 1999). On the other hand, in
Drosophila, only one syndecan (Sdc), two glypicans Dally-like
(Dlp), and one perlecan (Trol) are identified (Spring et al., 1994;
Nakato et al., 1995; Khare and Baumgartner, 2000; Voigt et al.,
2002). HSPGs regulate various biological processes through the
interaction with a wide range of molecules, such as growth factors
and their receptors, cell adhesion molecules, ECM components,
secreted proteases, lipoproteins, and bacterial and viral proteins
(Sarrazin et al., 2011; Xu and Esko, 2014). Such versatile functions
of HSPGs are thought to be regulated by the fine structures of HS.

In the biosynthetic processes, HS chains undergo
tremendously complicated modifications, and their fine
structures differ among tissues and cell types (Maeda, 2015).
Biosynthesis of HS chains starts from the addition of a
tetrasaccharide linkage region [xylose–galactose–galactose–
glucuronic acid (GlcA)] to the core protein in the endoplasmic
reticulum (ER). Xylose is transferred by xylosyltransferase to
the specific serine residues on the core protein. Two galactose
residues are transferred by galactosyltransferases I and II, and
finally, GlcA is transferred by glucuronyltransferase I. Then, an
N-acetylglucosamine (GlcNAc) residue is added to the linkage
tetrasaccharide, which initiates the HS polymerization process
in the Golgi apparatus. In the elongation processes, EXT family
enzymes add alternating GlcA and GlcNAc residues. It should be
noted that CS chains also use the same linkage tetrasaccharide.
When an N-acetylgalactosamine (GalNAc) is added to the linkage
tetrasaccharide instead of GlcNAc, elongation of CS chains begins
(Maeda, 2015). During chain elongation, HS undergoes various
modifications that include N-deacetylation and N-sulfation
of GlcNAc by N-deacetylase/N-sulfotransferases (Ndsts), C5
epimerization of GlcA to iduronic acid (IdoA) by C5 epimerase,
as well as variable O-sulfations at the C2 position of IdoA by
2-O sulfotransferase (Hs2st), at the C6 position of GlcNAc and
N-sulfoglucosamine (GlcNS) units by 6-O sulfotransferases
(Hs6sts), and at the C3 position of GlcNAc and GlcNS residues
by 3-O sulfotransferases (Hs3sts). In addition to the sulfation
and epimerization processes in the Golgi apparatus, extracellular
6-O endosulfatases (Sulfs) remove 6-O sulfate groups from
specific subregions in HS chains. These modification processes
do not occur uniformly along the HS chains, which leads to the
generation of tremendous structural heterogeneity. Presumptive
molecular mechanisms for this HS heterogeneity are as follows.
First, HS modification enzymes show tissue-specific as well
as cell type-specific expression patterns. Second, each enzyme
shows particular enzymatic specificity for HS substrates. For
example, Hs2st preferentially adds sulfate groups to IdoA rather
than GlcA (Rong et al., 2001). Moreover, Hs6st-1 preferentially
modifies GlcNS rather than GlcNAc, and Sulfs preferentially
remove sulfate groups from tri-sulfated disaccharide units rather
than di- and mono-sulfated disaccharides (Habuchi et al., 2000;
Ai et al., 2003, 2006). Furthermore, several studies have shown
that HS modification enzymes form the complexes in a specific
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FIGURE 1 | Vertebrate and Drosophila heparan sulfate proteoglycans (HSPGs) in the synapses. (A) Heparan sulfate (HS) chains of Nrx and GPC4 interact with
multiple synapse-organizing proteins. Presynaptic Nrx interacts with Nlgn, LRRTM2, LRRTM4, and PTPσ. Presynaptic GPC4 interacts with LRRTM4, PTPσ, and
GPR158. Nrx–PTPσ–LRRTM4 and GPC4–PTPσ–LRRTM4 complexes reside separately at the synapses. GPC4 is secreted from astrocytes and interacts with
presynaptic PTPδ. (B) Functions of Drosophila HSPGs (Dnrx, Dlp, and Sdc) in the NMJ synapses. Dnrx interacts with Dnlgn through HS chains (Zhang et al., 2018).
Sdc promotes Dlar signaling, whereas Dlp suppresses it. Anterograde Wg and retrograde Gbb activities are regulated by fine structures of HS chains, presumably of
Sdc and/or Dlp. Dlp regulates non-canonical BMP signaling through GluRIIA. Nrx, neurexin; Nlgn, neuroligin; LRRTM, leucine-rich repeat transmembrane neuronal
protein; GPC, glypican; PTP, protein tyrosine phosphatase; GPR, G protein-coupled receptor; Dnrx, Drosophila neurexin; Dnlgn, Drosophila neuroligin; DFz2,
Drosophila Frizzled 2; BMPR, BMP (bone morphogenetic protein) receptor; Sdc, syndecan; Dlp, Dally-like protein; Wg, Wingless; Gbb, Glass bottom boat.

combination called "gagosome" as observed between Ndst and
EXT, C5 epimerase and Hs2st, and Hs2st and Hs6st (Pinhal
et al., 2001; Esko and Selleck, 2002; Presto et al., 2008; Dejima
et al., 2013). These findings suggest that interactions among
HS biosynthetic enzymes affect the fine structures of HS. The
distinct HS structures are considered to provide selective binding
sites for distinct proteins. Indeed, several proteins, such as FGF-2
and antithrombin, require specific sulfate groups (2-O and

3-O sulfate groups, respectively) on HS (Habuchi et al., 1992;
Turnbull et al., 1992; Shworak et al., 1997; Richard et al., 2009). In
addition, HS chains of HSPGs are degraded into oligosaccharides
at the cell surface and in the ECM by heparanase, regulating the
activities of HSPG-binding proteins (Xu and Esko, 2014). Thus,
the HS chains on HSPGs regulate the interactions with many
ligand proteins in a structure-dependent manner, although the
in vivo significance remains elusive.
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FIGURE 2 | Dlp regulates synaptic plasticity at the Drosophila neuromuscular junction (NMJ). (A) The body wall muscles of Drosophila larva are innervated by type I
glutamatergic motor neurons, which form synaptic boutons at the NMJs. Most larval body wall muscles are also innervated by octopaminergic type II neurons.
(B) When larvae are placed under food deprivation conditions, octopamine is released from the type II boutons, and type II arbors rapidly extend new branches
called synaptopods through the activation of Octβ2R octopamine autoreceptors. The acute acceleration of octopamine signaling by the growth of type II boutons
leads to the rapid growth of type I boutons, which also express Octβ2R, and the increase of larval locomotor speed. (C) The expression of Dlp, which is a homolog
of mammalian GPC4 and GPC6, is downregulated by octopamine signaling. Dlp suppresses the non-canonical BMP pathway that is composed of BMP receptor
Wit and GluRIIA-containing iGluRs. Starvation-induced octopamine signaling downregulates Dlp expression, which leads to the activation of the non-canonical BMP
signaling.

TABLE 1 | Dysregulation of glutamate receptors, behavioral defects, and mental disorders associated with GPC and HS-related genes.

Fruit fly Mouse Human

GPC dlp:
• Dysregulation of GluRIIA-containing iGluRs

(Kamimura et al., 2019)
• Loss of starvation-induced synaptic and

behavioral plasticity (Kamimura et al., 2019)

GPC4:
• Dysregulation of GluA1 subunit of

AMPARs (Allen et al., 2012)
• ASD-like behaviors (Dowling and

Allen, 2018)

GPC1:
• Association with schizophrenia (Potkin

et al., 2010)
GPC4:
• Association with ASD (Doan et al., 2016)

GPC6:
• Association with neuroticism and formal

thought disorder (Calboli et al., 2010; Wang
et al., 2012)

EXT – Ext1:
• Dysregulation of GluA2 subunit of

AMPARs (Irie et al., 2012)
• ASD-like behaviors (Irie et al., 2012)

Ext1:
• ASD with mild intellectual disability (Li et al.,

2002)

Ndst sulfateless (sfl):
• ASD-like behaviors (Hope et al., 2019)

– Ndst3:
• Association with schizophrenia and bipolar

disorder (Lencz et al., 2013; Zhang et al., 2016)

Hs3st – – Hs3st-5:
• Association with ASD (Wang et al., 2009)

FUNCTIONS OF VERTEBRATE
GLYPICANS AT SYNAPSES

Glypican Interacts With Synaptogenic
Protein, LRRTM4
Several studies in mice and rats revealed that glypicans (GPCs)
interact with synapse-organizing proteins (Figure 1A). Among
these, leucine-rich repeat transmembrane neuronal proteins,
LRRTMs, are postsynaptic proteins that bind with presynaptic
Nrxs at glutamatergic synapses (Siddiqui and Craig, 2011). The

LRRTM family is composed of four members, LRRTM1–4,
which share similar domain structures consisting of multiple
extracellular leucine-rich repeats, a single transmembrane
segment, and a cytoplasmic tail that binds to the postsynaptic
protein PSD-95 (Lauren et al., 2003; Majercak et al., 2006; Francks
et al., 2007; Haines and Rigby, 2007; Linhoff et al., 2009; Siddiqui
et al., 2013; Soler-Llavina et al., 2013). All LRRTMs showed
synaptogenic activity, which induced presynaptic differentiation
in heterologous synapse formation assays (Lauren et al., 2003;
Linhoff et al., 2009; Siddiqui et al., 2013; Soler-Llavina et al.,
2013). Each LRRTM showed a specific expression pattern in
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the mouse brain. LRRTM1 and LRRTM2 were expressed in
the CA1 region of the hippocampus, whereas LRRTM3 and
LRRTM4 were expressed in the dentate gyrus (DG) (Lauren et al.,
2003; Linhoff et al., 2009; Siddiqui et al., 2010). Each knockout
mouse model for LRRTM1, LRRTM3, and LRRTM4 genes showed
significant but only small decreases in synapse density and
synaptic transmission (Takashima et al., 2011; Siddiqui et al.,
2013; Um et al., 2016). This may be due to the functional
redundancy among LRRTM isoforms.

Two independent studies identified GPCs as the ligands for
postsynaptic LRRTM4 (de Wit et al., 2013; Siddiqui et al.,
2013). By a proteomic approach, de Wit et al. (2013) analyzed
LRRTM-interacting proteins using rat whole-brain homogenates
and found that the major surface protein bound with LRRTM4
was GPC4, whereas the most abundant proteins bound to
LRRTM2 were Nrxs. Pulldown assays showed that LRRTM4
also bound to Nrxs; however, LRRTM4 did not simultaneously
bind to GPC4 and Nrxs. Interaction between LRRTM4 and
GPC4 was HS-dependent because the addition of free HS
chains or digestion of HS by heparitinases suppressed the
interactions. Immunohistochemical analyses showed that GPC4
and LRRTM4 were localized at the pre- and postsynaptic
membrane of excitatory synapses in the rat brain, respectively.
GPC4 expressed on HEK293T cells induced clustering of
LRRTM4 on the membrane of co-cultured hippocampal neurons
and vice versa, indicating that GPC4 and LRRTM4 interact in
trans. Heparitinase treatment and siRNA-mediated knockdown
experiments indicated that the synaptogenic activity of LRRTM4,
but not of LRRTM2, was dependent on the HS portion of GPC4
on the presynaptic membrane. Similar results were also reported
by Siddiqui et al. (2013), who used LRRTM4-Fc for the affinity
purification of ligands and identified multiple isoforms of GPC.

A number of studies showed that LRRTMs are involved
in AMPA receptor (AMPAR) trafficking and function (Sudhof,
2017). Simultaneous RNAi-mediated knockdown of LRRTM1
and LRRTM2 in the CA1 region of the mouse hippocampus
reduced AMPAR-mediated synaptic currents and blocked long-
term synaptic potentiation (LTP) (Soler-Llavina et al., 2011,
2013). Importantly, Nrx binding by LRRTM2 was responsible
for LTP maintenance, and LRRTM1 and LRRTM2 maintained
newly delivered AMPARs at synapses after LTP induction (Soler-
Llavina et al., 2013). LRRTM4 was also identified as a component
of AMPAR complexes and was required for LTP-induced synaptic
surface trafficking of GluA1 subunits (Schwenk et al., 2012;
Shanks et al., 2012; Siddiqui et al., 2013). As expected from the
LRRTM4 distribution in the mouse hippocampus (see above),
DG granule cells, but not CA1 pyramidal cells, in LRRTM4-
KO mice exhibited reduction of excitatory synapse density
and excitatory synaptic transmission (Siddiqui et al., 2013).
Thus, LRRTM family members function at different subsets of
excitatory synapses using distinct binding partners.

Glypican Interacts With PTPσ in cis
By affinity chromatography using rat brain synaptosomes, Ko
et al. (2015) found that presynaptic GPC4 also interacted
with PTPσ in addition to LRRTM4 (Figure 1A). PTPσ is
a member of the leukocyte common antigen-related (LAR)

RPTP family and is one of the presynaptic synapse-organizing
proteins (Yan et al., 1993; Takahashi et al., 2011). The LAR
family is a type IIa subfamily of RPTPs, composed of three
members in vertebrates, LAR, PTPσ, and PTPδ. These members
contain immunoglobulin-like (Ig) and fibronectin III (FNIII)
domains, a transmembrane segment, and two intracellular
tyrosine phosphatase domains (Schaapveld et al., 1997; Johnson
and Van Vactor, 2003; Chagnon et al., 2004). To date, several
postsynaptic binding partners for LAR family members have been
identified. For example, netrin-G ligand-3 (NGL-3) bound to
LAR, PTPσ, and PTPδ (Woo et al., 2009; Kwon et al., 2010). TrkC
bound selectively to PTPσ, whereas Slitrk3 selectively bound
with PTPδ (Takahashi et al., 2011, 2012). Interleukin-1 receptor
accessory protein-like 1 (IL1RAPL1) bound with PTPδ (Valnegri
et al., 2011; Yoshida et al., 2011), and interleukin-1 receptor
accessory protein (IL1RAcP) bound with LAR, PTPδ, and PTPσ

(Yoshida et al., 2012; Takahashi and Craig, 2013).
GPC4–PTPσ interaction mainly occurred in the cis-

configuration. Pulldown assay showed that PTPσ bound to
LRRTM4 in the presence of GPC4, but not in the presence of
GPC4-AAA, in which the HS attachment sites were mutated.
These results suggested that PTPσ specifically forms complexes
containing GPC4 and LRRTM4 through HS chains. Furthermore,
siRNA-mediated knockdown of PTPσ decreased LRRTM4-
mediated synaptogenic activity, which was restored by the
expression of wild-type PTPσ but not by PTPσ-AAAA, in
which the HS-binding site was mutated. These results suggested
that the presynaptic PTPσ–GPC4 complex interacts with
postsynaptic LRRTM4 to regulate synapse development, in
which HS plays critical roles. They also demonstrated that
knockdown of PTPσ, but not of LAR, decreased the frequency
and amplitude of miniature excitatory postsynaptic currents
(mEPSCs) in the culture of rat hippocampal neurons. These
defects were fully rescued by the expression of wild-type PTPσ.
However, PTPσ-AAAA only rescued the mEPSC amplitude
and failed to recover the mEPSC frequency, suggesting that
PTPσ regulates synaptic transmission in both HS-dependent and
HS-independent manners. Future detailed studies are required
to reveal the specific functions of the multiple ligands of PTPσ.

Nrxs Function as HSPGs
Nrxs are type I membrane proteins that are the most well-known
presynaptic organizers (Ushkaryov et al., 1992, 1994; Ushkaryov
and Sudhof, 1993). Nrxs contain laminin/neurexin/sex-
hormone-binding globulin (LNS) domains and three interspaced
epidermal growth factor (EGF) domains (Missler and Sudhof,
1998; Reissner et al., 2013). In mammals, there are three Nrx
genes (Nrxn1–3) (Sudhof, 2008; Reissner et al., 2013). Each of
these Nrx genes contains two alternative promoters leading to
the longer isoform, α-Nrx containing six LNS domains, and the
shorter isoform, β-Nrx containing only one LNS domain, which
is identical to the sixth LNS domain of α-Nrx (Sudhof, 2008;
Reissner et al., 2013). α- and β-Nrxs interact with postsynaptic
organizers, such as Nlgns and LRRTMs, through the common
LNS domains (Ichtchenko et al., 1995; Ko et al., 2009; Sudhof,
2017). In addition to the α- and β-Nrx isoforms, Nrxs are
alternatively spliced at six sites (referred to as SS#1 to SS#6),
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which may generate thousands of isoforms (Ullrich et al., 1995;
Tabuchi and Sudhof, 2002; Treutlein et al., 2014; Sudhof, 2017).
Thus, an extensive number of Nrx variants can be generated from
the three different genes with two independent promoters and
six alternative splice sites, leading to diversity and complexity in
ligand-binding selectivity and synapse specificity (Reissner et al.,
2013; Treutlein et al., 2014).

Zhang et al. (2018) showed that Nrxs function as HSPGs,
adding further structural diversity to Nrxs (Figure 1A). To
examine the function of the HS portion of Nrx in synaptic
development and function, they performed siRNA-mediated
knockdown of Nrx using cultured rat hippocampal neurons. As
a result, the density of inhibitory synapses but not of excitatory
synapses was reduced by Nrx knockdown. Furthermore, Nrx
knockdown reduced the frequencies of mEPSC and miniature
inhibitory postsynaptic current (mIPSC). These defects were
rescued by RNAi-resistant Nrx but not HS-deficient Nrx,
indicating that Nrx bearing HS chains are critical for the
development of functional synapses. They next examined
whether HS of Nrx was required for the interactions with
its major postsynaptic ligands, Nlgns and LRRTM2, using
a co-culture system. HS digestion by heparitinases blocked
the activities of Nlgns and LRRTM2 to induce presynaptic
differentiation. In addition, axonal Nrxs were locally aggregated
at the contact sites on Nlgn1- or LRRTM2-expressing COS7 cells,
but the HS-deficient Nrx was poorly aggregated. These results
suggested that Nrxs interacted with both Nlgns and LRRTM2
through the HS chains during synapse formation. Consistent
with this, Nlgns and LRRTM2 bound to heparin columns, and
mutations in the HS-binding sites of Nlgns and LRRTM2 reduced
their affinities for heparin and synapse-promoting activities.
They also generated and characterized Nrxn11HS mice, which
carried point mutations that block HS modifications of Nrx.
mEPSCs recorded from CA3 neurons showed reduction in both
frequency and amplitude, and paired pulse ratio analyses of
mossy fiber (MF)–CA3 synapses suggested a reduced probability
of transmitter release in these mice. Furthermore, morphological
analyses using serial block face scanning electron microscopy
showed significant changes in the size and complexity of the
synapses between MFs and CA3 thorny excrescence spines. Thus,
the HS portion of Nrxs is required for Nrx functions in the
synaptic development.

A recent study revealed that HS moiety of Nrxs not only
bound to the postsynaptic Nlgns and LRRTMs, but they also
formed complexes with the presynaptic synapse organizer, PTPσ

(Figure 1A) (Han et al., 2020; Roppongi et al., 2020). LRRTM4
bound with Nrx through HS, but not with PTPσ. LRRTM4–
Nrx–PTPσ complex was observed in the mouse synaptosomal
lysates, and its formation was inhibited by heparitinase treatment.
In addition, co-culture assay showed that both presynaptic Nrx
and PTPσ were required for postsynaptic LRRTM4 to induce
full presynaptic differentiation. Thus, HS of Nrx mediated the
complex formation of LRRTM4–Nrx–PTPσ, which was required
for synapse formation. Roppongi et al. (2020) also found
that anti-LRRTM4 antibody co-immunoprecipitated GPC4,
whereas anti-Nrx antibody co-immunoprecipitated LRRTM4
but not GPC4. This suggested that the LRRTM4–Nrx and

LRRTM4–GPC4 complexes coexist independently. Furthermore,
they generated knock-in mice for LRRTM4, in which the HS-
binding site was mutated. In these mice, the levels of PTPσ

and Nrx were reduced in the synaptosome fractions from DG.
Immunofluorescence labeled synaptic puncta for VGlut1 were
reduced in the molecular layer of DG, and transmission electron
microscopic analyses showed that the density of excitatory
synapses was reduced in the DG. Furthermore, the frequency
and amplitude of mEPSCs and evoked excitatory transmission
were reduced. Thus, the HS portion of Nrx mediates complex
formation with LRRTM4 and PTPσ and plays critical roles in
synapse formation and function. Functional relationship between
the diversities of Nrx core proteins and the heterogeneity of
attached HS chains needs further investigation.

Nrxs and GPC4 use common ligands, LRRTM4 and PTPσ,
in which their ligand bindings are HS-dependent. Therefore,
Nrxs and GPC4 may act competitively when they are expressed
on the same synapses. Based on the RNAi experiments of
hippocampal neurons, Roppongi et al. (2020) suggested that
synaptogenic activities of LRRTM3 and LRRTM4 were primarily
dependent on Nrxs rather than GPC4. Furthermore, they
indicated that LRRTM3 and LRRTM4 expressed on COS7 cells
recruited axonally expressed GPC5 in neurons, but this was
not accompanied by presynaptic differentiation. At present, the
functional relationship between Nrxs and GPCs is unclear, and
future investigations are necessary to elucidate this relationship.

Khalaj et al. (2020) identified FAM19A, an “orphan” cytokine,
as Nrx-binding protein from adult mouse brain. FAM19As
bound with Nrxs through intermolecular disulfide bonds that
were formed during intracellular transport. In the cultured
hippocampal neurons, FAM19A decreased HS modification
and O-glycosylation of Nrx without affecting its surface
levels, suggesting that FAM19A regulates the posttranslational
modification of Nrxs. Since FAM19A expression was restricted
to the subsets of neurons and dependent on neuronal activity,
HS modification of Nrx may be flexibly regulated in a neuronal
activity-dependent and cell type-specific manner. Thus, HS
modification of Nrxs and GPCs may be differentially controlled
by FAM19A in the same neurons, leading to the differential
regulation of their ligand-binding activities. Furthermore,
FAM19A may influence the competitive activities of Nrxs and
GPCs at the same synapses.

Glypican 4 Interacts With GPR158 and
Regulates Hippocampal MF–CA3
Synapse Formation
The hippocampal CA3 circuit plays critical roles in the encoding
of memory (Rebola et al., 2017). GPC4 was localized on
rat DG granule cell axons, the MFs, which form synapses
on CA3 pyramidal neurons, but LRRTM4 was not detected
in these neurons, suggesting the presence of other binding
partners for GPC4 (de Wit et al., 2013; Siddiqui et al., 2013).
To identify novel GPC4-binding proteins, Condomitti et al.
(2018) used GPC4 as bait to perform pulldown assay on rat
brain synaptosome extracts, and the interacting proteins were
identified by tandem mass spectrometry. The identified major
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cell surface protein was GPR158, a G protein-coupled receptor
(GPCR)-like orphan receptor with a large extracellular domain
that shows homology to class C GPCRs (Orlandi et al., 2012).
GPR158 was expressed on CA3 pyramidal neurons during MF–
CA3 synaptogenesis, and the expression was restricted to the
proximal segments of apical dendrites that receive MF inputs.
Hippocampal neurons co-cultured with HEK293 cells expressing
GPR158 showed presynaptic differentiation, which was impaired
by HS digestion by heparitinases or shRNA-mediated knockdown
of GPC4 in neurons. Thus, presynaptic GPC4 regulates GPR158-
mediated presynaptic differentiation through the HS chains,
and the binding partner of GPC4 depends on the postsynaptic
targets (Figure 1A).

GPR158 KO mice showed impaired hippocampal-dependent
learning as revealed by Morris water maze and novel object
recognition tests (Khrimian et al., 2017). LTP at MF–CA3
synapses were also significantly impaired in these mice (Khrimian
et al., 2017). Furthermore, Sutton et al. (2018) revealed that
GPR158 is involved in stress-responsive behaviors and depression
via the modulation of AMPAR activity. Future studies are
necessary to investigate the roles of GPR158–GPC4 interaction
in learning, stress-responsive behaviors, and depression.

Glypicans Secreted by Astrocytes Induce
Synapse Formation
Previous studies have shown that astrocyte-conditioned medium
(ACM) induced functional synapse formation between rat retinal
ganglion cells (RGCs) (Ullian et al., 2001). Allen et al. (2012)
identified GPC4 and GPC6 from ACM as inducers of functional
synapses between RGCs (Figure 1A). Purified GPC4 increased
the frequency and amplitude of mEPSCs and the synapse
numbers on RGCs. The increased synaptic activities were due to
upregulation of cell surface levels of GluA1-containing AMPARs.
They also showed that GPC6, which is most homologous to
GPC4 among GPC family members, also recruited GluA1 to
the cell surface and induced synapse formation on RGCs.
In the mouse brain, GPC4 mRNA was enriched in the
hippocampus, and GPC6 was enriched in the cerebellum during
postnatal development. Especially, GPC4 was expressed in the
hippocampal astrocytes at the early postnatal periods (P6–P14),
during which synaptogenesis actively occurred. Furthermore,
GPC4 knockout mice showed decreases in mEPSC amplitude
and synapse number and reduced recruitment of GluA1 in
the developing hippocampus (Table 1). Thus, GPCs secreted
by astrocytes play critical roles in the formation of excitatory
synapses containing AMPARs.

Farhy-Tselnicker et al. (2017) found that mRNA for neuronal
pentraxin 1 (NP1), an ∼50 kDa secreted glycoprotein, was
specifically upregulated by GPC4 in RGC cultures. A previous
study showed that NP1 bound with the extracellular region of
AMPARs and stabilized them on dendritic surfaces, leading to
the promotion of synapse formation (O’Brien et al., 1999). They
also found that the addition of soluble GPC4 to RGCs increased
extracellular NP1 levels, showing that GPC4 stimulated NP1
release. In addition, inhibition of the NP1–GluA1 interaction by
adding the blocking antibody prevented GPC4-mediated synapse

formation on RGCs, indicating that NP1–GluA1 interaction was
necessary for GPC4 to induce synapse formation. They also
showed that the effects of GPC4 on NP1, GluA1, and synapse
formation were regulated by presynaptic PTPδ, a member of LAR
family RPTP (Figure 1A). Blocking the PTPδ function in RGCs
using a specific cell-permeant wedge domain-blocking peptide
reduced the GPC4-mediated synaptogenesis, clustering of GluA1,
and surface accumulation of NP1. Finally, mice lacking either
GPC4 or PTPδ showed increased retention of NP1 in presynaptic
terminals, decreased recruitment of GluA1 to the synapses, and
decreased synapse number in the developing visual systems.
These findings revealed a functional link between astrocytes and
the presynaptic-to-postsynaptic signaling pathways and provided
important mechanistic insights into the roles of astrocyte-
secreted GPC4 in AMPAR-mediated synaptogenesis.

FUNCTIONS OF Drosophila GLYPICAN,
DLP, AT SYNAPSES

Dlp Interacts With Dlar, a Member of LAR
Family RPTP During Synaptic
Development
The synaptic functions of glypicans are not limited to the
vertebrate nervous system. Recent studies have focused on
the Drosophila larval neuromuscular junction (NMJ). The
body wall muscles of Drosophila larva are innervated by
type I glutamatergic motor neurons, which form synaptic
boutons at the NMJ with a beads-on-a-string morphology
(Figure 2A). At these synaptic boutons, postsynaptic
responses to glutamate are mediated by tetrameric ionotropic
glutamate receptors (iGluRs), which are homologous to
mammalian AMPARs or kainate receptors (Littleton
and Ganetzky, 2000). Furthermore, these synapses share
many important structural features with vertebrate central
nervous system (CNS) excitatory synapses including well-
developed postsynaptic density. Therefore, Drosophila larval
NMJ is regarded as a simple model of vertebrate brain
excitatory synapses.

Johnson et al. (2006) showed that both syndecan (Sdc)
and Dlp, a homolog of mammalian GPC4 and GPC6, play
important roles in the glutamatergic type I bouton formation
at the NMJ. In sdc mutants, the number of type I synaptic
boutons was reduced; on the other hand, mutations in dlp
did not affect the type I bouton number. However, the active
zones in the presynaptic boutons were smaller but increased in
number in the dlp mutants compared with those of wild types.
They also examined the electrophysiological properties of the
NMJs of sdc and dlp mutant animals and found that dlp but
not sdc mutants showed an increase in the amplitude of the
excitatory junctional potential (EJP) elicited by nerve stimulation,
indicating that dlp is required for normal synaptic transmission.
Immunohistochemical studies showed that both Sdc and Dlp
were localized at the postsynaptic sites in the glutamatergic type
I boutons (Johnson et al., 2006; Nguyen et al., 2016). These
studies also examined the binding partners for these HSPGs.
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Among the candidates, they focused on Dlar, an RPTP that
is homologous to vertebrate LAR. Both Sdc and Dlp bound
with Dlar, but the affinity of Dlp was twice as strong as that
of Sdc. The bindings of Dlp as well as Sdc to Dlar were HS-
dependent, and the difference in affinity may be explained by
the structural difference in HS chains attached to these HSPGs
(Figure 1B).

Genetic analyses indicated that the synaptic phenotypes of
the double mutants of sdc and dlar were indistinguishable from
those of dlar single mutants. Furthermore, overexpression of
sdc did not promote the bouton formation when combined
with dlar mutant background. These results indicated that the
synaptic growth-promoting activity of Sdc was dependent on
Dlar. On the other hand, overexpression of dlp reduced the
number of synaptic boutons, which was similar to the phenotype
of dlar mutants. In contrast, overexpression of dlar increased the
bouton number. These results suggested that Sdc promotes Dlar
signaling, whereas Dlp suppresses it. Thus, Dlp and Sdc regulate
Dlar signaling, demonstrating the evolutionary conserved roles of
HSPG–RPTP interactions in synaptic development and function
(Figures 1A,B).

Roles of HS Modification in Synaptic
Function of HSPGs
Since HS chains regulate HSPG–ligand interactions, it is expected
that fine structures of HS regulate the development and function
of Drosophila NMJ. Dani et al. (2012) screened transgenic
RNAi strains for 130 glycan-related genes to identify the genes
showing defects in synapse morphology and electrophysiological
characteristics. They found that knockdown of Hs6st and Sulf1
genes, which add or remove a sulfate group at the 6-O
position on HS, respectively, caused defects of NMJ. RNAi-
mediated knockdown of both Hs6st and Sulf1 resulted in the
increased synaptic bouton numbers at the NMJ. In contrast,
electrophysiological analyses showed that Hs6st RNAi decreased
the amplitude of evoked excitatory junctional current (eEJC),
whereas Sulf1 RNAi increased it. Wingless (Wg) and Glass
bottom boat (Gbb), Drosophila homologs of Wnt and BMP,
respectively, are well-characterized anterograde and retrograde
trans-synaptic heparin-binding signaling molecules, respectively,
regulating NMJ formation (Packard et al., 2002; McCabe et al.,
2003). Dani et al. (2012) also investigated the possibility that
Hs6st and Sulf1 regulated the signaling activities of Wg and
Gbb at the NMJ. Both Hs6st and Sulf1 mutants showed
the accumulation of extracellular Wg and Gbb proteins at
the NMJs. Interestingly, the activity of Wg signaling was
increased in Hs6st, but decreased in Sulf1 mutants. However,
the activity of BMP signaling was increased in both Hs6st
and Sulf1 mutants. These results showed that Wg and Gbb
signaling activities were differentially regulated by Hs6st and
Sulf1 (Figure 1B). Importantly, Hs6st mutants showed decreased
synaptic levels of Dlp, but increased levels of Sdc, whereas
Sulf1 mutants showed increases of both HSPGs. This result
indicated that 6-O sulfation of HS affects the HSPG levels
at the NMJ, playing important roles in synapse formation
and function.

Regulation of HSPG Localization by
mRNA-Binding Translational Repressor,
FMRP
Fragile X syndrome (FXS) is a genetic condition that causes
a variety of neurodevelopmental disorders, such as intellectual
disability and autism spectrum disorders (ASDs) (Giraud et al.,
1976; Harvey et al., 1977; Merenstein et al., 1996). These disorders
are caused by loss of the fragile X mental retardation 1 (FMR1)
gene product (FMRP), which is an mRNA-binding translational
repressor (Verkerk et al., 1991; Ashley et al., 1993; Eichler
et al., 1993; Laggerbauer et al., 2001; Li et al., 2001). Many
conserved FMRP targets were identified from patients with FXS
and in animal disease models (mice and Drosophila), but the
full spectrum of FMRP targets has yet to be elucidated (Tessier
and Broadie, 2012; Fernandez et al., 2013). Friedman et al.
(2013) used the Drosophila fmr1 (dfmr1) null mutants as an
FXS disease model to screen for upregulated neural proteins and
found that Dlp and Sdc protein levels were upregulated at the
NMJs of dfmr1 null animals. Importantly, dfmr1 null synapses
exhibited altered trans-synaptic signaling mediated by Wg and
Jelly belly (Jeb), which is regulated by the endogenous lectin,
Mind-the-Gap. To examine whether the synaptic defects of dfmr1
mutants were caused by the altered Sdc and Dlp levels, the
expression levels of these HSPGs were genetically reduced to
the control levels in dfmr1 null animals. Correction of HSPG
levels restored the Wg and Jeb signaling as well as the synaptic
architecture and transmission strength to the wild-type levels in
dfmr1 null animals. Taken together, these data suggested that
FMRP negatively regulates Dlp and Sdc levels, controlling the
trans-synaptic signaling during synaptogenesis.

Matrix Metalloproteinases Regulate
Localization and Function of Dlp
As described above, Allen et al. (2012) showed the importance of
astrocyte-derived soluble GPCs in synaptogenesis. However, the
mechanism of GPC release is unclear. Dear et al. (2016) revealed
that matrix metalloproteinases regulate Dlp function at the
Drosophila NMJ. In Drosophila, there is only one secreted MMP
(Mmp1) and one GPI-anchored MMP (Mmp2) in contrast to the
many MMPs in vertebrates (24 MMP genes in mice), providing
an excellent model for elucidating MMP function. Mutations in
either mmp1 or mmp2 increased the synaptic bouton number
and elevated neurotransmission at the NMJ. Dlp protein level
and Dlp-positive domain were strongly reduced in the NMJ
boutons of mmp1 mutants. In contrast, Dlp-positive domain was
expanded in the mmp2 mutants, indicating that Dlp distribution
was reciprocally regulated by Mmp1 and Mmp2. Correction
of Dlp distribution by overexpression or heterozygosity of dlp
rescued the morphological and electrophysiological defects of
mmp1 or mmp2 mutants, respectively. These results showed
that MMPs regulate Dlp distribution at the NMJs to coordinate
synapse development probably by regulating shedding of Dlp.

The association between MMP and Dlp was also demonstrated
by Dear et al. (2017). At the Drosophila NMJ, acute neuronal
stimulation by expression of temperature-dependent ion channel
dTRPA1 (transient receptor potential cation channel A1) or high
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K+ stimulation induced presynaptic bouton formation. Synaptic
Mmp1 protein levels were increased by such stimulation, and
mmp1 was required for this activity-dependent synaptic bouton
formation. They also found that neuronal stimulation increased
Dlp levels within the same synaptic subdomains as Mmp1.
Reduction of dlp lowered Mmp1 levels, and overexpression of dlp
increased Mmp1 levels; however, overexpression of HS-deficient
dlp did not affect Mmp1 levels. This suggested that Dlp promotes
synaptic localization of Mmp1 through the HS chain. In addition,
they found that synaptic induction of Mmp1 by neuronal activity
required dlp. These results showed that Dlp regulates basal
and activity-dependent Mmp1 localization at the NMJ synapses.
Furthermore, it was shown that there was no change in synaptic
Mmp1 levels after neuronal stimulation in dfmr1 null mutants,
in which Dlp expression was upregulated at the NMJs. Reducing
Dlp levels by heterozygosity of dlp fully restored the activity-
induced Mmp1 increase in dfmr1 null animals, suggesting that
Dlp misregulation in FXS model animals mediates the Mmp1
dysfunction and the defects of activity-dependent synaptogenesis.

Dlp Regulates Experience-Dependent
Synaptic and Behavioral Plasticity
Animals in their natural habitat are often exposed to severe
environmental changes, which may lead to starvation. Animals
must change their behaviors to overcome such difficulties and
survive. Drosophila larvae show this type of behavioral plasticity
under experimental conditions. They are usually raised in culture
vials containing food slurry and spend most of the time feeding
inside the slurry. However, when larvae are transferred from
culture vials to a food-free plate, they immediately initiate rapid
locomotion to search for food. It is known that the type I bouton
outgrowth occurs at the NMJ during rapid locomotion, which
is a typical example of experience-dependent synaptic plasticity
(Figure 2B) (Koon et al., 2011). In addition to the glutamatergic
type I synaptic boutons, there are also octopaminergic type
II synaptic boutons at the NMJ of most larval body wall
muscles (Figure 2A). Octopamine is the invertebrate counterpart
of noradrenaline, which regulates various behaviors, such as
foraging, sleep, and aggression (Yang et al., 2015; Pereira and
Murthy, 2017). This type II modulatory innervation regulates
the type I bouton growth during locomotion under starved
conditions. After food deprivation, octopaminergic type II axons
rapidly extend new branches by the activation of its own Octβ2R
octopamine receptors, constructing the positive feedback loop
that promotes the growth of type II boutons (Figure 2B). Since
Octβ2R is also expressed on type I axons, the acute activation
of octopamine signaling by this positive feedback loop leads
to rapid increases in type I boutons and locomotor activity
(Figure 2B). We recently revealed that Dlp plays critical roles in
these processes (Kamimura et al., 2019) (Table 1).

We first examined the postsynaptic Dlp levels at the
type I boutons under starved conditions. We found that
postsynaptic Dlp protein levels decreased during the first 4 h
after food deprivation. This change in Dlp expression was not
observed in the animals that were defective of octopaminergic
signaling, showing that octopamine regulates postsynaptic Dlp

levels during starvation. Under normal rearing conditions (fed
conditions), type I bouton number and locomotor speed were
increased in the dlp-underexpressing animals compared with
wild-type animals, indicating that Dlp negatively regulates type
I bouton growth and locomotor speed. These observations
suggested that octopamine signaling negatively regulates Dlp
expression, which in turn promotes type I bouton growth and
locomotion during starvation. Indeed, the number of type I
boutons and the locomotor speed remained at high levels in the
heterozygous animals and muscle-specific knockdown animals
for dlp before and after food deprivation, and the starvation-
induced changes were not observed. Thus, postsynaptic Dlp levels
determine the type I bouton number and locomotor speed, and
octopamine-induced decreases in Dlp expression lead to increase
in this number and speed during starvation.

We next performed a mechanistic study. Electrophysiological
analyses of the body wall muscles of control larvae showed
that the amplitude of evoked EJP (eEJP) increased, whereas the
amplitude and frequency of miniature EJP (mEJP) decreased
after food deprivation; thus, the quantal content (the number
of synaptic vesicles released with each stimulus) increased
in control animals. However, in dlp-knockdown larvae, the
eEJP amplitude, mEJP frequency, and quantal content did not
significantly change even after food deprivation, although the
mEJP amplitude slightly increased. These results indicated that
Dlp is required for the changes in synaptic transmission after
food deprivation. The changes in electrophysiological properties
during starvation suggested the importance of postsynaptic
iGluRs. These iGluRs are composed of three essential subunits
(GluRIIC, GluRIID, and GluRIIE) and a GluRIIA (type A iGluR)
or GluRIIB subunit (type B iGluR) (Qin et al., 2005). Previous
studies revealed that the regulation of postsynaptic GluRIIA
levels plays important roles in physiological properties of the
NMJ (Sigrist et al., 2002, 2003). Consistent with this, we found
that knockdown of GluRIIA prevented the starvation-induced
behavioral and synaptic plasticity. Importantly, postsynaptic
levels of GluRIIA increased after food deprivation in wild-type
animals, which was inversely correlated with Dlp expression. In
addition, postsynaptic GluRIIA levels were already increased in
the dlp-underexpressing animals under fed conditions, and these
levels did not further change even after food deprivation. This
suggested that Dlp negatively regulates the postsynaptic levels of
GluRIIA, and therefore, those of type A iGluRs (Figure 2C).

Sulkowski et al. (2014, 2016) identified postsynaptic type
A iGluRs as a novel ligand for presynaptic Wit, a type II
BMP receptor. This non-canonical BMP signaling does not
require a well-known BMP ligand, Gbb, but depends on
Mad, a downstream transducer of BMP signaling. In this
signaling pathway, type A iGluRs activate Wit and promote the
accumulation of phosphorylated Mad (pMad) at the presynaptic
active zone. Presynaptic pMads then recruit type A iGluRs
at the postsynaptic sites, forming a positive feedback loop
that leads to the accumulation of postsynaptic type A iGluRs
(Figure 2C). In order to study the involvement of BMP signaling
in Dlp-mediated synaptic and behavioral plasticity, we first
examined wit and gbb mutant larvae. As a result, we found
that mutations in wit but not gbb prevented starvation-induced
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increases in type I boutons and locomotion speed as observed in
GluRIIA-knockdown animals and dlp-underexpressing animals.
As expected, since starvation increased postsynaptic GluRIIA
levels, presynaptic pMad levels increased after food deprivation
in control animals. In contrast, presynaptic pMad levels were
already increased in the dlp-underexpressing animals under fed
conditions, and these levels did not further change even after
food deprivation, as observed in the postsynaptic GluRIIA levels
of these animals. This suggested that Dlp downregulates either
presynaptic Wit activity or postsynaptic GluRIIA levels, which
in turn suppresses non-canonical BMP signaling. Under starved
conditions, octopamine-induced decrease of postsynaptic Dlp
leads to the disinhibition of non-canonical BMP signaling that
results in the accumulation of postsynaptic GluRIIA and type I
bouton growth (Figure 2C).

To determine the steps of Dlp function in the non-canonical
BMP signaling, we examined the postsynaptic levels of GluRIIA
in wit null mutants and wit null animals with dlp RNAi. As
a result, postsynaptic GluRIIA levels in wit mutants with dlp
RNAi were higher than those in wit mutants, indicating that Dlp
downregulates GluRIIA levels in the absence of wit. Thus, these
results demonstrated that Dlp regulates synaptic and behavioral
plasticity by adjusting the postsynaptic levels of GluRIIA in
response to octopamine signaling (Figure 2C).

Dlp maintains an appropriate level of non-canonical
BMP signaling at the NMJ under normal conditions. Acute
environmental changes (food deprivation in this case) decrease
the expression levels of Dlp in response to octopamine signaling,
leading to the rapid activation of non-canonical BMP signaling
and changes of synaptic number and behavior. Behavioral
plasticity and flexibility are critically important for animals
and humans to adapt to the environment. Lack of behavioral
flexibility and stereotypic behaviors are often found in people
with ASD, intellectual disability, and schizophrenia. NMJs
of dlp mutants may be useful as a simple model for these
disorders (Table 1).

Animal Models Suggest Involvement of
Glypicans and HS in ASDS
ASD is characterized by three core deficits: impaired reciprocal
social interaction, impaired communication, and restricted,
repetitive, and stereotyped patterns of behaviors (Silverman et al.,
2010). Several studies indicated that defects in GPCs and HS
synthesis lead to ASD-like phenotypes in animal models (Table 1)
(Irie et al., 2012; Dowling and Allen, 2018; Hope et al., 2019).
Irie et al. (2012) generated conditional knockout mice for Ext1,
an enzyme essential for HS chain elongation (Ext1CKO mice), in
which Ext1 was selectively removed from postnatal glutamatergic
neurons in the forebrain. These Ext1CKO mice grew normally
and did not show apparent defects in brain morphology, such
as neuronal lamination pattern and fiber tracts. These mice
also exhibited no detectable abnormalities in motor functions,
reflexes, olfaction, and vision; however, they showed reduced
nest-building activity, which is a phenotype considered to be
implicated in ASD. Detailed analyses showed that Ext1CKO mice
recapitulated three core deficits of ASD. First, social interaction

skills were examined using the separation–reunion test, resident–
intruder test, and social dominance tube test. For all these
analyses, Ext1CKO mice showed significant impairment in social
interaction. Second, they analyzed linguistic communication.
When wild-type mice were challenged by female odor, they
emitted a series of complex ultrasonic vocalizations (USVs).
In contrast, USVs emitted by Ext1CKO mice were weak and
simple. Third, stereotypic and repetitive behaviors were detected
in Ext1CKO mice using a hole-board test. Wild-type mice explored
different holes in a random or successive manner, whereas
Ext1CKO mice showed repetitive head-dips into the same hole.
In addition, Ext1CKO mice showed reduced fear of height and
open spaces, as well as sensory hypersensitivity to thermal stimuli.
These phenotypes may also be relevant to ASD because a lack of
fear in response to danger and odd responses to sensory stimuli
are occasionally observed in individuals with ASD.

In Ext1CKO mice, neuronal activities in response to
social stimulation were attenuated in the basolateral and
medial amygdala as revealed by c-Fos immunostaining.
Electrophysiological analyses of the pyramidal neurons in the
basolateral amygdala showed that the frequency and amplitude
of AMPAR-mediated mEPSCs were reduced in Ext1CKO mice.
Consistently, the surface expression of the GluA2 subunit of
AMPAR was reduced by 41% in the synapses of primary cultured
neurons from Ext1CKO mice. Thus, HS is critical for the functions
of AMPARs, and deficiency of HS causes abnormal behaviors
characteristic for ASD.

As described above, astrocyte-derived soluble GPC4 induces
the formation of excitatory synapses by increasing the levels
of GluA1-containing AMPARs. On the other hand, presynaptic
GPC4 expressed in subsets of neurons acts as a ligand for
the synapse-organizing proteins on the postsynaptic neurons,
leading to presynaptic differentiation. Astrocytic expression of
GPC4 is high during juvenile stages, and neuronal expression
increases with maturation. Dowling and Allen (2018) examined
the behavior of GPC4 KO mice at juvenile and adult ages.
Open field test showed that the total distance moved and the
average velocity were significantly increased in juvenile (P14)
GPC4 KO mice; however, this hyperactivity was lost at P21,
when defects in synaptic strength in the hippocampus were
somewhat improved. Thus, the hyperactivity of GPC4 KO mice
was transient, matching the time period when decrease in
synaptic GluA1 occurred in these KO mice probably because
of the loss of astrocyte-derived GPC4. Adult GPC4 KO mice
at 3 months old did not show any defects in hearing, vision,
smell, and grip strength. Furthermore, there was no significant
difference between the wild-type and GPC4 KO mice in open
field tests, Y-maze spontaneous alteration tests, and light–dark
tests, showing that mobility, working memory, and anxiety-
related behavior were intact in these KO mice. On the other
hand, these GPC4 KO mice showed deficits in social behaviors.
They performed a social novelty test, where a mouse chooses
between a chamber containing a familiar mouse and a chamber
containing a novel mouse. Wild-type mice spent more time
with a novel mouse than a familiar mouse, but GPC4 KO mice
showed no preference for either mouse, indicating a deficient
behavior in social novelty. Thus, the defects of adult GPC4 KO

Frontiers in Neural Circuits | www.frontiersin.org 10 February 2021 | Volume 15 | Article 595596219

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-15-595596 February 4, 2021 Time: 15:18 # 11

Kamimura and Maeda Synaptic Functions of Glypicans

mice were partially related to ASD. Differences in the major
origin of GPC4 (astrocytes or neurons) and in the affected
neural circuits may explain these age-dependent phenotypes
of GPC4 KO mice.

Recently, Drosophila models have been used for identification
of genes relevant to ASD. Hope et al. (2019) assayed a set of
fly behaviors that may be analogous to those of ASD patients.
Social reciprocity was examined by the social spacing test, which
utilizes the natural tendency of flies to move upward in the
vertically oriented chambers and settle into a spacing of ∼1.5
fly length apart. To study social communication, they focused
on the mating process. Male flies generate a “love song” by
vibration of their wings, and female flies will mate if they
respond to this song. Thus, latency to mating during courtship
behavior was measured to quantify expressive and receptive
communication. Repetitive behaviors/restricted interests were
assayed using a grooming behavior test. Using these assays,
Hope et al. (2019) screened the Drosophila genetic reference
panel (DGRP) lines, which have been derived from a natural
population and already sequenced (Mackay and Huang, 2018).
Forty DGRP lines were selected at random from the collection,
and each line was tested for the above behaviors. They identified
many variants [single nucleotide polymorphisms (SNPs), indels,
or insertions] in several ASD-related genes, such as Nlgn2
and Nrx4, from each behavioral assay, but only one gene was
associated with all behaviors tested: sulfateless (sfl), which encodes
for Ndst (Lin and Perrimon, 1999) (Table 1). To confirm
the sfl function in these behaviors, RNAi-mediated knockdown
of sfl in neurons was performed. As a result, sfl-RNAi flies
showed longer copulation latencies, increase in social spacing,
and decrease in the number and time of grooming. These
results indicated the importance of HSPGs in ASD-associated
behaviors and the advantages of using Drosophila to understand
the etiology of ASD.

GLYPICANS IN ASD AND OTHER
PSYCHIATRIC DISORDERS

Consistent with the results from animal models, it was reported
that GPCs and HS were indeed associated with ASD. Doan et al.
(2016) focused on the roles of human accelerated regions (HARs),
genomic loci that are largely conserved among mammals but
are strikingly different in humans, which have been suggested
to reflect the potential roles in the evolution of human-specific
traits, such as language, civilization, and complex society. They
investigated the mutational landscape of HARs by comparing de
novo copy number variations and biallelic point mutations in
individuals with ASD and healthy controls. From this analysis,
they identified two unrelated families possessing mutations in
the same HAR within an intron of GPC4 (Table 1). Luciferase
analyses of the control and mutant HAR sequences using the
GPC4 promoter showed that both mutations reduced regulatory
activity by 20–25%. These results suggested that the altered
expression of GPC4 leads to ASD risk.

Pearson et al. (2013) examined the distribution of N-sulfated
HS in postmortem brain tissues of individuals with autism using

immunofluorescence techniques and found that HS was reduced
in the subventricular zone of the lateral ventricles, which is
a critical neurogenic niche found to be associated with ASD
(Kotagiri et al., 2014). Li et al. (2002) reported two boys from
separate families with mutations in the Ext1 gene (Table 1). These
patients presented hereditary multiple exostoses (an autosomal
dominant inherited bone disorder) and autism associated with
mild intellectual disability. Furthermore, Wang et al. (2009)
performed genetic analyses of a large number of ASD cases and
families of European ancestry. They identified a SNP associated
with ASD near the gene encoding Hs3st-5 (Table 1). These results
suggest the possibility that defects of HS synthesis influence the
ligand-binding activities of GPC4 and/or Nrx, causing synaptic
dysfunction and ASD.

In addition to ASD, several studies reported that GPCs
and HS were associated with personality traits as well
as neurodevelopmental and psychiatric disorders (Table 1).
Neuroticism is a moderately heritable personality trait involving
a long-term tendency to be a negative emotional state, which is
thought to be a risk factor for the development of depression,
anxiety disorders, and dementia. Calboli et al. (2010) performed a
genome-wide association study (GWAS) of neuroticism in 2,235
participants by using the Eysenck Personality Questionnaire
(EPQ). When measured by the EPQ, neuroticism was shown
to be relatively stable over 20 years, although there was some
evidence of a moderate decline in older ages. SNP by age
interaction analyses revealed multiple associations with the GPC6
gene. The strongest signal was at a genotyped SNP, rs9561329,
and the EPQ score increased with age for these alleles, but
decreased for non-carriers. GPC6 was also associated with formal
thought disorder (FTD) in schizophrenia (Wang et al., 2012).
FTD is one of the main symptoms of schizophrenia, but there
are few studies investigating genetic variants in FTD. Wang
et al. (2012) performed a meta-analysis of the two GWAS
data from the Affymetrix Genome-Wide Human SNP array 6.0
to identify genetic variants influencing FTD in schizophrenia
using European–American samples. As a result, four genes
associated with FTD in schizophrenia were identified including
the GPC6 gene.

Potkin et al. (2010) attempted to identify the gene regulatory
networks that are associated with schizophrenia using the
brain imaging integrated with genetic data from GWAS.
They measured the Blood Oxygenation Level Dependent
(BOLD) functional MRI (fMRI) signals in the dorsolateral
prefrontal cortex (DLPFC) during the working memory
task as a quantitative trait phenotype of schizophrenia, in
which schizophrenics showed more BOLD activation in the
DLPFC than healthy controls. They identified GPC1 as a
candidate risk factor for schizophrenia and proposed a model,
in which epistatic interactions between GPC1 and FGF17
during brain development are involved in the etiology of
schizophrenia (Table 1).

Lencz et al. (2013) performed a GWAS in an ethnically
homogeneous cohort of Ashkenazi Jewish patients with
schizophrenia (904 cases) and identified rs11098403 as a top
SNP. This significant risk SNP was replicated in 11 independent
schizophrenia or bipolar disorder cohorts of varying ethnicities.
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They also examined the function of rs11098403 by testing the
effect of this variant on gene expression in postmortem brain
tissue and by performing in vitro and in silico experiments.

These analyses revealed a potential role of rs11098403 in the
expression of the neighboring gene, Ndst3 (Table 1). Importantly,
similar results were also obtained from another study focusing

FIGURE 3 | Hypothetical models for the regulation of synapse-organizing proteins by glypicans. (A) Fine structures of HS generated during biosynthetic processes
may regulate the affinity strength between the synapse-organizing proteins affecting their signal strengths. (B) Extracellular regulation of HS structures by heparanase
and 6-O endosulfatase (Sulf). Fragmentation of HS by heparanase and 6-O desulfation by Sulf may turn the signal off and change the signal strength of
synapse-organizing proteins, respectively. (C) Effects of the glypican shedding on the synapse-organizing proteins. Shed glypicans may not activate
synapse-organizing proteins (α pathway), but instead activate an alternative signaling pathway (β pathway).
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on the Han Chinese population (Zhang et al., 2016). These
studies indicated the importance of HS for understanding
the pathophysiological mechanism of schizophrenia and
bipolar disorder.

CONCLUSION AND FUTURE
DIRECTIONS

GPCs are emerging as novel members of synapse-organizing
proteins, which regulate synapse formation and synaptic function
of the glutamatergic neurons. In the vertebrate brain excitatory
synapses, GPC4 and Nrxs work as presynaptic ligands for
postsynaptic LRRTM4, in which HS chains play critical roles.
Furthermore, presynaptic PTPσ also interacts with GPC4 and
Nrxs through HS chains. Currently, it is unclear why the synapse-
organizing proteins use HS chains in addition to the protein
domains. One possibility is that HS regulates the signal strength
of synapse-organizing proteins. The structural variations of HS
that are generated by HS-modifying enzymes may regulate
the affinity strength between the synapse-organizing proteins
(Figure 3). This expands the range of affinity strengths that
cannot be achieved by simple protein–protein interactions. Such
flexible regulation may diversify the strength of signaling between
pre- and post-synaptic regions, which is the prerequisite for the
differentiation of specific and diverse synapses. For example,
if both GPC4 and Nrxs bear high affinity HS chains, both of
their signaling would be strong. On the other hand, if one
has high affinity HS chains and the other has low affinity
chains, the signaling of the former would be strong, but that
of the latter would be weak. Thus, the signal strengths of
synapse-organizing proteins may be flexibly regulated by the
structural variation of HS chains in many different contexts. The
other possibility is that the interactions between multiple pre-
and postsynaptic synapse-organizing proteins are simultaneously
regulated by the HS chains with particular structures because
the multiple and long HS chains of HSPGs can interact with
multiple proteins at the same time. It is speculated that such
global regulation is more easily achieved by changing the HS
structures than by changing the expression level of each synapse-
organizing protein. Thus, HSPGs may function as a hub that
determines the synaptic specificities and overall activities of
synapse-organizing proteins.

Structural changes of HS may be achieved through the
regulation of HS biosynthetic enzymes in the Golgi apparatus
(Figure 3A) or through the extracellular desulfation by Sulfs and
fragmentation by heparanase (Figure 3B) (Sarrazin et al., 2011).
Expressions of each HS sulfotransferase and C5 epimerase are
differentially regulated in the distinct types of neurons during
synaptic differentiation (Yabe et al., 2005). In addition, neuronal
expression levels of these HS biosynthetic enzymes might be
altered in a neuronal activity- and experience-dependent manner.
Thus, neurons may express HS chains with unique structures
at specific developmental stages and in particular environments,
which influence the affinity between HS and their binding
proteins. The Golgi-resident HS biosynthetic enzymes only
act cell-autonomously, whereas Sulfs and heparanase modify

HS extracellularly and thus may act non-cell-autonomously
(Figures 3A,B). Therefore, these extracellular enzymes may
have a broader impact on HSPG-related signaling pathways
and synapses than Golgi-resident enzymes. Another important
regulation is the shedding of GPCs, which is released from
the plasma membrane by the cleavage of GPI anchors or
core proteins (Figure 3C). It is considered that the released
GPCs cannot activate synapse-organizing proteins, but may
activate an alternative signaling pathway instead. It will be
important to study these HSPG-related enzymes during synapse
formation and synaptic plasticity. Genetic interaction analyses
of HSPG-related enzyme and HSPG core protein genes will
reveal how HSPG modifications regulate the synaptic function
of specific HSPGs. Such experiments may be easily performed
using Drosophila because this animal model has only one
or two genes for each HSPG and HS synthetic/modifying
enzyme (Kamimura and Maeda, 2017). It is also informative
to examine the changes in the localization of HSPGs and HS-
modifying enzymes after neuronal stimulation by in vitro and
in vivo imaging.

The glutamatergic synapses of Drosophila larval NMJ show
functional and structural similarities to those of vertebrate
brains. It is striking that both systems utilize common HSPGs,
GPCs, and Nrxs. Dnrx and Dlp interact with Dnlgn and
Dlar, respectively, as vertebrate Nrx and GPC4 interact with
Nlgn and PTPσ, respectively. It is important to investigate
whether the other synapse-organizing proteins also interact
with Dnrx and Dlp. Another important similarity is that
both GPC4 and Dlp regulate the postsynaptic expression
levels of iGluRs, GluA1-containing AMPARs, and GluRIIA-
containing iGluRs, respectively (Table 1). Drosophila iGluRs are
homologous to mammalian AMPARs (Littleton and Ganetzky,
2000), which support the validity of Drosophila NMJs as a
model of mammalian excitatory synapses. The study of Dlp
functions at Drosophila NMJ would provide important hints on
the dynamic regulation of AMPARs at the mammalian brain
excitatory synapses.

At the Drosophila larval NMJ, Dlp expression is regulated by
the octopaminergic system, which modulates various behaviors,
such as foraging, sleep, and aggression. In vertebrates, analogous
functions are performed by the noradrenergic system. In each
abdominal hemisegment of the Drosophila larva, there are
30 body wall muscles, which are innervated by glutamatergic
type Ib neurons in an approximately 1:1 manner. In contrast,
only three type II octopaminergic neurons bilaterally innervate
the body wall muscles in each abdominal segment (Hoang
and Chiba, 2001). This suggests that type II octopaminergic
neurons globally regulate the properties of type I terminals,
such as synaptic excitability, thereby coordinating the activities
of the body wall musculature. This situation is similar to
the mammalian brain noradrenergic system. Noradrenaline-
producing neurons mainly cluster in the locus coeruleus, which
is located in the pons with global projections throughout the
brain (Schwarz et al., 2015). Thus, it will be important to study
whether GPC expressions in mammalian brains are regulated
by the noradrenergic system. If GPC functions are regulated
by the noradrenergic system, for example, by stimulation
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of GPC4 secretion from astrocytes, then the activities of
excitatory synapses may be globally enhanced all at once, leading
to acute behavioral changes.

GPCs regulate multiple signaling pathways at the
glutamatergic synapses, and it is considered that the external
stimuli and animal experiences change the expression levels
of GPCs, leading to the modulation of the activities of these
pathways. When such appropriate control of GPC expression
is lost, flexible behaviors are expected to be disturbed. Indeed,
defects in GPC and HS synthetic/modifying enzyme genes
cause neurodevelopmental and psychiatric disorders, such as
ASD and schizophrenia (Table 1). Therefore, elucidating the
detailed mechanisms of GPC actions on the glutamatergic
synapses will provide the molecular basis of these disorders and
effective therapies.
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Serotonin (5-HT) is member of a family of indolamine molecules that participate in a wide
variety of biological processes. Despite its important role in the regulation of local blood
systems, little is known about the physiological function of 5-HT in reproductive organs,
its functional implications, and its role in the reproduction of mammals. In the present
work, we evaluated the localization and distribution of 5-HT (using histochemical analysis
of indolamines) and different components of the serotoninergic system in rat testes. We
detected local synthesis and degradation through immunofluorescence and western
blot analyses against the TPH1, MAOA, 5-HTT, and VMAT1 serotonin transporters.
We also identified the localization and distribution of the 5-HT1B, 5-HT2A, and 5-HT3A

receptors. RT-PCR results showed the presence of the Tph1, Maoa, Slc6a4, and Htr3a
genes in testes and in the brain stem (Tph1 was used as a negative control). High-
performance liquid chromatography was used to determine the presence of 5-HT and
the activity of tryptophan hydroxylase in testes homogenates in vitro. Our observations
suggest that TPH1 activity and local 5-HT synthesis befall in rat testes. We propose
that 5-HT could participate in the regulation of testosterone synthesis and in the
spermatogenesis process via local serotoninergic system. However, more studies are
needed before concluding that rat testes, or those of other mammals, contain an active
form of tryptophan hydroxylase and produce 5-HT.

Keywords: serotonin, 5-HT, indolamine, testes, serotoninomics, spermatogenesis

INTRODUCTION

Indolamines are a family of neurotransmitters that share a common molecular structure
and are biologically synthesized from the essential amino acid tryptophan. They function as
neurotransmitters and neuromodulators in the central nervous system (CNS), whereas in the
periphery they serve as neurohormones such as catecholamine, serotonin, and melatonin (Rapport
et al., 1948; Young, 2007).

Abbreviations: 5-HT, serotonin; TPH, tryptophan hydroxylase; MAOA, monoamine oxidase A; PBS, phosphate buffer
solution; CNS, central nervous system; 5-HTT, serotonin transporter; VMAT1, vesicular transporter of monoamines; HPLC,
high-performance liquid chromatography.
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Since its discovery in 1948 by Maurice Rapport, Arda Green,
and Irvin Page, serotonin [5-hydroxytryptamine; C10H12N2O
(5-HT)] has been shown to be involved in multiple functions
in a broad range of living beings (Berger et al., 2009). Its
influence has been observed in diverse mammalian systems,
including the gastrointestinal, cardiovascular, pulmonary, and
genitourinary systems, as well as the CNS (MacLean et al.,
2000; Liu et al., 2002; Gaspar et al., 2003; De Ponti, 2004;
Jiménez-Trejo et al., 2007, 2012, 2018). 5-HT modulates
various physiological functions, including emotions, cognition,
sleep, arousal, feeding, temperature regulation, and pain
(Gaspar et al., 2003).

L-tryptophan (L-Trp) is an essential amino acid and precursor
for the biosynthesis of 5-HT in the brain and in peripheral
tissues. In the brain, L-Trp is hydroxylated in serotonergic
neurons by the action of the enzyme tryptophan hydroxylase 2
(TPH2; EC 1.14.16.4, TrpOH). By contrast, TPH1 is expressed
predominantly in peripheral tissues. These enzymes are encoded
by two different genes and are the rate limiting enzymes for 5-
HT biosynthesis in central and peripheral organs (Walther and
Bader, 2003; Walther et al., 2003). 5-hydroxytryptophan is then
decarboxylated to 5-HT (Gaspar et al., 2003).

In mammals, a few studies have reported the presence and
distribution of 5-HT in reproductive organs from both male
and female individuals, but its functional contributions remain
obscure (Fujinoki, 2011; Jiménez-Trejo et al., 2012, 2013; Vela-
Hinojosa et al., 2013). In a first attempt to decipher its role,
we have described the distribution of several elements of the
serotoninergic system in the testes during spermatogenesis, the
mating period, fertilization, and the sperm maturation processes
occurring in the caput epididymis (Jiménez-Trejo et al., 2007,
2012, 2018).

Previous studies have described the diverse effects of 5-
HT in gonads, including regulation of testicular growth, cAMP
production, and testosterone production (Tinajero et al., 1993a;
Frungieri et al., 2002). Furthermore, 5-HT has been implicated
in the modulation of androgen production in rats (Dufau et al.,
1993), Syrian hamsters (Frungieri et al., 1999, 2002), and bats
(Jiménez-Trejo et al., 2013). Interestingly, 5-HT contributes to
the regulation of testosterone release from Leydig cells to the
interstitial zone (Tinajero et al., 1993a,b). In vitro studies have
documented the ability of pharmacological concentrations of 5-
HT to modulate sperm motility and fertility rates in animals
(Meizel and Turner, 1983; Parisi et al., 1984; Stephens and Prior,
1992; Fujinoki, 2011; Jiménez-Trejo et al., 2012).

In testes, it has been previously reported that 5-HT is mainly
located in Leydig cells in the interstitial zone, in mast cells situated
in the testicular capsule, in testicular blood flow, and in some
nervous fibers (Campos et al., 1990; Tinajero et al., 1993a,b;
Collin et al., 1996; Frungieri et al., 1999). Apparently, Leydig
cells express TPH1. Although this has been demonstrated in cell
culture (Tinajero et al., 1993a,b), the presence of local synthesis
has not been confirmed (Tinajero et al., 1993a; Frungieri et al.,
1999, 2002). In Leydig cell cultures, 5-HT was also shown to act
synergistically with corticotropin-releasing factor to negatively
regulate the synthesis of testosterone in an autocrine manner
through 5-HT2 receptors (Tinajero et al., 1992).

However, the potential effects of 5-HT and its components
during spermatogenesis have not yet been determined, although
this indolamine may be involved in urogenital pathologies
such as varicocele, erectile dysfunction, premature ejaculation,
infertility, and low sperm count in humans and probably in
other animal species (Gonzales et al., 1989; Gonzales et al., 1992;
Nørr et al., 2016).

In the present work, we aimed to confirm the cellular
distribution of 5-HT in rat testes. We also sought to
detect serotonin-related proteins, including the TPH1 and
monoamine oxidase A (MAOA) enzymes; 5-HTT and VMAT1
transporters; and 5-HT1B, 5-HT2A, and 5-HT3A receptors. Using
histochemical, immunolocalization, and molecular techniques,
we showed that 5-HT is present in rat testes, specifically, in
vesicles located inside the cytoplasm of Leydig cells, but also
in both cytoplasmic vesicles and prolongations (ramifications)
that run toward the lumen in specific zones along seminiferous
tubules, presumptively round spermatids. In addition, we found
that Leydig cells were positive against TPH1, 5-HT2A receptor,
and 5-HTT but not MAOA. 5-HT receptors, MAOA, and both the
5HTT and VMAT1 transporters showed regionalized expression
within seminiferous tubules. In vitro, we demonstrated TPH
activity and the presence of 5-HT in testes homogenates using
high-performance liquid chromatography (HPLC). These results
further support the existence of a local serotoninergic system in
rat testes, which could modulate both the steroidogenesis and
spermatogenesis processes.

MATERIALS AND METHODS

Experiments were conducted in adult male Wistar rats (120 days
old), bred and raised at the animal facilities of the Instituto
Nacional de Pediatría, Mexico. The rats were kept under
controlled temperature (22◦C), humidity, and photo-period
(light on at 7:00, light off at 18:00 GMT-6) conditions.
Rats had free access to food and water and were sacrificed
at 14:00 h. Animal handling and experimentation followed
the Guidelines for Care and Use of Laboratory Animals
published by the National Institutes of Health. Local Animal
Rights Committees of the Institute approved the protocols:
014/2016 and 046/2019.

Isolation of RNA and RT-PCR Assays
Total RNA extractions from rat testicles were performed using
TRIzol reagent (Invitrogen, Carlsbad, CA, United States). The
cDNA was obtained by reverse transcription from 2 mg of
total RNA using a SuperScriptTM First-Strand Synthesis kit
(Invitrogen), and was used for expression analysis of the Tph1,
Maoa, Htr3a, Slc6a4, and Gapdh genes. PCR was performed using
the following primers:

Tph1 forward 5′-AGACACCTGCCACGAACTCT-3′ and
reverse 5′-TGCTTGCACAGTCCAAACTC-3′;

Maoa forward 5′-AGCAAGACACGCTCAGGAAT-3′ and
reverse 5′-CCACAGGGCAGATACCTCAT-3′;

Htr3a forward 5′-CATGTATGCCATCCTCAACG-3′ and
reverse 5′-GGGATGGACAATTTGGTGAC-3′;
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Slc6a4 forward 5′-AAAGGCGTCAAAACATCTGG-3′ and
reverse 5′-TCTACCCACACCCCTGTCTC-3′;

Gapdh forward 5′-AGCCACATCGCTCAGACAC-3′ and
reverse 5′-GCCCAATACGACCAAATCC-3′.

Gapdh was used as an endogenous gene expression control.
PCR conditions were as follows: (1) pre-incubation for 5 min at
95◦C; (2) 33 cycles, each consisting of denaturation for 30 s at
95◦C, annealing for 30 s at 63◦C, and extension for 30 s at 72◦C;
and (3) a final extension period of 7 min at 72◦C.

Modified Falck-Hillarp Histochemistry
Testes of anesthetized animals (sodic pentobarbital, 45 mg/kg of
body weight; Pfizer, New York, NY, United States) were dissected,
and epididymis and fat were removed. Testes were dissected by
incising the medial line of the scrotum. The testicular capsule was
exposed, and the efferent ducts and spermatic cord were cut. The
isolated testes were rapidly washed with 0.9% NaCl, excess water
was removed, and the tissues were frozen in 2-methyl butane pre-
chilled with dry ice and stored at –70◦C until use. A longitudinal
section (8 µm) was cut on a cryostat, mounted onto gelatin-
coated slides, and fixed in paraformaldehyde (4%) dissolved in
phosphate buffer (0.1 M PBS, pH 7.4).

After vacuum-sealing of the slides, tissues were placed in
a solution containing 1% paraformaldehyde (PFA) and 8%
glyoxylic acid (HO2CHCO2H) in phosphate buffer solution (0.1
M PBS, pH 7.4) at 4◦C for 10 min. Control slides were placed in
PBS only. Samples were dried and immediately placed at 100◦C
for 10 min. Some sections were counterstained with Hoechst stain
for 10 min in order to visualize the cell nuclei. The sections were
mounted with a special commercial medium for fluorescence
(Fluorescence Mounting Medium, DAKO, DakoCytomation,
Carpinteria, CA, United States). Slides were observed with an
epifluorescence microscope using a fluorescein filter. Molecules
were considered positive for 5-HT if a yellow fluorescent signal
was detected (Hökfelt, 2010; Jiménez-Trejo et al., 2013).

Immunodetection of Serotonin Markers
Tissues were mounted on gelatin-coated slides and fixed in 4%
PFA dissolved in PBS for 30 min. For the immunohistochemistry,
endogenous peroxidase activity was first quenched by incubating
the slides in a 3% hydrogen peroxide solution. After washing, the
sections were incubated with blocking solution (3% bovine serum
albumin, 0.3% Triton X-100 and 0.025% sodium azide in PBS)
for 4 h at room temperature. Then, the sections were incubated
overnight at 4◦C with the appropriate primary antibody. The
following information about the specificity and cross-reactivity
of each antibody was provided by the suppliers.

(1) Rat monoclonal anti-5-HT (1:100; YC5/45; GTX31100;
GeneTex, Inc., Irvine, CA, United States); this antibody
recognizes 5-HT and does not cross-react with 5-
hydroxyindoleacetic acid, GABA, noradrenaline,
5-hydroxytryptophan, carnosine, or melatonin.

(2) Anti-MAOA (1:100; H-70; sc-20156; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, United States) is
a rabbit polyclonal antibody raised against amino acids
458–527 of human origin.

(3) Anti-TPH (1:50; C-20; sc-15116) is an affinity-purified
goat polyclonal antibody raised against a peptide mapping
within an internal region of human origin.

(4) Anti-5-HT1B (1:100; SR-1B; M-19; sc-1461) is an affinity-
purified goat polyclonal antibody raised against a peptide
mapping at the C-terminus of mouse origin.

(5) Anti-5-HT2A (1:100; SR-2A; A-4; sc-166775) is a mouse
monoclonal antibody raised against amino acids 1–
75 mapping within an N-terminal extracellular domain
of human origin.

(6) Anti-5-HT3A (1:50; SR-3A, C-20; sc-19152) is an affinity-
purified goat polyclonal antibody with epitope mapping
near the C-terminus of human origin.

(7) Anti-5-HTT (1:50; ST (N-14; sc-14514) is an affinity-
purified goat polyclonal antibody raised against a peptide
mapping at the N-terminus of ST of human origin.

(8) Anti-VMAT1 (1:100; G-12; sc-166391) is a mouse
monoclonal antibody raised against amino acids 44–143
mapping near the N-terminus of human origin.

After three washes with PBS, sections were incubated for 2 h at
room temperature with the corresponding secondary antibodies
coupled with peroxidase enzyme or fluorochromes (Santa Cruz
Biotechnology Inc.), diluted to 1:500 in blocking solution.
Washed slides were cover-slip-embedded with fluorescence
mounting medium (DAKO). In control experiments, slides were
incubated with pre-immune serum, or the primary antibodies
were omitted. Experiments were performed in triplicate. The
sections were visualized and images were acquired using a Nikon
E600 fluorescence microscope equipped with a digital camera
(Digital Sight DS-5M, Nikon, Melville, NY, United States).
Images were digitized and figures were produced using Adobe
Photoshop 10.0.1 or Adobe Photoshop CS5.1 version 12.1 X64
(Adobe Systems Incorporated, San Jose, CA, Unites States).
Expression estimation was performed based on images captured
from three different tests for each marker used. Although this is
not an unbiased method, the cell expression density results are
fully comparable with those obtained using the dissector method
(Wilson et al., 1998). We analyzed testes from at least three
animals. We did not perform statistical tests for this evaluation.

Western Blot to Reconfirm
Serotonin-Related Proteins
Tissue samples were homogenized in a buffer containing Trizma
hydrochloride (Tris–HCl; 0.05 mol, pH 7.4), dithiothreitol
(1 mmol), and acetic acid [ethylene bis(oxyethylenenitrilo)]
tetraacetic acid/ethylene glycol-bis(2-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA; 1 mmol), supplemented
with a mixture of protease inhibitors (Complete, EDTA-free,
Roche-Mannheim, Germany). Samples (85 µg of protein per
well) diluted in Laemmli solution were electrophoresed under
reducing conditions (5% β-mercaptoethanol) in sodium dodecyl
sulfate polyacrylamide gels (12%) at 100–120 V for 4.5 h,
following the protocol described previously (Jiménez-Trejo
et al., 2007). We used pre-stained molecular weight markers to
determine the relative mobility of proteins (Kaleidoscope; Bio-
Rad, Hercules, CA, United States). Following electrophoresis,
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gels were equilibrated, and the proteins were transferred to
nitrocellulose sheets (Bio-Rad) at 350 mA for 1 h at 4◦C and
incubated with the following polyclonal antibodies: anti-TPH1,
anti-MAOA, anti-5HT1B, anti-5-HT2A, anti-5-HT3A, and
anti-VMAT1 (1:1000) overnight at room temperature.

Membranes were incubated with IgG secondary antibodies
conjugated with horseradish peroxidase (1:7000, Vector) for 1 h
at room temperature. Finally, peroxidase activity was examined
using a chemiluminescence-based detection kit according to
the protocol suggested by the manufacturer [ECL, Amersham
Pharmacia-Biotech, Buckinghamshire, United Kingdom or DAB
+ Chromogen (DAKO)]. Membranes were exposed to DAB for
2 min at room temperature. Images were captured and digitized
using Photoshop SC6.

HPLC to Evaluate TPH1 Activity and
5-HT Concentration in Male Testes
Testes samples were obtained from 120-days-old animals to
evaluate local synthesis during sexual maturation. Tissue samples
from the five animals described were dissected on an ice-chilled
plate, weighed, frozen in liquid nitrogen, and stored at –68◦C
until use. The activity of TPH in the testes was estimated by
measuring the production of 5-hydroxytryptophan, following a
protocol described previously (Jiménez-Trejo et al., 2007). 5-
hydroxytryptophan was then quantified using a fluorescence
detector (Waters). The standard used was 5-hydroxytryptophan
(100, 2.5, and 0.0625 ng/20 mL). Results for TPH1 activity are
expressed in nanomoles of product per milligram of protein
per hour (nmol/mg protein/h), and 5-HT concentrations are
expressed as pg/mg of tissue.

RESULTS

In order to confirm the presence of some serotoninergic system
components in the testes, we analyzed gene expression through
RT-PCR. For this, we used brain stem as the positive control.
Concordantly, Tph1 (TPH1) was not expressed in the brain stem
but in the testes. Maoa (MAOA), Slc6a4 (5-HTT), and Htr3a (5-
HT3A) transcripts were present in both adult rat testes and brain
stem (Figure 1). Gapdh mRNA was used as an expression control
(Supplementary Figure 1 shows a complete gel where RT-PCR
was standardized; Supplementary Figure 2 shows all RT-PCR
amplicons and the molecular weight marker requested).

Using the histochemical technique to detect 5-HT, we
observed vesicle-like structures filled with 5-HT in the cytoplasm
of the brain stem neurons used as a positive control (arrows
in Figure 2A). The inset in Figure 2A shows the negative
control. A similar pattern of expression was found in the
testes. A high-intensity signal was detected in Leydig cells
located in the interstitial zone (arrowhead) and, interestingly,
in disperse, positive vesicles along some seminiferous tubules
in spermatogonia-like cells (arrows in Figure 2B) and some
Sertoli cells with cytoplasmic prolongations. We corroborated
this pattern of 5-HT distribution with immunofluorescence
against 5-HT; Figure 2C shows the signal into the tubules, with
the appearance of spermatogonia cells (arrows), preleptotene

FIGURE 1 | Transcripts of the serotonin system expressed in rat testes.
RT-PCR confirmed gene expression related to 5-HT. We used brain stem as a
positive control in testes (Maoa, Htr3a, and Slc6a4), and tph1 as a negative
control. Gapdh was used as a constitutive gene control.

spermatocytes, and Sertoli and myoid cells (arrowhead). In
the lumen, the sperm showed immunostaining (asterisks).
Interestingly, in some tubules, we observed positive reactivity in
the interstitial zone in axon-like or cytoplasmic prolongations
of Leydig cells (arrows) that penetrated contacting cells near the
tubular lumen (arrowhead in Figure 2D). The inset in Figure 2D
corresponds to the negative control. Asterisks in Figures 2B–D
correspond to tubular lumen (n= 3).

Next, we tested for the presence of 5-HT-related proteins and
determined their distribution in the testes. As expected, MAOA,
the enzyme responsible for the catabolism of 5-HT, was found to
be abundantly expressed in the cytoplasm of the neurons (arrows)
belonging to the brain stem (positive control) (Figure 3A).
In the panoramic view of slides of rat testes, we observed
a vesicle-like positive signal in spermatogonials (arrows) and
spermatocytes (arrowheads), located in the seminiferous tubules
(Figure 3B). To increase the signal, we obtained a close-up
view of the observed signal in spermatocytes (arrows); vesicles
localized in the lumen were observed, with the appearance
of residual cytoplasmic droplets (Figure 3C). Interestingly, the
sperm localized in the lumen showed immune expression in the
flagellum (arrowheads in Figure 3D). In control experiments,
testes slides were incubated with pre-immune serum, and no
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FIGURE 2 | Digital photomicrographs showing histochemical analyses of indolamines in the brain stem [(A), positive control] and rat testes (B). In both tissues,
structures containing 5-HT in the cellular cytoplasm are shown [arrows in part (A)]. The inset in (A) represents a negative control. The arrowhead in (B) shows Leydig
cells located in the interstitial zone, apparently spermatogonia cells present a histochemical reaction (arrows). The asterisk represents the lumen of the seminiferous
tubules. (C) 5-HT immunofluorescence in the tubules, with the appearance of spermatogonia cells (arrow), cell myoids (arrowhead), and sperm localized in the lumen
(asterisks). (D) Positive reactivity in the interstitial zone and axon-like structures that penetrate the tubules zone. The inset in (D) shows the negative control. Scale
bars (A,C,D): 20 µm; (B): 100 µm.

positive immunoreactivity was detected (inset in Figure 3A).
Asterisks indicate tubular lumen in Figures 3B,C.

Immunofluorescence studies were used to evaluate the
presence and distribution of the 5-HT receptors (5-HT1B,
5-HT2A, and 5-HT3A) in testes. We used brain stem as a positive
control for several markers related to the 5-HT system and
to demonstrate the intense signal in neuron cytoplasm (i.e.,
5-HT1B; asterisks in Figure 4A). No reaction was observed in
the seminiferous tubules incubated with the conjugated antibody
only (inset in Figure 4A). We observed an intense signal for
5-HT1B (Figure 4B) in the basal region of several seminiferous
tubules, mainly in spermatogonium (arrow) in the interstitial
zone in Leydig cells (asterisks) and sperm heads (arrowheads).
Figure 4B’ shows a photomicrograph of seminiferous tubules
with positive immunohistochemical signals against the 5-HT1B
receptor in Leydig cells (asterisk), and some spermatogonial
cells attached to the basement membrane (arrowheads). In
contrast to TPH1, the rate-limiting enzyme in the peripheral
5-HT synthesis pathway was found to be highly expressed
in Leydig cells (Figure 4C; asterisks); the yellow dashed line
indicates the area of the basal membrane of the seminiferous
tubules. As shown in Figure 4D, 5-HT2A was found in the basal

membrane and in a more intense elongated process, which ran
along the basal membrane (arrowheads; crosses represent the
tubular lumen). Figure 4D′ shows positive immunoreactivity
against the 5-HT2A receptor in Leydig cells (asterisk), whereas
in the region of the basement membrane, some spermatogonia
(arrowheads) and sperm showed an apparent signal (arrows). As
shown in Figure 4E, 5-HTT was localized in both Sertoli cells
(arrowheads) and Leydig cells (asterisks). We observed 5-HTT
immunoreactivity in the acrosomal region of sperm located in
the lumen of seminiferous tubules (arrowheads in the inset). The
cross represents a tubular lumen. Figure 4F shows the 5-HT3A
receptor located in cells in the seminiferous tubule, mainly
in spermatogonia (arrows) and preleptotene spermatocytes
(arrowheads). The immunohistochemistry results in Figure 4F′
show a positive reaction against the 5-HT3A receptor in some
Sertoli cells (arrowheads), Leydig cells (asterisks), and sperm
heads (arrows). Insets in Figures 4B′,D′,F′ show panoramic
views of the tubular region (n= 3).

For the vesicular transporter VMAT1, intense
immunoreactivity was found in neurons of the brainstem
used as a positive control (asterisks in Figure 5A). The
negative control is shown in seminiferous tubules in Figure 5B
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FIGURE 3 | Digital photomicrographs illustrating the pattern of cell staining for MAOA, expressed in the cytoplasm of brain stem neurons (A) used as a positive
control; inset corresponds to the negative control. In rat testes, we found vesicle-like signals in spermatogonia cells (arrows) and spermatocytes (arrowheads);
located inside seminiferous tubules (B). (C) Close-up view of the signal in spermatocytes (arrows) and cytoplasmic droplet-like structures (arrowheads). Asterisks
indicate the lumen in (B,C). (D) Positive reaction observed in sperm flagella localized in the lumen (arrowheads). The controls were testes slides incubated with
pre-immune serum [inset in (A)]. Scale bar (A,C,D) 10 µm; (B) 100 µm.

(counterstained with DAPI). Figure 5C shows a panoramic
view, with immunoreactivity to VMAT1 mainly in Sertoli cells
(arrow heads); Figure 5C′ is a duplicate that shows the same
view in grayscale (arrowheads indicate the same area). Figure 5D
shows a close-up view of Sertoli cells intercalated between
spermatogonia (arrowheads). Figure 5D′ shows a duplicate
image in grayscale, used to identify the type of cells. Based on
the captured images, we estimated intracellular expression using
markers localized in different cell types (Table 1).

To reconfirm the detection of 5-HT markers in homogenates
of rat testes, we used western blot immunotransfer. Figure 6A
shows a marker ladder and control gel with protein homogenates
of adult rat testes of two animals (1, 2), and brain stem loaded in
well 3 as a control for 5-HT system markers. The immunoblots
in Figure 6B show the presence of serotoninergic components
in rat testes. Positive bands appeared for both enzymes, TPH1
(∼51 kDa) and MAOA (∼61 kDa), and for 5-HT2A (∼53 kDa),
5-HT3A (∼48 kDa), and V-MAT1 (∼65 kDa). Experiments were
performed in triplicate (n= 3; see Supplementary Figures 3, 4).

By measuring the production of 5-hydroxytryptophan using
HPLC, we confirmed the presence of TPH1 activity in rat
testes:∼0.6451+ 0.0613 nm/mg protein/h (∼0.5407+ 0.1226,

relative to brain stem in rats). 5-HT concentration was also
confirmed to be ∼206.814 + 0.4280 pg/mg tissue. These results
demonstrate the presence and activity of 5-HT in testes of 120-
days-old rats (n= 7).

DISCUSSION

In the present work, we described the presence and localization
of some components of the serotoninergic system and re-
evaluated the presence of 5-HT in the testes of adult rats.
5-HT has previously only been detected in Leydig cells and
the testicular capsule. Our results confirm that 5-HT is found
in Leydig cells, as already described (Tinajero et al., 1993a,b;
Frungieri et al., 1999), supporting the idea that this indolamine
participates in the regulation of testosterone synthesis in these
cells (Tinajero et al., 1993a). In addition, we found a regionalized
signal of 5-HT inside the seminiferous tubules within peritubular
myoid and spermatogonial cells. Blood capillaries, mast cells,
and/or cytoplasmic prolongations of Leydig cells that reach
the basal membrane could allow cells to capture 5-HT, as
occurs in synaptic terminals and probably in caput epididymis
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FIGURE 4 | Digital photomicrographs showing 5-HT system markers present in rat testes. Brain stem was used as a positive control. (A) Signal in neuron cytoplasm
(asterisks). The inset corresponds to the negative control. (B) Immunofluorescence reactivity for 5-HT1B in Leydig cells (asterisks) and spermatogonia localized in the
basal region of several seminiferous tubules (arrow). Sperm heads also show immunoreactivity (arrowheads). Immunohistochemistry results (B′) show the 5-HT1B

receptor in Leydig cells (asterisk) and some spermatogonia attached to the basement membrane (arrowheads). By contrast, TPH1 was found to be expressed in
Leydig cells (asterisks) and also weakly in the basal membrane of seminiferous tubules (C). The yellow dashed line indicates the area of the basal membrane of the
seminiferous tubules. (D) Slight staining of 5-HT2A in the basal membrane (arrowheads). Immunohistochemistry results (D′) show positive immunoreactivity against
the 5-HT2A receptor in Leydig cells (asterisk), some spermatogonia (arrowheads), and sperm (arrows). (E) 5-HTT was located in both Sertoli (arrowheads) and Leydig
cells (asterisks). The inset in part (F) shows immunoreactivity to 5-HTT in the acrosomal region of sperm located in the lumen (arrowheads). The 5-HT3A receptor was
located inside the seminiferous tubules (F), mainly in spermatogonia (arrows) and spermatocytes (arrowheads). Immunohistochemistry results (F′) shows a positive
reaction against the 5-HT3A receptor in some Sertoli (arrowheads) and sperm heads (arrows). The cross in (D,E) represents a tubular lumen. Insets in (B′,D′,F′) give
a panoramic view of the tubular region. Scale bar = 10 µm.

(Jiménez-Trejo et al., 2007; Mohammad-Zadeh et al., 2008).
Surprisingly, not all seminiferous tubules were positive for 5-HT;
its distribution appeared to be regionalized in clusters of positive
cells. Topographic and time-lapse microscopy studies should
be carried out to analyze whether this distribution is dynamic
or remains fixed.

As the concentration of 5-HT in tissues depends on
its synthesis/catabolism ratio (Tyce, 1990), we evaluated the
presence of both TPH1 and MAOA enzymes in testes. We
detected mRNA transcripts of Tph1 in whole testes, whereas
TPH1 protein was mainly expressed in the interstitial zone,

showing weak staining in cells close to the basal membrane.
Jan et al. (2017) reconfirmed the expression of TPH1 in human
spermatogonia by immunohistochemistry, suggesting that its
RNA expression occurs in the spermatogonia.

Overall, this evidence supports the idea that 5-HT could
be locally synthesized in Leydig cells (Tinajero et al., 1993a;
Frungieri et al., 2002), where it could participate in the
negative regulation of testosterone synthesis in an autocrine
manner, as suggested by Tinajero et al. (1992). In addition,
the putative presence of TPH1 and 5-HT that we found in
the basal membrane of some seminiferous tubules suggests that
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FIGURE 5 | Digital photomicrograph illustrating the cytoplasmic distribution of VMAT1 immunoreactivity in rat testes. Neurons of the brain stem (A) were used a
positive control (asterisks). The negative control is shown in (B) (counterstained with DAPI). Part (C) shows a panoramic view of detected immunoreactivity to
VMAT1, mainly in Sertoli cells (arrowheads); (C′) shows the same view in grayscale (arrowheads indicate the same area). Part (D) shows a view of Sertoli cells
intercalated between spermatogonia cells (arrow heads); (D′) is a duplicate image identifying the cellular phenotype.
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TABLE 1 | Intercellular estimation of the different serotonin markers in the testes.

Preleptotene

Expression Spermatogonial Spermatocytes-like semestre Spermatids round Sperm Sertoli cells Myoid cells Leydig cells

5-HT +++ ++ 0 ++ + ++ +++

TPH1 0 0 0 0 0 + +++

MAOA +++ ++ + +++ + 0 +

5-HTT + 0 0 +++ +++ 0 ++

VMAT1 + 0 0 + +++ 0 0

5-HT1B ++ ++ 0 ++ 0 0 +++

5-HT2A ++ 0 0 0 + 0 +

5-HT3A +++ ++ 0 ++ ++ 0 +

+, some cells with expression; ++, increment in the number of cells observed; +++, mainly marked cells expression; 0, not observed.

FIGURE 6 | Immunodetection of serotoninergic system components in rat testes homogenates. (A) Marker ladder (MW, molecular weight) and representative control
gel showing the presence of testes proteins. (B) Immunoblots using antibodies related to the serotoninergic system, showing a single band positive for TPH1,
MAOA, 5-HT2A, 5-HT3A, and VMAT1.

5-HT could participate in the regulation of spermatogenesis as
well (see below).

MAOA is a mitochondria-bound enzyme that catalyzes
the degradation of monoamine neurotransmitters and dietary
amines such as 5-HT by oxidative deamination. This enzyme
catabolizes 5-HT into 5-hydroxyindole-3-acetaldehyde, which is
further reduced by aldehyde reductase to 5-hydroxyindole-3-
acetic acid. MAOA may function in an autocrine manner to
regulate proliferation and differentiation (i.e., prostatic epithelial
cells; Gaur et al., 2019). We found its mRNA expressed in
testes, with the protein located in the cytoplasm of Sertoli
cells, spermatogonia, spermatocytes, and spermatid-like cells.
The presence of this enzyme suggests that 5-HT could regulate
fast processes in the seminiferous epithelium, which would

require fast inactivation of this indolamine. Interestingly, in some
tubules, we found MAOA expressed along the flagellum of sperm
localized in the seminiferous tubules, as has been reported in
mature sperm in humans and horses (Jiménez-Trejo et al., 2012,
2018). Thus, MAOA could be considered an early marker of
maturation in sperm cells, an exciting possibility that should be
investigated with further experiments.

A typical feature of 5-HT signaling is its remarkable
complexity. This is mainly due to the high diversity of 5-HT
receptors, which has been largely established over the past four
decades (Gaspar et al., 2003; Göthert, 2013). We searched for
5-HT1B, 5-HT2A, and 5-HT3A receptors in rat testes and found
them all expressed in the seminiferous tubule, but with different
patterns of distribution. 5-HT1B was abundantly expressed in the
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basal region; 5-HT2A was weakly stained in the basal region and
more strongly in elongated processes that ran transversally to
seminiferous tubules; and 5-HT3A mRNA expression was found
in whole testes, with the protein located in cell membranes of
both spermatogonia and spermatocytes. 5-HT1B and 5-HT2A
are metabotropic G protein-coupled receptors that can induce
second messenger cascades (Gaspar et al., 2003; Adayev et al.,
2005), whereas 5-HT3 is a ionotropic, ligand-gated ion channel
that induces fast ionic responses (Na+, K+) (Gaspar et al., 2003;
Mohammad-Zadeh et al., 2008). 5-HT receptors are known to
induce proliferation, apoptosis, and differentiation in neurons
and somatic cells (Gaspar et al., 2003; Adayev et al., 2005; Göthert,
2013). The presence of some subtypes in the seminiferous
epithelium strengthens our idea of a controlled role of 5-HT in
the spermatogenesis processes. Interestingly, in vivo and in vitro
cell–cell interactions between Sertoli cells and germ cells regulate
the secretion of germ cell development soluble factor(s), in this
case, by meiotic pachytene spermatocytes that induce expression
of 5-HT receptor mRNA (type 2). This occurs in rat Sertoli
cells in culture and probably in testes, subject to regulation by
endocrine and paracrine cues transmitted through Sertoli cells
(Syed et al., 1999).

On the other hand, 5-HTT and VMAT1 participate in 5-HT
transport, although in different processes. 5-HTT is an integral
membrane solute carrier protein located mainly in the CNS
but also in adrenal chromaffin cells, which recapture 5-HT for
re-utilization and prevent permanent stimulation of signaling
pathways through 5-HT receptors (Wang, 2004). VMAT1 is
an integral membrane protein embedded in synaptic vesicles
and large dense core vesicles (LDCVs) in neurons, and in
large dense core granules (LDCGs) in neuroendocrine cells. It
transfers monoamines between the cytosol and synaptic vesicles,
LDCVs, or LDCGs, binding its substrates and internalizing
them (Wimalasena, 2011). 5HTT expression has been reported
in the CNS (Daws et al., 2000), lung (Wang, 2004), caput
epididymis (Jiménez-Trejo et al., 2007), gastrointestinal tract
(Mazzawi and El-Salhy, 2016), pulmonary and peripheral
vasculatures, and platelets (Mohammad-Zadeh et al., 2008).
VMAT1 has been reported in adrenal chromaffin cells and
enterochromaffin cells, which are responsible for storing 5-
HT in the gastrointestinal tract (Hunyady et al., 2000). In the
present work, we evaluated the presence and distribution of
those transporters in rat testes. Surprisingly, we found both
of them expressed in Sertoli cells; 5HTT was also detected in
Leydig cells and in the acrosomal region of sperms localized
into the lumen, whereas VMAT1 was found principally in
Sertoli cells. We found both MAOA and 5HTT expressed in
sperm localized around the lumen of seminiferous tubules,
suggesting that these cells have the machinery required to take
up and degrade 5-HT.

This indolamine in sperm located in the lumen could
induce an intracellular response, such as an increase in
cytosolic Na+, which could interact with plasmalemma and/or
mitochondrial Na+/Ca2

+ exchangers, thus generating calcium
signals during sperm capacitation prior to the fertilization
process (Raiteri and Raiteri, 2015). The presence of VMAT1
in Sertoli cells agrees with our finding that 5-HT is found in

such cells, where this transporter could promote its storage
in vesicles. One possible explanation for this could be that
VMAT1 facilitates the storage of other monoamines, such as
dopamine (D2 receptors have been reported to be present in
the seminiferous epithelium; Otth et al., 2007). The counts of
cell expression by marker, generated through a table, allowed
us to demonstrate variation in expression regardless of the
serotonergic marker used, revealing in some cases a high
cellular specificity.

Based on our results, we propose that a local serotoninergic
system is present in rat testes, as has been previously
described for caput epididymis and mature sperm, although
with different functions (Jiménez-Trejo et al., 2007, 2012,
2018). The 5-HT, TPH1, and MAOA enzymes, the 5-HT1B,
5-HT2A, and 5-HT3A receptors, and the 5-HTT and VMAT1
transporters were found to be expressed in different elements
of the testes. They may contribute to the regulation of both
steroidogenesis and spermatogenesis, which are key processes
in testicular function. 5-HT is capable of activating several
endocrine and paracrine factors, acting through non-cAMP-
dependent pathways (Tinajero et al., 1993a,b), and it can also
induce cytoskeleton rearrangements necessary for differentiation
processes (Stephens and Prior, 1992). In this way, testicular cell
populations, such as Sertoli cells, spermatogonia, and spermatids,
are highly regulated in terms of their number and viability
(Cooke et al., 1992). The distribution of the different elements
of the serotoninergic system, as discussed above, suggests that
5-HT has an important role in this regulation. However, before
concluding this and validating the earlier ideas, we must
consider the specificity and sensitivity of the techniques that
we have used. Although histochemistry may be considered an
old method, this analysis has been used to identify not only
5-HT but also adrenaline, noradrenaline, and dopamine in
testes, raising the possibility that other neurotransmitters could
directly participate in the regulation of spermatogenesis in adult
rats (Meizel, 2004; Hökfelt, 2010; Banerjee and Chaturvedi,
2019). The monoclonal antibodies against 5-HT that we used
did not allow us to exclude the possibility of the presence
of another indolamine, i.e., evidence of the local synthesis
of melatonin in rat testes has been reported (Tijmes et al.,
1996). However, the presence of mRNA, MAOA, and 5-HT
receptors and transporters strengthens the idea that at least a
fraction of 5-HT acts locally in both the interstitial space and
seminiferous tubules.

Finally, we summarize our current knowledge about the
multiple functions in which 5-HT is involved in the reproductive
system. The description of a serotoninergic system in caput
epididymis (Jiménez-Trejo et al., 2007) and mature sperm
(Jiménez-Trejo et al., 2012), and now in testes, expands the
possibilities for research on this important topic. It is clear that
in vivo and in situ methodologies related to serotoninomics
will help us to approach these important questions in a more
functional way. It is worth remembering that the physiological
role of 5-HT in the testes is still not fully understood. It
is likely that 5-HT and its components represent an as-yet-
unrecognized local inhibitory control mechanism related to
blood vessels, steroidogenesis, and spermatogenesis in testicular
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function. However, further studies are required to assess the
biological relevance of 5-HT in testes.
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Once membrane potential changes or ligand binding activates the ion channel, the
activity of the channel is finely modulated by the fluctuating membrane environment,
involving local lipid composition and membrane tension. In the age of post-structural
biology, the factors in the membrane that affect the ion channel function and how they
affect it are a central concern among ion channel researchers. This review presents our
strategies for elucidating the molecular mechanism of membrane effects on ion channel
activity. The membrane’s diverse and intricate effects consist of chemical and physical
processes. These elements can be quantified separately using lipid bilayer methods,
in which a membrane is reconstructed only from the components of interest. In our
advanced lipid bilayer platform (contact bubble bilayer, CBB), physical features of the
membrane, such as tension, are freely controlled. We have elucidated how the specific
lipid or membrane tension modulates the gating of a prototypical potassium channel,
KcsA, embedded in the lipid bilayer. Our results reveal the molecular mechanism of the
channel for sensing and responding to the membrane environment.

Keywords: contact bubble bilayer, asymmetric membrane, bilayer tension, membrane sterol, potassium channel,
KcsA

INTRODUCTION

The chemical and physical environment of the membrane surrounding the ion channel fluctuates
continuously. In living cell membranes, local lipid composition is altered by the transient formation
of lipid rafts (Simons and Ikonen, 1997) or by trans-leaflet migration of lipids (flip-flop) (Higgins,
1994). Membrane tension varies by osmolality-induced cell swelling and is locally perturbed by
endocytosis, exocytosis, and caveola formation (Gauthier et al., 2012; Diz-Muñoz et al., 2013).
Such environmental changes in the membrane evoke modification in the ion channel’s activity via
chemical and physical processes (Tillman and Cascio, 2003; Lee, 2004; Morris, 2011; Jiang and
Gonen, 2012). For example, negatively charged anionic lipids or cholesterols in the membrane
behave as a cofactor, supporting or modulating the K+ channel activity (Heginbotham et al.,
1998; Huang et al., 1998; Cheng et al., 2011; Levitan et al., 2014). Moreover, membrane tension
pulls the gate and opens the mechanosensitive ion channel (Martinac et al., 1990; Sachs, 2010;
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Douguet and Honoré, 2019). The gate regulation by such
physical force from the lipid bilayer, not from the cytoskeleton
or the extracellular matrix, is recognized as “force-from-
lipid” gating (Anishkin et al., 2014; Cox et al., 2017). It
was recently shown that membrane tension also affects the
activities of channels other than so-called mechanosensitive
channels, such as voltage- or pH-dependent ion channels
(Morris, 2011; Iwamoto and Oiki, 2018). Thus, the “force-
from-lipid” gating behavior might be a somewhat common
property among ion channels. Although structural information
is essential for understanding the molecular mechanism of
the ion channel, the membrane-dependent feature of the ion
channel function can be elucidated exclusively by functional
measurements. Until recently, patch-clamp methods have been
applied especially for examining mechanosensitivity. However,
inherent problems such as the generation of “background”
tension during gigaseal formation (Opsahl and Webb, 1994)
limit further quantitative evaluation. Therefore, in the age of
post-structural biology, the examination of channel-membrane
interplay and the associated methodology have gained the
interests of ion channel researchers.

The cell membrane consists of various lipids and membrane
proteins, and it is difficult to experimentally control the
membrane conditions around the channel to be analyzed.
In lipid bilayer methods, a membrane is reconstructed only
from the components of interest (e.g., phosphatidylcholine),
and its chemical and physical features are therefore potentially
controllable (Maher and Allen, 2018; Oiki and Iwamoto, 2018).
Experiments using the lipid bilayer can reveal which membrane
properties affect the channel activity and to what extent. This
review will summarize the advanced lipid bilayer technique
known as the contact bubble bilayer (CBB) method and its
applications to the study of channel-membrane interplay. Using
a prototypical potassium channel, KcsA, we demonstrated
the anionic lipid effect and membrane tension sensitivity.
Here, we describe the potential common molecular properties
of the ion channel that are sensitive to the fluctuating
membrane environment.

RECENT PROGRESS IN LIPID BILAYER
RESEARCH

The conventional lipid bilayer (planar lipid bilayer, PLB) is
formed in a small hole (diameter, approximately 100 µm)
on the septum between two chambers filled with electrolytes
(Latorre and Alvarez, 1981; Montal, 1987; Oiki, 2012). Ion
channel molecules are then embedded in the PLB through
membrane fusion. With this method, the membrane potential,
lipid composition, and asymmetry between the leaflets are
controllable. Consequently, the environment around the
embedded channel molecules is clearly defined. These features
are beneficial for the elucidation of the molecular properties of
channels using electrophysiological measurements. For example,
using PLB, the single-channel current properties of the TRPM8
channel were characterized by various physical and chemical
stimuli (Zakharian et al., 2010). However, the PLB method

requires considerable skill for the formation of a stable lipid
bilayer and is regarded as a difficult technique for newcomers.

Recently, the PLB method has rapidly progressed into an
easy-to-use technique. Funakoshi et al. demonstrated a novel
methodology for PLB formation (Funakoshi et al., 2006). They
prepared two water droplets in lipid-dispersed oil (water-in-oil
droplets), allowing a lipid monolayer to form spontaneously at
the water-oil interface. Then, the droplets were docked with each
other to form a lipid bilayer at the contact plane. This droplet
interface bilayer (DIB) method has become widespread because
of extensive application to ion channel research (Malmstadt
et al., 2006; Holden et al., 2007; Bayley et al., 2008; Yanagisawa
et al., 2011; Urakubo et al., 2019). As the DIB method does not
require any special skills, it is now becoming mainstream in lipid
bilayer experiments.

In 2015, we developed the CBB method (Figures 1A–
C), which is a more versatile platform than DIB, enabling
manipulation of the lipid bilayer condition, such as lipid
composition and tension, during the single-channel current
recording (Iwamoto and Oiki, 2015, 2018). In the CBB method,
two small water bubbles (<100 µm diameter) are inflated at the
tip of glass pipettes in oil and brought into contact with each
other to form a small lipid bilayer (<30 µm diameter) (Iwamoto
and Oiki, 2019). Hydrophobic substances, such as membrane
sterols, are administered directly to the lipid bilayer via the
oil phase during the single-channel current recording (Iwamoto
and Oiki, 2017). An outstanding feature of the CBB method
lies in the variable lipid bilayer tension through manipulation
of the pressure in the bubble (Figure 1B). The pressure inside
the bubble correlates with the bubble surface (lipid monolayer)
tension and the lipid bilayer tension through the Young-Laplace
(γmo = R1P/2; γmo, the surface tension; R, the bubble radius;
1P, the bubble inflating pressure) and Young (γbi = 2γmo
cosθ ; γbi, bilayer tension; θ , contact angle) equations (Taylor
et al., 2015), respectively. Thus, the lipid composition as well
as the lipid bilayer force are under control in the CBB method
(Iwamoto and Oiki, 2018). This contrasts with the DIB method,
where the pressure of the droplet is uncontrolled during the
experiment. Furthermore, the tension operability of the CBB
surpasses that of the patch-clamp method, which is a standard
technique for mechanosensitive channel research. In the patch-
clamp method, only the operation of relatively high membrane
tension (approximately >4 mN/m) is possible (Opsahl and
Webb, 1994), whereas the CBB method operates near the
physiological membrane tension (<1 mN/m) (Iwamoto and
Oiki, 2018). CBB experiments have advanced the understanding
of channel-membrane interplay using a prototypical potassium
channel as described in the following section.

MEMBRANE EFFECTS ON A
PROTOTYPICAL ION CHANNEL

The KcsA Potassium Channel
The KcsA potassium channel from Streptomyces lividans is a
pH-gated channel that opens its gate when the cytoplasmic side
becomes acidic (Schrempf et al., 1995; Heginbotham et al., 1999;
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FIGURE 1 | The contact bubble bilayer (CBB) experiments. (A) Overview of the CBB experimental setup. All experiments were performed using an inverted
microscope. (B) Schematic illustration of the CBB formation procedure. In the simplest case, phospholipids are contained in the oil phase (e.g., 20 mg/mL azolectin
in hexadecane). Two glass pipettes filled with electrolyte solutions were dipped into the lipid-containing oil (top), and a water bubble was inflated at the tip of the
glass pipettes (middle). Lipid molecules in oil are spontaneously distributed at the interface between the oil and the electrolyte, forming a lipid monolayer. The two
bubbles are brought into contact with each other and form a CBB (lower). (C) Photograph of CBB. (D) Schematic illustration of asymmetric CBB formation. To form
an asymmetric lipid bilayer, each bubble formed with lipid-free oil (hexadecane) should contain liposomes (depicted by blue or red circles) with a different lipid
composition. (E) Scheme for “membrane perfusion.” In the DIB methods, including the CBB method, the bilayer interior is open to the bulk oil phase. Thus, the
injection of hydrophobic substances (e.g., cholesterol) in the oil phase transfers the substance to the lipid bilayer (membrane perfusion). The illustrations in (A–D)
(Iwamoto and Oiki, 2015) and (E) (Iwamoto and Oiki, 2017) are modified from the original papers, respectively.

LeMasurier et al., 2001). The crystal structure of the KcsA channel
was first resolved among ion channel proteins (Doyle et al., 1998),
and its high-resolution structural information is described in
detail. A noteworthy feature of the KcsA channel is that it consists
only of the core structure (namely, the ion-conducting pore,
gate, and ion selectivity filter) shared by various ion channels.
Therefore, the KcsA channel has been regarded as a prototypical
ion channel, exhibiting essential properties such as gating and
selective ion conduction (Oiki, 2015). We examined the chemical
and physical effects of lipid bilayers on the KcsA channel gating
using the PLB and CBB methods.

Anionic Lipid Effect
Although the KcsA channel is activated at acidic pH, its activity is
significantly low in anionic lipid-free membranes (Heginbotham
et al., 1998), and the negatively charged anionic lipids are thought
to render the KcsA channel fully activated (the anionic lipid
effect). The binding of anionic lipids to the KcsA channel was
verified biochemically (Valiyaveetil et al., 2002; Marius et al.,
2005), and the crystal structure showed lipid-binding at the
extracellular half of the transmembrane domain (Zhou et al.,
2001). Therefore, a hypothesis emerged that the binding of
anionic lipids from extracellular leaflets is essential for channel

activity. However, this hypothesis has remained experimentally
unproven for many years.

We examined the molecular mechanism of the anionic lipid
effect using asymmetric PLB with different lipid compositions in
the extracellular and cytoplasmic leaflets (Figure 1D; Iwamoto
and Oiki, 2013). Here, the orientation of reconstituted channels
in the asymmetric membrane is important, which is established
in the following ways. The KcsA channel is activated only
when the intracellular pH becomes acidic (Heginbotham et al.,
1999). Thus, when the pH was set differently (e.g., pH4
and 7.5) for both sides of the lipid bilayer, the channel
whose cytoplasmic domain faces the pH4 solution is selectively
activated. The single-channel current of the KcsA channel
was recorded in the asymmetric membranes prepared with
anionic (PG, PS, PA), cationic (EPC), and electrically neutral
(PC) phospholipids. The KcsA channel exhibited a high
open probability only when the cytoplasmic leaflet contained
anionic lipids regardless of the lipid composition of the
extracellular leaflet (Figure 2A). These results indicate that
anionic lipids affect the activity of the KcsA channel from the
cytoplasmic side. Thus, our results contrasted with the long-
standing hypothesis that extracellular anionic lipids are essential
for high activity.
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FIGURE 2 | Membrane effects on the KcsA channel activity. (A) Typical single-channel current traces of the KcsA channel in the symmetric and asymmetric
membranes under acidic pH. The membranes were formed using phosphatidylglycerol (PG, anionic) and phosphatidylcholine (PC, neutral). The electrolyte solution
contained 200 mM KCl, and the membrane potential was 100 mV. (B) Inhibitory effect of cholesterol on the KcsA channel. The current was immediately attenuated
upon cholesterol administration to the lipid bilayer (5 mg/ml) by membrane perfusion. The channel current was recovered in the original level some time after the
perfusion was stopped, indicating that cholesterol diffused from the membrane; the number of channels in the membrane was constant throughout the perfusion
process. (C) Membrane tension dependency of KcsA channel activity. The broken red line represents a Boltzmann fit where 1G0/kBT is 3.37 ± 0.37, 1A is
7.33 ± 1.23 nm2, and T1/2 of 1.89 ± 0.14 nM/m. (D) Scheme for multimodal regulation of KcsA channel activity by channel-membrane interplay. When the channel
remained at rest at neutral pH, it did not open even in the presence of anionic lipids or under high membrane tension. Once activated by H+-binding (acidic pH), the
channel exhibits variable activity depending on the cytoplasmic leaflet’s lipid composition or the membrane tension. Panels (A) (Iwamoto and Oiki, 2015), (B)
(Iwamoto and Oiki, 2017), and (C) (Iwamoto and Oiki, 2018) are modified from the original papers, respectively.

The anionic lipid-sensing sites were explored using mutant
channels; the positively charged amino acid residues were
neutralized one at a time. The mutant channels with neutralized
Arg11 or Lys14 in the N-terminal helix (M0 helix) exhibited low
open probability even in the anionic lipid membrane (Iwamoto
and Oiki, 2013). Thus, these two amino acid residues were
identified as anionic lipid-sensors. In light of these results,
the question then becomes: how do these sensors on the M0
helix affect gating? The M0 helix is not a transmembrane
helix, but rather lies on the cytoplasmic membrane surface

because of its amphipathicity (Perozo et al., 1998). We
analyzed the lipid-sensing mechanism through the M0 helix
as follows. Hydrophobic environment-sensitive fluorescence dye
was attached to the site of interest of the M0 helix one at a
time. Then, the fluorescence change was measured to evaluate
changes in the configuration of the M0 helix upon activation.
The results indicated that the M0 helix rolled around the helix
axis on the membrane surface upon activation of the channel.
Helix rotation did not occur without anionic lipids in the
membrane. Accordingly, the anionic-lipid-dependent rotation of
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the M0 helix is transmitted to the gate and stabilizes the
open-gate conformation of the channel (the “roll-and-stabilize”
model, Figure 2D; Iwamoto and Oiki, 2013). The amphipathic
helix corresponding to the M0 helix of KcsA exists in the
most closely related Kir channels (Kuo et al., 2003; Whorton
and MacKinnon, 2013) as well as in voltage-gated channels
(Long et al., 2007; Payandeh et al., 2011). Therefore, it is
expected that various channels sense the lipid composition
of the membrane via the amphipathic helix, thus fine-
tuning their activity.

Membrane Tension Effect
Various mechanosensitive channels, which open the gate
depending on membrane tension, have been discovered
(Guharay and Sachs, 1984; Martinac et al., 1990; Coste
et al., 2010; Brohawn et al., 2014; Ranade et al., 2015;
Cox et al., 2016; Jojoa-Cruz et al., 2018). While the pH-
gated KcsA channel usually stays deactivated with the closed
gate under neutral pH, Martinac’s group examined whether
the membrane tension opens the gate (Syeda et al., 2016).
They set an osmotic pressure difference between two water-
in-oil droplets using the DIB method to generate tension
in the channel-embedded membrane. In contrast to the
mechanosensitive Piezo1 and MscS channels, the KcsA
channel remained closed. Consequently, they concluded
that the membrane tension never activates the KcsA
channel at neutral pH.

In contrast, at acidic pH, we have shown the tension-sensitive
nature of the KcsA channel in the CBB experiment as follows.
When cholesterol was introduced into the membrane, the KcsA
channel immediately closed even at acidic pH (Figures 1E,
2B; Iwamoto and Oiki, 2017). Since cholesterol modulates the
various biophysical properties of the lipid bilayer (Gimpl et al.,
1997), we hypothesized that the cholesterol effect would be
evoked via changes in the lipid bilayer tension or thickness. Our
hypothesis was examined using single-channel current recording
in the presence of various membrane sterols (cholesterol,
epicholesterol, ergosterol, and lanosterol), and we obtained the
following results (Iwamoto and Oiki, 2018). First, the open
probability of the KcsA channel was significantly low under
a high sterol concentration. Second, the membrane tension
was reduced at high sterol concentrations. Consequently, the
open probability was suggested to be related to the membrane
tension. Further experiments were conducted using sterol-
free membranes to elucidate the effect of membrane tension.
In the CBB method, the surface tension of the bubble and
the lipid bilayer tension are determined using the Young-
Laplace and Young equations, respectively. Because the bubble
inflating pressure is controllable, the lipid bilayer tension is
freely manipulated in the CBB method (Taylor et al., 2015;
Iwamoto and Oiki, 2018). At acidic pH, we finally showed that
membrane tension higher than 2 mN/m stabilizes the open
conformation of the KcsA channel (Figure 2C). Consistently
with the previous report (Syeda et al., 2016), the KcsA

channel never opened under neutral pH even when a higher
membrane tension (>10 mN/m) was applied. These results
indicate that once the KcsA channel is activated by acidic
pH, the open probability is fine-tuned by relatively weak
membrane tension (Figure 2D). Such a tension-dependent
feature contrasts with the mechanosensitive channel, which
utilizes higher membrane tension for activation (>10 mN/m
for MscL) (Sukharev et al., 1999). It is possible that the
activation by acidic pH can render the KcsA channel susceptible
to weak membrane tension because of the changes in the
flexibility of the channel molecule, which will be revealed in
further studies.

CONCLUSION

To date, lipid bilayer experiments have steadily advanced
the understanding of channel-membrane interplay. The KcsA
channel is a good research target because of its minimum
structure exhibiting the essential function of the ion channel,
such as gating and selective ion permeation. Using PLB and CBB,
we have revealed that anionic lipids and membrane tension are
required for the full activity of the KcsA channel (Figure 2D).
These results provide insight into the mechanism that evokes
the membrane-dependent features of the ion channel. With
a broader range of tension manipulation than that of the
patch-clamp method, the CBB method unveiled the response
of the non-mechanosensitive channel toward weak membrane
tension. We expect that the molecular mechanism for responding
to weak tension adds a general aspect to the conventional
mechanosensitivity, which has been studied exclusively using
mechanosensitive channels. Although CBB has not yet been
widely applied to the functional study of ion channels, membrane
manipulability of the CBB will further advance the understanding
of the “force-from-lipid” gating behavior of various ion channels.
In living cells, the membrane environment around the channel
fluctuates continuously, and the activity of various ion channels
can be fine-tuned. Future research with the advanced lipid bilayer
technique will further unveil the multimodal regulation of the
ion channel and elucidate the underlying molecular mechanism
regarding the utilization of the membrane environment for ion
channel activity.
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Trans-regulation of G protein-coupled receptors (GPCRs) by leucine-rich repeat (LRR)
transmembrane proteins has emerged as a novel type of synaptic molecular interaction
in the last decade. Several studies on LRR–GPCR interactions have revealed their
critical role in synapse formation and in establishing synaptic properties. Among them,
LRR–GPCR interactions between extracellular LRR fibronectin domain-containing family
proteins (Elfn1 and Elfn2) and metabotropic glutamate receptors (mGluRs) are particularly
interesting as they can affect a broad range of synapses through the modulation
of signaling by glutamate, the principal excitatory transmitter in the mammalian
central nervous system (CNS). Elfn–mGluR interactions have been investigated in
hippocampal, cortical, and retinal synapses. Postsynaptic Elfn1 in the hippocampus
and cerebral cortex mediates the tonic regulation of excitatory input onto somatostatin-
positive interneurons (INs) through recruitment of presynaptic mGluR7. In the retina,
presynaptic Elfn1 binds to mGluR6 and is necessary for synapse formation between
rod photoreceptor cells and rod-bipolar cells. The repertoire of binding partners
for Elfn1 and Elfn2 includes all group III mGluRs (mGluR4, mGluR6, mGluR7, and
mGluR8), and both Elfn1 and Elfn2 can alter mGluR-mediated signaling through trans-
interaction. Importantly, both preclinical and clinical studies have provided support for the
involvement of the Elfn1–mGluR7 interaction in attention-deficit hyperactivity disorder
(ADHD), post-traumatic stress disorder (PTSD), and epilepsy. In fact, Elfn1–mGluR7-
associated disorders may reflect the altered function of somatostatin-positive interneuron
inhibitory neural circuits, the mesolimbic and nigrostriatal dopaminergic pathway, and
habenular circuits, highlighting the need for further investigation into this interaction.

Keywords: Elfn1, Elfn2, mGluR7, ADHD, PTSD, inhibitory interneurons, dopaminergic system, habenular circuit

INTRODUCTION

G protein-coupled receptors (GPCRs) are important targets for drugs in neuropsychiatric
disorders (Hauser et al., 2017; Ehrlich et al., 2018)1. Based on a sequence comparison, the
GPCR superfamily has been classified into five main families, namely, rhodopsin (class A),
adhesion (class B), secretin (class B), glutamate (class C), and frizzled/taste2 (class D);

1http://www.guidetopharmacology.org
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(Lagerstrom and Schioth, 2008; Gacasan et al., 2017). The
conventional concept of GPCR signaling, which includes ligand
binding, a conformational change in the GPCR followed by
activation of G proteins affecting effectors, may be interpreted
as transformation and amplification of extracellular signals into
intracellular ones. However, this idea is challenged by the
presence of extracellular binding partners for GPCRs.

For example, some of the GPCRs in the adhesion group
(class B) are extracellularly bound by single-transmembrane
receptors [in-trans: teneurin 1–4, neurexin 1–3, fibronectin
leucine-rich transmembrane 1–3 (Flrt1–Flrt3); in cis: contactin
6, stabilin 2, and neuroligin] and extracellular matrix
proteins (Knapp and Wolfrum, 2016; Dunn et al., 2019a).
The extracellular interactions of GPCRs in the adhesion
group are involved in synaptogenesis, neurite outgrowth,
and axon guidance. In particular, latrophilins (Lphns and
Adgrls) play a role in controlling glutamatergic synapse
density (Lphn3, O’Sullivan et al., 2012) and specificity of
synaptic connection (Lphn2 and Lphn3, Sando et al., 2019)
through a trans-interaction with Flrt3 and/or teneurins
in mice.

Flrt proteins are leucine-rich repeat (LRR) and fibronectin
type III domain-containing transmembrane proteins (LRRFn)
and are similar to the extracellular LRR fibronectin domain-
containing family of proteins (Elfn1 and Elfn2) in terms of
domain organization (Figure 1A; Dolan et al., 2007). Elfn
proteins have been shown to trans-interact with the glutamate
(class C) family of GPCRs (Tomioka et al., 2014; Cao et al.,
2015, 2020; Dunn et al., 2018, 2019b) that are distantly
located from the adhesion (class B) family in the human
GPCR molecular phylogeny (Figure 1B; Fredriksson et al.,
2003). Therefore, the trans-regulation of GPCRs by Flrt and
Elfn family proteins is thought to occur independently during
evolution. However, interestingly, the trans-interaction of the
two classes of GPCR–LRRFn plays a role in closely related
neural circuits (Figures 1C–G). Since there have been detailed
reviews about Lphn3– or Lphn3–Flrt3 interaction (Figure 1G;
Ranaivoson et al., 2015; Knapp and Wolfrum, 2016; Dunn
et al., 2019a; Bruxel et al., 2020), this article is focused on
the Elfn–mGluR interaction and its relevance to Flrt–Lphn
trans-interaction.

Elfn PROTEINS

The names ‘‘Elfn1’’ and ‘‘Elfn2’’ were proposed in a
bioinformatic analysis focusing on the extracellular LRR
motif (Dolan et al., 2007) and are currently used in the
name for human orthologues2. Figure 1A illustrates the
domain structure of Elfn1 and Elfn2 proteins (Dolan
et al., 2007). In subcellular fractionation studies, both
Elfn1 and Elfn2 have been recovered in synaptosomal
plasma membrane and postsynaptic density fractions
(Tomioka et al., 2014; Dunn et al., 2019b), while
Elfn1 was undetectable in the synaptic vesicle fraction
(Tomioka et al., 2014).

2http://www.genenames.org/

In mice, Elfn1 expression increases in the brain during
postnatal development (Tomioka et al., 2014). In the adult
brain, Elfn1 expression is strongly detected in the cerebral
cortex, hippocampus (Figure 1C), habenular nuclei, septum,
diagonal bands, anterior amygdaloid area, globus pallidus, and
medial forebrain bundles and moderately in the substantial
nigra, ventral tegmental nucleus, fasciculus retroflexus, and
lateral subnucleus of the interpeduncular nucleus (IPN;
Dolan and Mitchell, 2013; Tomioka et al., 2014). Elfn1
mRNA is detected in a punctate pattern, corresponding to
the distribution of interneurons (INs). In addition to the
spotty expression in the hippocampus and cerebral cortex,
Elfn1 mRNA is densely distributed in the septum, diagonal
bands, habenular nucleus, globus pallidus, retrorubral area
of midbrain (containing the A8 dopaminergic cell group),
and hippocampal subiculum (Allen Mouse Brain Atlas;
Lein et al., 2007).

At the cellular level, Elfn1 is strongly expressed in INs of
the hippocampus and cerebral cortex (Dolan et al., 2007). In
hippocampal neuron culture, 96% of the Elfn1-positive neurons
were GAD67 positive, and 35% of the GAD67-positive cells
were Elfn1 positive. Elfn1 expression occurs in somatostatin INs
(SST-INs) and is localized to the dendrites. More than 85%
of the Elfn1-positive neurons were SST immunopositive in the
CA1, CA3, and DG regions. Conversely, nearly all SST-INs were
immunopositive for Elfn1 (Tomioka et al., 2014). SST-INs of the
hippocampus include oriens-lacunosum moleculare (OLM) cells
in the CA1 region and hilar perforant path-associated (HIPP)
cells in the dentate gyrus.

In an RNA sequencing-based transcriptome database3,
the Elfn1 transcript is most abundant in hippocampal
and cortical SST-INs (TEINH19, 1.9) and second most
abundant in cholinergic neurons (DECHO1, 1.4) located
in the medial septal nucleus, diagonal band nucleus,
and nucleus basalis of Meynert. A modest level of Elfn1
expression can be seen in cholinergic neurons of the striatum,
amygdala, cerebral cortex (TECHO, 0.88), and habenular
nucleus (DECHO2, 0.33) as well as GABAergic neurons
in the medial septal nucleus and magnocellular nucleus
(TEINH1, 0.84).

Elfn2 protein levels in brain subregions are correlated
with those of mRNA in immunoblot (Dunn et al., 2019b).
Although the immunostaining of Elfn2 has not been reported,
Elfn2 mRNA in adult mice is strongly distributed in the
hippocampal pyramidal neurons, dentate gyrus granule neurons,
cortex, cerebral cortex layer II/III neurons, accessory olfactory
nucleus, and the olfactory bulb, while moderate to weak
expressions can be observed broadly in the cerebral cortex, the
striatum, the thalamus, the midbrain, and cerebellar Purkinje
cells (Allen Mouse Brain Atlas; Lein et al., 2007). In terms
of cell type, the Elfn2 transcript is broadly distributed across
both excitatory and inhibitory neurons in the hippocampus
and cerebral cortex (Dunn et al., 2019b). Neurons strongly
expressing Elfn1 also moderately express Elfn2 (TEINH19, 0.30;
DECHO1, 0.35)3.

3http://mousebrain.org/genesearch.html
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TRANS-SYNAPTIC INTERACTION WITH
mGLURs

The function of Elfn1 was first identified in a hippocampal
glutamatergic synapse between pyramidal neurons and OLM INs
(hereafter pyramidal-to-OLM synapse; Sylwestrak and Ghosh,
2012). Postsynaptic Elfn1 in OLM INs regulates presynaptic
release probability, conferring target-specific synaptic properties
to pyramidal cell axons (Sylwestrak and Ghosh, 2012).

The molecular mechanism underlying Elfn1-mediated
presynaptic regulation includes a trans-synaptic interaction
between postsynaptic Elfn1 and presynaptic mGluR7 (Figure 1;
Tomioka et al., 2014). Interestingly, mGluR7 has been
shown to be densely distributed in postsynaptic pyramidal-
to-OLM cells (Shigemoto et al., 1996). One study using
an Elfn1-knockout (KO) model found that pyramidal-
to-OLM synapses lacked mGluR7-immunopositive signals
(Figure 1H) and that heterotopic expression or overexpression
of Elfn1 recruited mGluR7-positive signals (Tomioka et al.,
2014). Accordingly, short-term facilitation of pyramidal-to-
OLM synapses is reduced in the hippocampus of Elfn1-KO mice
(Tomioka et al., 2014).

In addition to pyramidal-to-OLM synapses, Elfn1 is essential
for the formation of synapses between rods and rod ON-bipolar
cells in the primary rod pathway (Figures 1I,J). In this synapse,
presynaptic Elfn1 exists in rods and binds in transsynaptic to
postsynaptic mGluR6 on rod ON-bipolar cells (Figure 1J; Cao
et al., 2015). Elfn1-KO mice lack the functional connection
for rod-photoreceptor cells in the retina, resulting in night
blindness-like behavioral abnormalities (Cao et al., 2015).
The binding of Elfn1 with mGluR6 is proposed to play an
essential role in the formation of the synaptic contact, as
elimination of either component results in a similar loss of
synapses (Cao et al., 2015). Furthermore, ELFN2 that directly
associates with mGluR6 is pivotal for the functional wiring
cones with cone ON bipolar cells (Cao et al., 2020). In
mouse retinal development, Elfn1 and Elfn2 show distinct
developmental expression profiles and synergistically control
the functional wiring of cones with cone ON-bipolar cells
(Cao et al., 2020; Figures 1I,K). In the combination of studies
on pyramidal-to-OLM synapses and on retinal photoreceptor-
bipolar cell synapses, Elfn proteins are necessary for both
synapse formation and functional specification and can be
mGluR trans-binding partners on both the presynaptic and
postsynaptic sides.

The above studies raise the possibility that Elfn proteins
can be versatile trans-binding partners for mGluRs. In the
human genome, there are eight mGluRs that can be divided into
three classes based on their structural and functional features
(Figure 1B; Conn and Pin, 1997). The repertoire of Elfn1 binding
partners has been characterized by Dunn et al. (2018). Their
results indicate that ELFN1 selectively binds all group III mGluRs
(mGluR4, mGluR6, mGluR7, and mGluR8), but not the other
mGluR species (Figure 1B; Dunn et al., 2018). Elfn2 was also
shown to bind group III mGluRs (mGluR4, mGluR6, mGluR7,
and mGluR8; Dunn et al., 2019b; Cao et al., 2020).

Elfn–mGluR TRANS-INTERACTION IN
TARGET-SPECIFIC SYNAPTIC
PROPERTIES

As described above, the trans-interaction with group III
mGluR autoreceptors is a common feature of Elfn1 and
Elfn2. Meanwhile, Elfn1 and Elfn2 selectively modulate the
inhibitory tone mediated by GABAergic INs and the excitatory
input, respectively. The first electrophysiological analysis
was performed after OLM cells-specific knockdown by Elfn1
short-hairpin RNA interference (Sylwestrak and Ghosh, 2012).
Excitatory postsynaptic potentials and short-term facilitation
were decreased in Elfn1-reduced OLM cells; however, there were
no change in postsynaptic properties such as the decay kinetics
of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR)- and N-methyl-D-aspartate receptor
(NMDAR)-mediated components. Furthermore, the Elfn1-
reduced OLM cells showed a significant increase in initial release
probability at early stimuli in the train compared to uninfected
cells. Targeting of the synapse by SST cells and suppression
of the excitatory presynaptic signal regulated by Elfn1 are
mediated by a trans-synaptic interaction with presynaptic
mGluR7 (Figure 1E; Tomioka et al., 2014), and Elfn1 KO
mice also showed a similar electrophysiological response to the
Elfn1-reduced cells (Tomioka et al., 2014).

Recently, it was revealed that the Elfn1–mGluR7 interaction
contributes to the difference in the responsiveness of SST
cells in cerebral cortex layer structures (Stachniak et al.,
2019). Target cell-specific synaptic release of pyramidal cells
to OLM cells is determined by the presence or absence of
kainate receptors containing a glutamate receptor, ionotropic,
kainite 2 subunit (GluK2-KARs) in presynaptic excitatory
pyramidal cells. Recruitment of GluK2-KARs is mediated by
presynapticmGluR7 clustering through an interaction with Elfn1
(Figure 2A). In cerebral cortex layer 2/3 SST-INs, early synaptic
suppression with mGluR7 is followed by late synaptic facilitation
with GluK2-KARs to generate a strongly facilitating synapse. In
contrast, GluK2-KARs do not contribute to synaptic facilitation
of cerebral cortex layer 5 SST-INs; therefore, Elfn1-mediated
clustering and activation of mGluR7 generates moderate synaptic
facilitation in the layer 5 SST-INs.

Elfn proteins act as a negative allosteric modulator for the
group III mGluR ligand and can alter both agonist-induced
and constitutive receptor activities (Dunn et al., 2018, 2019b).
As a mechanism of receptor activity regulation by Elfn, it
was shown that Elfn1 recruits mGluR7 in the presynaptic
membrane and generates constitutive mGluR7 activity via its
dimerization (Figure 2A) in an electrophysiological analysis
of cortical slices (Stachniak et al., 2019). Homodimerization
and heterodimerization of mGluRs expand signaling diversity
and tune responsiveness (Kammermeier, 2015; Levitz et al.,
2016). Stachniak et al. (2019) revealed that Elfn1 clusters
mGluR7, which results in constitutive suppression of initial
release (Figure 2A). A group III mGluR-selective antagonist
methylserine-O-phosphate (MSOP) caused de-suppression of
low initial release in wild-type (WT) slices; however, there was
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no effect in the Elfn1 KO slices (Stachniak et al., 2019). A group
III mGluR-selective agonist L-(+)-2-amino-4-phosphonobutyric
acid (L-AP4) has no further suppressive effect on initial release
in WT slices but suppresses the late release in both WT and KO
slices (Stachniak et al., 2019).

The role of the Elfn2–mGluR interaction has been
investigated using electrophysiological analysis in the
hippocampus of Elfn2-KO mice (Dunn et al., 2019b).
Importantly, Elfn2 is expressed in hippocampal pyramidal
neurons and is mainly distributed in postsynapse
(Figures 1F, 2B). In the CA1 of Elfn2-KO mice, both the
amplitudes and slopes of field excitatory postsynaptic potentials
from the stratum radiatum by stimulated glutamate release from
Schaffer collaterals were increased compared to those in WT
mice (Dunn et al., 2019b). Together with additional results,
Elfn2 is proposed to inhibit glutamatergic transmission in the
hippocampus (Figure 2B; Dunn et al., 2019b).

SIGNIFICANCE OF Elfn-mGLUR
TRANS-INTERACTION IN
PATHOPHYSIOLOGY

Roles for the Elfn–mGluR interaction in higher brain functions
have been suggested based on the phenotypes of Elfn-KO
and mGluR-KO mice. Elfn1-KO mice exhibit hyperactivity
and adult-onset (11 weeks or older) sensory-triggered epileptic
seizures (Tomioka et al., 2014). In particular, the latter phenotype
is similar to that of mGluR7-KO mice in that both Elfn1- and
mGluR7-KO mice show myoclonic jerks and forelimb clonus
that are sometimes tonic in nature, a Racine scale score of 2–5,
and sign onset at around 10 weeks old (mGluR7 KO; Sansig et al.,
2001; Fisher et al., 2020) or 11 weeks old (Elfn1 KO).

The similarity between the Elfn1 KO and mGluR7 KO has
been extended to pharmaco-behavioral studies. For example,
the effects of amphetamine on locomotor activity in the
open-field test are altered in Elfn1−/− (homozygote of LacZ-
neo-knockinmutation) in comparison to Elfn1+/− (heterozygote
of LacZ-neo-knockin mutation) mice (Dolan and Mitchell,
2013). Furthermore, mGluR7-KO (LacZ-knockin) mice exhibit
an attenuated response to amphetamine (Fisher et al., 2020).

Elfn2-KO (LacZ-neo-knockin mutation) mice show
various behavioral abnormalities including increased seizure
susceptibility, hyperactivity, increased anxiety, increased
compulsivity, and impaired sociability (Dunn et al., 2019b).
Surprisingly, administration of the mGluR4-selective
positive allosteric modulator VU0155041 (Niswender et al.,
2008) fully rescued the behavioral abnormalities including
hyperactivity, reduced anxiety, and increased compulsivity
and partly suppressed the enhanced seizure susceptibility
(Dunn et al., 2019b).

Elfn1 GENE AND NEUROPSYCHIATRIC
DISORDERS

Some studies using patient-derived materials have revealed the
involvement of human ELFN1 in neuropsychiatric disorders.
Tomioka et al. (2014) carried out resequencing analysis of ELFN1

in patients with autism/attention-deficit hyperactivity disorder
(ADHD; n = 316) and epilepsy (n = 184) as well as healthy
control subjects. They identified three functional missense
mutations in the patients: R650C (Asperger syndrome/ADHD),
childhood absence epilepsy/ADHD (D678N), and juvenile
myoclonic epilepsy (R691W). R650C and R691W are both
unique (singleton); equivalent single-nucleotide polymorphisms
(SNPs) have not appeared in the current dbSNP4. The frequency
of D678N (rs 1186436633) is 1/125, 568, significantly rarer than
that of the patient group (1/732, P = 0.011, Fisher’s exact test).
Interestingly, R650C, D678N, and R691W were clustered in
the cytoplasmic region. R650C, D678N, and R691W recruited
significantly lower amounts of mGluR7 signal than did WT
ELFN1when expressed in hippocampal neurons. As a basis of the
weaker mGluR7-recruiting ability, impaired protein trafficking
was suggested for R650C and D678N (Tomioka et al., 2014).

In addition to ADHD/epilepsy, a recent study highlighted the
involvement of ELFN1 in post-traumatic stress disorder (PTSD)
pathophysiology. Girgenti et al. (2021) performed the first
transcriptome-wide analysis of gene expression changes in the
postmortem brain of a large cohort of PTSD subjects. RNA-seq
analysis of four prefrontal cortex subregions from 52 PTSD
subjects and 46 control subjects revealed the downregulation
of ELFN1 and GABA-related genes such as GAD2 (glutamate
decarboxylase 2), SST, PNOC (prepronociceptin), and SLC32A1
(VGAT) in the dorsolateral prefrontal cortex (dlPFC) of
PTSD patients. In a transcriptome-wide association study, they
identified ELFN1 as a gene conferring significant genetic liability
for PTSD (Girgenti et al., 2021).

HYPOTHETICAL NEURAL CIRCUITS
INVOLVED IN Elfn1-ASSOCIATED
PATHOPHYSIOLOGY

ADHD

Dopaminergic System and SST-INs
ADHD is a neurodevelopmental disorder defined by impaired
attention, disorganization, and/or hyperactivity–impulsivity
(American Psychiatric Association, 2013). ELFN1 missense
mutations (R650C and D678N) in ADHD patients and
ADHD-like behavioral abnormalities in Elfn1 KO led us to
hypothesize the involvement of ELFN1 in ADHD-associated
neural circuits. Recent neuroimaging studies [magnetic
resonance imaging (MRI), diffusion MRI, functional MRI]
on ADHD patients revealed three neural circuits associated
with ADHD: frontoparietal, dorsal frontostriatal, and
mesocorticolimbic circuits (Gallo and Posner, 2016). In
contrast, a genome-wide association study identified candidate
genes implicated in ADHD; these included SLC6A3 (dopamine
transporter), DRD4 (dopamine receptor D4), DRD5 (dopamine
receptor D5), CDH13, FOXP2, DUSP6, and LPHN3 (Gallo
and Posner, 2016; Demontis et al., 2019; Grimm et al., 2020).
DUSP6 encodes a known dual-specificity protein phosphatase
that decreases dopamine release in PC12 cells. Lphn3-KO rats

4http://www.ncbi.nlm.nih.gov/snp/
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FIGURE 1 | Trans-synaptic interactions between leucine-rich-repeat (LRR) and fibronectin type III domain-containing transmembrane proteins (LRRFn) and
metabotropic glutamate receptor (mGluR) proteins in the hippocampal CA1 circuits and function of extracellular leucine-rich repeat fibronectin domain-containing
family proteins (Elfn1) in the retinal synapses. (A) Domain structure of Elfn1 and Elfn2. (B) Molecular phylogenetic tree of G protein-coupled receptor (GPCR;
simplified tree from Fredriksson et al., 2003) and physical interaction between GPCR and LRRFn. (C) Distribution of Elfn1 protein in the hippocampus (reprinted from
Tomioka et al., 2014). DG, dentate gyrus; HIPP, hilar perforant path-associated; OLM, oriens-lacunosum-molecule cells; SO, stratum oriens; SP, stratum pyramidale,
SR, stratum radiatum; SLM, stratum lacunosum moleculare; SUB, hippocampal subiculum. (D) Two major inputs in CA1 and feedback inhibition by Elfn1-expressing
interneurons (INs). Ipsi- and contra-lateral CA3 region inputs into dendritic domains of CA1 pyramidal neurons in the SR via Schaffer collaterals. The entorhinal cortex
inputs into the SLM. Elfn1 is expressed in OLM cells and HIPP cells, which are GABAergic interneurons located in the SO of CA1 and the hilus of the dentate gyrus,
respectively. Hippocampal CA1 circuits regulated by LRRFn–mGluR trans-synaptic interactions. (E) Trans-synaptic interactions of mGluR7 and Elfn1 formed between
pyramidal cells and OLM cells. (F) Trans-synaptic interactions of Elfn2 with group III mGluR candidates such as mGluR4, mGluR7, and mGluR8 between excitatory

(Continued)
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FIGURE 1 | Continued
neurons. (G) Trans-synaptic interactions among FLRT3, teneurin 2, and
Lphn3 between CA3 and CA1 excitatory connections in the SR. Lphn2 is
exclusively localized in the SLM and involved in the excitatory synapse
formation between the entorhinal cortex and CA1 (Sando et al., 2019). (H)
Decrease in the association of mGluR7- and mGluR1-positive signals in the
CA1 of Elfn1-knockout (KO) mice (reprinted from Tomioka et al., 2014). (I)
Retinal synapses among cone and rod photoreceptor cells and bipolar cells.
ONL, outer nuclear layer; OPL, outer plexiform; INL, inner nuclear layer; IPL,
inner plexiform layer. ON and OFF indicate the stratified IPL where circuits
respond to the onset and offset of light, respectively. Elfn1 and Elfn2 are
selectively expressed in the matured rod and cone cells, respectively, that
synapse onto ON-bipolar cells in the OPL. (J) Elfn1 bridges the functional
interaction between the glutamate release-directing CaV1.4 channel and
glutamate-sensing mGluR6 (Cao et al., 2015). (K) Cone cells express
Elfn1 during early synaptogenesis and switch to ELFN2 to support synaptic
signaling in mature retinas (Cao et al., 2020).

show persistent hyperactivity, increased acoustic startle, reduced
activity in response to amphetamine relative to baseline higher
release of dopamine, and female-specific reduced anxiety-like
behavior (Regan et al., 2019). Furthermore, dopamine release
from Lphn3-KO rat brain slices was higher with a decreased
duration and inter-event time in comparison to that from WT
controls (Regan et al., 2020). In Lphn3-KO mice, dopamine
and serotonin contents were increased in the dorsal striatum
(Wallis et al., 2012), and a Gene Set Enrichment Analysis of the
prefrontal cortex transcriptome found that the dopaminergic
synapse pathway and the cocaine and amphetamine addiction
pathways were significantly enriched (Mortimer et al., 2019).
Taken together, these facts implicate that impaired dopamine
signaling is included in the pathophysiology of LPHN3-
associated ADHD.

In terms of dopamine signaling in Elfn1-KOmice, it is known
that amphetamine treatment paradoxically reverses hyperactivity
(Dolan andMitchell, 2013). It is therefore possible that dopamine
signaling is altered in the brains of Elfn1-KO mice. Further
evidence linking Elfn1 function and dopaminergic neural circuits
is expected.

In addition, SST-INs might be crucial in the ELFN1-
associated ADHD pathophysiology. This is because SST-INs
in the cerebral cortex can affect the ADHD-associated dorsal
frontostriatal circuit, constituting the dorsolateral PFC, dorsal
striatum, and the thalamus (Gallo and Posner, 2016). Supporting
this idea, dysfunction of SST-INs has also been identified in
another ADHD-associated gene in Cdh13-KO mice. Cdh13
is expressed by numerous parvalbumin and SST-INs located
in the stratum oriens, where it localizes to both the soma
and the presynaptic compartment. Cdh13-KO mice show an
increase in basal inhibitory, but not in excitatory, synaptic
transmission in CA1 pyramidal neurons, indicating that Cdh13 is
a negative regulator of inhibitory synapses in the hippocampus
(Rivero et al., 2015).

Significance of Habenular Circuits in ADHD
Mouse Elfn1 is expressed in habenular neurons that project to
the interpeduncular nucleus (Dolan andMitchell, 2013). Both the
medial habenular nucleus (mHb) and lateral habenular nucleus
(lHb) express high levels of Elfn1 (Figure 2C; Lein et al., 2007).

The mHb receives synaptic inputs primarily from the septum
and sends outputs through the fasciculus retroflexus into
the interpeduncular nucleus, which in turn projects to raphe
nuclei (Figure 2C; reviewed in Lee and Goto, 2013). In
contrast, the lHb receives inputs from the hypothalamus,
prefrontal cortex, and basal ganglia and sends outputs directly
to midbrain nuclei such as the ventral tegmental area where
dopaminergic neurons are located and to the dorsal raphe
where serotonin neurons are located (Figure 2C; reviewed in
Lee and Goto, 2013).

The involvement of the habenular neural circuit in ADHD
pathophysiology has been suggested by both preclinical
and clinical studies. Chemical or genetic disruption of the
habenula has been studied in experimental animals. A neonatal
habenula lesion causes hyperlocomotion, impulsivity, and
attention deficits at juvenile rats, and administration of a
low dose of amphetamine improves these behavioral changes
(Lee and Goto, 2011). Genetic ablation of the mHb in mice
results in reductions in interpeduncular nucleus (IPN)
acetylcholine levels. These mutant mice were hyperactive,
were impulsive, and displayed compulsive behaviors with
deficits in long-term spatial memory (Kobayashi et al., 2013).
In clinical terms, children with ADHD exhibit decreased
habenula–putamen intrinsic functional connectivity compared
to healthy controls (Arfuso et al., 2019). In addition, hypoactivity
of the putamen has been consistently observed in medicated
or medication-naïve children with ADHD (Cortese et al.,
2012). Although further multimodal studies are needed to
make a definitive conclusion, the involvement of habenular
circuits in ADHD’s core pathophysiology is highly likely.
Building on the habenular neural circuit physiology established
by pioneering studies (Hikosaka, 2010; Kobayashi et al.,
2013; Lee and Goto, 2013), the selective expression of Elfn1
corroborates that clarification of the role of Elfn1 in habenular
neural circuits would contribute to a better understanding of
ADHD pathophysiology.

Elfn1 and mGluR7 Trans-interaction and ADHD
The relationship between ELFN1 and ADHD is also
supported by the genetic association of GRM7 (mGluR7)
with ADHD, which has been observed in some cohorts
(Elia et al., 2012; Park et al., 2013; Akutagava-Martins et al.,
2014; Zhang et al., 2021) and with treatment response to
methylphenidate among ADHD patients (Mick et al., 2008;
Park et al., 2014). Furthermore, mGluR7-KO mice exhibit
an attenuated response to amphetamine, with increased
gamma oscillations (30–100 Hz) and lowered delta oscillations
(1–3 Hz) in electroencephalography (Fisher et al., 2020).
Amphetamines have been shown to strongly modulate
gamma activity in attention-associated regions in adults
with ADHD (Franzen and Wilson, 2012). As a possible
link between Elfn1–mGluR7 trans-interaction and EEG
wave control, SST- and PV-INs differentially correlate with
beta (14–29 Hz) and gamma (30–100 Hz) oscillations, and
they are thought to play different as well as cooperative
roles in orchestrating specific cortical oscillations (Chen
et al., 2017). Although there are no clear differences in
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FIGURE 2 | Roles of Elfns–mGluRs trans-interaction in synapses. (A) Roles of Elfn1 in hippocampal and cortical synapses on somatostatin-interneurons (SST-INs).
(B) Role of Elfn2 in hippocampal synapses. (C) Dopaminergic and habenular neural circuits for ADHD (Lee and Goto, 2013).

resting-state EEG between Elfn1 KO and WT controls
(Tomioka et al., 2014), further examination of changes to
EEG in Elfn1-KO mice upon drug or environmental stimuli is of
considerable value.

PTSD
The reduction of ELFN1 and SST expressions in the dlPFC of
PTSD patients (Girgenti et al., 2021) suggests that alterations

to the PFC SST-IN-containing neural circuit is included in
the pathophysiology of PTSD. This idea is consistent with the
results of recent neuroimaging studies on PTSD patients. dlPFC
intrinsic functional connectivity is increased in PTSD patients
(Li et al., 2016), and the dlPFC is included in frontoparietal
connections (executive-control network) that are correlated with
executive task performance (Seeley et al., 2007). It is hypothesized
that disruption of the executive-control network would be
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included in the etiology of PTSD by top-down regulation of
emotions (Abdallah et al., 2019; Kunimatsu et al., 2019). Given
that the ELFN1 expression status is significantly associated
with PTSD and ELFN1 expression is reduced in the dlPFC
(Girgenti et al., 2021), ELFN1 may play a role together with
other GABA-related key drivers (SST, PNOC, and GAD2) in the
executive-control network.

With a candidate gene approach, genetic risk variants
including monoaminergic neurotransmission-related genes
(serotonin, SLC6A4; dopamine, SLC6A3, DRD2, DRD3, DBH,
and COMT) were identified (Banerjee et al., 2017). A recent
genome-wide association studies meta-analysis showed that
PARK2, a dopamine regulation-related gene, is associated with
PTSD (Nievergelt et al., 2019). Along with other accumulating
evidence, dysregulation of monoaminergic transmission in
PTSD pathogenesis has been hypothesized (Abdallah et al.,
2019; Blum et al., 2019). In this hypothesis, monoamine
dysregulation-based altered function of the dlPFC, amygdala,
and striatum (Abdallah et al., 2019) or hypodopaminergia (low
dopamine function) (Blum et al., 2019) is a key mediator of
PTSD. Assuming the involvement of the altered dopaminergic
neural circuit, Elfn1 could be associated with the PTSD
pathophysiology through the habenular neural circuit as
described above (see ‘‘Dopaminergic System and SST-INs’’
section). This idea may also be supported by the fact that
ADHD and PTSD are often comorbid (Biederman et al., 2013;
Antshel et al., 2014).

Epilepsy
Tomioka et al. (2014) found functionally impaired ELFN1
mutations in epilepsy patients, D678N in an absence-type
seizure patient, and R691W in a myoclonic-type seizure patient.
Combined with the seizure-prone phenotype of Elfn1-KO mice,
they hypothesized that a disturbed excitatory–inhibitory balance
may underlie the pathophysiology (Tomioka et al., 2014). The
dysfunction of SST-INs has been proposed as a cause of both
experimental and human temporal lobe epilepsy (reviewed in
Tallent and Qiu, 2008). Seizures induce the loss of SST-INs
in the DG (Sloviter, 1987; Obenaus et al., 1993; Cossart
et al., 2001), and there is an electrophysiologically detectable
reduction in GABA release (Kobayashi and Buckmaster, 2003;
Sun et al., 2007).

In terms of mGluR7 involvement in seizure, the seizure
phenotype of mGluR7-KO mice is similar to that of Elfn1-KO
mice as described above. In addition, a recent study identified
seven deleterious mutations (I154T, W586X, R658W, R658Q,
R659X, T675K, and E891K) in 11 neurodevelopmental disorder-
affected patients from six unrelated families (Marafi et al., 2020).
The three mutations (R658Q, R659X, and E891K) existed as
a homozygous mutation in some patients. Of the patients’
clinical features, developmental delay, neonatal- or infantile-
onset epilepsy, and microcephaly were universal. Seizure types
of the affected patients were myoclonic and/or generalized
tonic–clonic seizure, focal and generalized tonic–clonic seizure,
and mutifocal (Marafi et al., 2020). These results, taken together,
indicate that the deleterious impairment of mGluR7 function
causes epileptic seizures both in humans and mice.

mGluR7 expression occurs broadly in excitatory neurons in
the cerebral cortex and hippocampus (Lein et al., 2007). In
agreement with its presynaptic localization, mGluR7 plays a
role in the inhibition of glutamate release as an autoreceptor
(reviewed in Fisher et al., 2018). Because of its low affinity
to glutamate (high µM to mM Kd as opposed to high nM
to low mM for the other group III mGluRs), mGluR7 is
hypothesized to function as an ‘‘emergency brake’’ in the
case of elevated glutamate levels (Niswender and Conn, 2010),
explaining a context-dependent (sensory stimuli-triggered)
seizure occurrence in mGluR7-KO mice (Sansig et al., 2001).
Constitutive activation of mGluR7 by Elfn1 (Dunn et al., 2018;
Stachniak et al., 2019) may also contribute to the integrity of
mGluR7 function as an emergency brake. Also, in the case of
Elfn1 KO, ‘‘brake failure’’ may well explain the sensory stimuli-
triggered seizure.

DISCUSSION

Elfn–mGluR interaction is fundamental for the tonic control
of presynaptic mGluRs. However, several important questions
remain unanswered. Although the possible trans-interactions
between Elfns and mGluRs have been shown, the entirety
of the Elfn–mGluR-associated molecular complex is not fully
understood. Furthermore, the extent of the interaction occurring
in the central nervous system (CNS) or peripheral organs has not
been fully elucidated. Both comprehensive proteomic analyses
and detailed structure analyses are necessary to determine
the full extent of this interaction. The roles of Elfns in
each neural circuit should be clarified through spatiotemporal
gene function analysis such as conditional gene targeting. In
terms of clinical relevance, the current clinical results suggest
the ELFN1 is genetically associated with ADHD, PTSD, and
epilepsy. However, the sample sizes and varieties in the current
results are small, particularly for ADHD and epilepsy. In
this regard, a candidate gene approach for various cohorts
would be necessary. Knockin mice analysis would be helpful to
clarify the significance of the patient-derived mutations. Finally,
clarifying the roles of the Elfn–mGluR interaction in the disease-
associated neural circuits is fruitful, not only for understanding
the pathophysiology of the neurological disorders but also for
improving our understanding of the molecular basis of higher
brain functions.
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Type I and type II classical cadherins comprise a family of cell adhesion molecules that
regulate cell sorting and tissue separation by forming specific homo and heterophilic
bonds. Factors that affect cadherin-mediated cell-cell adhesion include cadherin binding
affinity and expression level. This study examines the expression pattern of type I
cadherins (Cdh1, Cdh2, Cdh3, and Cdh4), type II cadherins (Cdh6, Cdh7, Cdh8, Cdh9,
Cdh10, Cdh11, Cdh12, Cdh18, Cdh20, and Cdh24), and the atypical cadherin 13
(Cdh13) during distinct morphogenetic events in the developing mouse central nervous
system from embryonic day 11.5 to postnatal day 56. Cadherin mRNA expression
levels obtained from in situ hybridization experiments carried out at the Allen Institute
for Brain Science (https://alleninstitute.org/) were retrieved from the Allen Developing
Mouse Brain Atlas. Cdh2 is the most abundantly expressed type I cadherin throughout
development, while Cdh1, Cdh3, and Cdh4 are expressed at low levels. Type II
cadherins show a dynamic pattern of expression that varies between neuroanatomical
structures and developmental ages. Atypical Cdh13 expression pattern correlates
with Cdh2 in abundancy and localization. Analyses of cadherin-mediated relative
adhesion estimated from their expression level and binding affinity show substantial
differences in adhesive properties between regions of the neural tube associated with
the segmentation along the anterior–posterior axis. Differences in relative adhesion
were also observed between brain nuclei in the developing subpallium (basal ganglia),
suggesting that differential cell adhesion contributes to the segregation of neuronal
pools. In the adult cerebral cortex, type II cadherins Cdh6, Cdh8, Cdh10, and Cdh12
are abundant in intermediate layers, while Cdh11 shows a gradated expression from
the deeper layer 6 to the superficial layer 1, and Cdh9, Cdh18, and Cdh24 are
more abundant in the deeper layers. Person’s correlation analyses of cadherins mRNA
expression patterns between areas and layers of the cerebral cortex and the nuclei of
the subpallium show significant correlations between certain cortical areas and the basal
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ganglia. The study shows that differential cadherin expression and cadherin-mediated
adhesion are associated with a wide range of morphogenetic events in the developing
central nervous system including the organization of neurons into layers, the segregation
of neurons into nuclei, and the formation of neuronal circuits.

Keywords: classical cadherins, cell adhesion molecules, neural development, differential cell adhesion, tissue
morphogenesis, basal ganglia, cerebral cortex, neural circuit formation

INTRODUCTION

During the formation of the vertebrate central nervous
system (CNS), neuronal precursors sort out and organize into
functionally distinct histological structures, including stratified
cell layers or laminae and neuronal aggregates or nuclei.
Thereafter, neurons extend neurites and build cell–cell junctions
between distantly located partners leading to the establishment
of neural circuits. These morphogenetic processes are based on
the ability of cells to segregate and aggregate into cohesive groups
through the formation of specific adhesive bonds of varying
binding affinities mediated by a repertoire of cell adhesion
molecules (Steinberg, 1963, 1970; Nose et al., 1988; Steinberg
and Takeichi, 1994; Gumbiner, 1996; Foty and Steinberg, 2013;
Sanes and Zipursky, 2020).

Classical cadherins (Cdh) play a leading role in tissue
morphogenesis by forming high-affinity trans-dimers between
apposed cell membranes capable of regulating adhesive
interactions necessary for specific cell sorting, aggregation
of cells into groups, and the formation of complex tissue
architecture (Steinberg and Takeichi, 1994; Duguay et al.,
2003; Foty and Steinberg, 2005; Gumbiner, 2005; Hirano and
Takeichi, 2012; Honig and Shapiro, 2020). Classical cadherins
are comprised of five extracellular cadherin domains (EC), a
single-pass transmembrane region, and a cytoplasmic tail with
conserved protein binding sites (Hatta et al., 1988; Kemler,
1992; Pokutta and Weis, 2007; Shapiro and Weis, 2009; Oda
and Takeichi, 2011). Classical cadherins are grouped in type I
and type II based on the structure of the binding site in EC1
(the farthest EC from the cell membrane) that governs the
mode of transdimerization (Shapiro et al., 1995; Tamura et al.,
1998; Nollet et al., 2000; Boggon et al., 2002; Patel et al., 2006;
Harrison et al., 2010; Honig and Shapiro, 2020). Type I cadherins
include cadherin 1 (Cdh1), cadherin 2 (Cdh2), cadherin 3 (Cdh3),
cadherin 4 (Cdh4), and cadherin 15 (Cdh15). Type II cadherins
include cadherin 5 (Cdh5), cadherin 6 (Cdh6), cadherin 7 (Cdh7),
cadherin 8 (Cdh8), cadherin 9 (Cdh9), cadherin 10 (Cdh10),
cadherin 11 (Cdh11), cadherin 12 (Cdh12), cadherin 18 (Cdh18),
cadherin 19 (Cdh19), cadherin 20 (Cdh20), cadherin 22 (Cdh22),
and cadherin 24 (Cdh24) (Nollet et al., 2000; Gul et al., 2017).
Type I cadherins possess a single critical tryptophan residue in
position 2 (W2) necessary for trans-dimer formation. In contrast,
type II cadherins have two critical tryptophan residues (W2 and
W4) that cause a different folding of EC1 (Tamura et al., 1998;
Boggon et al., 2002; Patel et al., 2006; Harrison et al., 2010). The
differently folded EC1 found in type I and type II cadherins are
incompatible with the formation of heterophilic trans-dimers
between subtypes. However, type I and type II cadherins form
high-affinity heterophilic trans-dimers between members of

the same specificity group (Shan et al., 2000; Katsamba et al.,
2009; Harrison et al., 2010; Vendome et al., 2014; Honig and
Shapiro, 2020). Based on the heterophilic binding affinities, type
II cadherins are divided in three specificity groups that include
Cdh6, Cdh9, and Cdh10 (here called group A), Cdh7, Cdh12,
Cdh18, Cdh20, and Cdh22 (here called group B), and Cdh8,
Cdh11, and Cdh24 (here called group C) (Brasch et al., 2018).
The atypical Cdh13 (also known as T-cadherin) ectodomain
is comprised of five ECs linked to the cell membrane by a
glycosylphosphatidylinositol (GPI) moiety, and the folding of
EC1 involved in homophilic binding differs from the one found
in classical cadherins (Ranscht and Dours-Zimmermann, 1991;
Ciatto et al., 2010).

Cadherins have been implicated in a variety of morphogenetic
events during neural development including cell migration,
segmentation of the neural tube, neurite outgrowth, axon
targeting, and synapse formation (Redies and Takeichi, 1996;
Redies, 2000; Takeichi, 2007; Hirano and Takeichi, 2012;
Sanes and Zipursky, 2020). Experimental manipulation of
cadherin expression in vivo in developing motor neurons caused
inappropriate sorting and ectopic localization into neuronal
pools within the ventral horn of the spinal cord (Price et al.,
2002). The study provided direct evidence that combinatorial
expression of classical cadherins subtypes is necessary for the
sorting and aggregation of motor neurons into anatomically and
functionally distinct pools. Other studies of type I and type
II cadherins in the developing CNS identified combinatorial
expression patterns between interconnected neurons, indicating
that cadherins regulate the specificity of synaptic connectivity
required for the assembly of neuronal circuits (Duan et al., 2014,
2018; Basu et al., 2017). This evidence supports a morphogenetic
model regulated by the combinatorial expression of classical
cadherins that specify molecular identity and differential adhesive
properties to distinct neuronal groups.

The present study examines mRNA expression levels of
classical type I and type II cadherins and the atypical Cdh13
throughout the developing mouse CNS [from embryonic
day (E) 11.5 to postnatal day (P) 56], with the goal
of identifying morphogenetic events regulated by cadherin-
mediated differential cell–cell adhesion. Cadherins mRNA
expression levels in each anatomical structure were obtained
from in situ hybridization (ISH) studies carried out at the
Allen Institute for Brain Science1 and available through the
Allen Developing Mouse Brain Atlas2 (Lein et al., 2007;
Ng et al., 2009; Thompson et al., 2014; Chou et al., 2016). This
neurodevelopmental atlas is comprised of detailed analysis of

1https://alleninstitute.org/
2http://developingmouse.brain-map.org
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genome-wide mRNA abundance at a single-cell resolution level
in each neuroanatomical structure defined by the ontological
organization of the mouse CNS (Dong, 2008; Watson et al.,
2011) and described in the Reference Mouse Brain Atlas3. The
present analysis focuses on the transverse neuromeric-based
segmentation of the neural tube along the anterior–posterior
axis, the dorsal–ventral plate-based division of the neural
tube, the nuclear organization of neurons in the subpallium,
and the differential expression of classical cadherins in the
layers and areas of the cerebral cortex (dorsal pallium). The
study shows that neuroanatomical structures are characterized
by the expression of distinct combinations of type I and
type II cadherins that generate varying relative adhesion
levels throughout development, suggesting that differential cell
adhesion contributes to the segregation of neurons into brain
nuclei, neuromeric segmentation, assembly of neurons in layers,
and formation of neural circuits.

MATERIALS AND METHODS

mRNA Expression
Datasets from ISH experiments were retrieved from the Allen
Institute for Brain Science by querying the Allen Developing
Mouse Brain Atlas4 (Lein et al., 2007). Neuroanatomical
structures are organized on the basis of the prosomeric model
of CNS development (Puelles and Ferran, 2012) as described in
the ontological Mouse Brain Atlas (Dong, 2008; Watson et al.,
2011), which is used as reference atlas (Allen Institute, 2010,
2013). Search queries were built using the RESTfull Model Access
(RMA) query builder5 using the structure_id as anatomical
identifier (Supplementary Table 1) and section_data_set_id
as identifier of ISH experiments corresponding to a cadherin
probe and developmental age (Ng et al., 2007, 2009). The
section_data_set_id numbers corresponding to the experiments
used in this study are listed in Supplementary Table 2.
The retrieved data were downloaded and analyzed in Excel
worksheets. Tissue section images of the experiments used
in this study can be retrieved using this web address:
http://developingmouse.brain-map.org/experiment/show/
‘‘section_data_set_id’’ by replacing “section_data_set_id” with
the desired experiment number from Supplementary Table 2.

The informatics data processing pipeline of the Allen
Developing Mouse Brain Atlas uses a three-dimensional model
of the ontology-based reference brain atlas gridded into voxels
(Ng et al., 2007; Allen Institute, 2011). Gene expression statistics
(obtained from the ISH experiments) for each anatomical
structure delineated in the reference atlas are computed by
combining the expression values of each voxel through multiple
tissue sections within the same structure volume using the
structure unionize module (Lein et al., 2007; Thompson et al.,
2014). The data processing provides the expression density,
intensity, and energy values of each neuroanatomical structure
for each image-series stored in the database, which includes

3https://atlas.brain-map.org/
4brain-map.org/api/index.html
5http://api.brain-map.org/examples/rma_builder/rma_builder.html

the data from each pixel contained within the volume of the
anatomical structure. The reference atlas of each developmental
stage is annotated at the lowest ontology level available: level 5
for E11.5, E18.5, P4, and p14; level 9–10 for E13.5 and 15.5; and
level 11–13 for P56.

Expression energy values express the pixel intensity signal of
each probe normalized to the number of pixels in the three-
dimensional anatomical structure reconstructed from multiple
tissue sections [Expression energy = (sum of expressing pixel
intensity/sum of expressing pixels) × (sum of expressing
pixels/sum of all pixels)]. Expression energy is used to compare
gene expression levels between anatomical structures. The probes
used for ISH experiments to detect cadherin mRNA levels
have not been calibrated against an mRNA standard; therefore,
quantitative differences in expression values between cadherins
are only suggestive. In contrast, relative differences in mRNA
expression levels of the same cadherin between anatomical
structures reflect difference in gene expression levels.

To compare cadherins mRNA expression energy detected by
ISH with neuronal mRNA levels detected by single cell RNA
sequencing (scRNA-Seq), the expression energy values in the six
layers of the frontal, parietal, temporal, and occipital cortical
areas of the P56 mouse were compared to the amount of mRNA
detected by scRNA-Seq in the 8-week-old mouse neocortex.
Cadherins expression energy values in each layer of each cortical
area were normalized to beta-actin (Actb) expression level, and
the average of the normalized values from the six layers and
four cortical areas was calculated for each cadherin. mRNA levels
detected by scRNA-Seq of each cadherin and Actb in the ∼8-
week-old mouse neocortex (1,093,785 total cells) were obtained
from the scRNA-Seq database of the Allen Institute for Brain
Science6 (Tasic et al., 2018; Miller et al., 2020). The Allen mouse
transcriptomics whole cortex and hippocampus 10X genomics
2020 dataset was used for this analysis. From the 377 cell types
identified, 24 non-neuronal cells were removed. The scRNA-Seq
value of each cadherin in each of the 353 neuronal groups was
normalized to Actb, and the average of the normalized values
for each cadherin was calculated (Supplementary Figure 4).
Data analysis and plotting were done in Excel, and statistical
analysis and Pearson’s correlations were carried out using SPSS
IBM software. Figures were prepared in Adobe Illustrator and
Adobe Photoshop.

Calculation of Cadherin Relative
Adhesion
To correlate mRNA expression energy values with the number
of cadherin proteins expressed on the cell surface, an expression
energy value of 1 was arbitrarily equated to 25,000 protein
molecules based on previous reports (Duguay et al., 2003). The
expression levels of cadherins were used to calculate the adhesive
force between two cells, as determined by the work W (in calories)
required to separate two cells, based on the binding affinity
(dissociation constant KD) as previously described (Katsamba
et al., 2009). The concentration of cadherin’s EC1 participating
in cell adhesion was calculated assuming the cell being spherical
with a diameter of ∼10 µm and cadherin molecules equally

6https://portal.brain-map.org/atlases-and-data/rnaseq#Datasets
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distributed on the surface. Based on the distance between
apposed cell membranes (obtained from electron micrographs)
and the length of the entire cadherin’s EC domain (obtained
from their crystal structure), the thickness of the space in
which EC1 resides was estimated at 12 nm (Chen et al., 2005).
The equilibrium monomer/dimer concentrations upon adhesion
were then estimated using cadherins dissociation constants KD
(Chen et al., 2005; Katsamba et al., 2009) according to Eq. 1,

CD 
 2CM (dissociation of dimers to monomers)

KD =
(CM)2

CD
(1)

The number of cadherin monomers in contact between two cells
was estimated based on a previously described model (Chen
et al., 2005). Briefly, a perfectly spherical cell is in contact
with 12 other cells; therefore, approximately 8% of cadherins
expressed on one cell surface are in contact with one other cell.
It was arbitrarily assumed that half of the expressed cadherin
molecules in contact with other cells (about 4%) participate
in cell–cell homodimer adhesion. The ratio of monomer/dimer
concentration is equal to the ratio monomer/dimer molecules;
thus, the number of cadherin dimers N between two cells
can be estimated.

The adhesive force W between two cells is calculated
using Eq. 3 (Chen et al., 2005). The Gibbs free energy of
adhesion for one dimer molecule 1g(i,j) was calculated from
the dissociation constant values KD, according to Eq. 2. The
calculated adhesive force W was normalized to the amount of
force generated by 25,000 molecules of Cdh2 and is referred as
relative adhesion force.

1g
(
i, j

)
= −

(
RT
n

)
ln(KD) n = Avogadro

′

s number (2)

W (I, J) = Ndimers1g
(
i, j

)
(3)

Pearson’s Correlation
Pearson’s correlation coefficient analysis was used to estimate
positive and negative linear relationship between cadherins
expression using IBM SPSS Statistics (Field, 2013). Statistically
significant Pearson’s correlation r coefficients are reported at
P < 0.01 confidence interval. Pearson’s correlation analysis was
performed between pairs of individual cadherins and between
groups of cadherins using mRNA expression energy values
obtained from the Allen Developing Mouse Brain Atlas as
described above.

RESULTS

Type I and Type II Cadherins Expression
in the Developing Mouse CNS
The neuroanatomical organization used by the Allen Brain
Reference Atlas of the developing mouse (see text footnote 3)

is based on the ontogenetic relationships between anatomical
structures (Puelles and Rubenstein, 2003, 2015; Dong, 2008;
Allen Institute, 2013; Puelles et al., 2013). This ontology-
based neuroanatomy emphasizes the progressive regionalization,
stratification, and nuclei formation as structures derived from
a previous anatomical structure, and therefore facilitates the
analysis of the developmental regulation of gene expression
and their role in the formation of the CNS (Dong, 2008;
Watson et al., 2011). The ontology-based reference atlas organizes
the mouse CNS in thirteen ontological levels that expand
from the early segmentation of the neural tube (level 1)
into forebrain, midbrain, hindbrain, and spinal cord, to the
complete set of neuroanatomical structures including cell layers
and nuclei observed in the adult CNS (levels 11–13), which
are similar to the ones described in the stereotaxic mouse
brain atlas and in classical human neuroanatomy (Parent, 1996;
Franklin and Paxino, 2019) [abbreviations of neuroanatomical
structures used in the Allen Reference Atlas (see text footnote
3) and followed throughout the present study can be found in
Supplementary Table 1].

This study focused on type I cadherins Cdh1, Cdh2, Cdh3,
and Cdh4, type II cadherins Cdh6, Cdh7, Cdh8, Cdh9, Cdh10,
Cdh11, Cdh12, Cdh18, Cdh20, and Cdh24, and the atypical
Cdh13, which is linked to the cell membrane via a GPI
moiety. Classical cadherins Cdh5, Cdh15, Cdh19, and Cdh22
were excluded from this analysis because expression values
were not reported in the Allen Developing Mouse Brain Atlas
and/or their binding affinity has not been determined. To
examine the expression levels of classical cadherins in the
developing mouse CNS, the mRNA expression energy values
were obtained from the Allen Developing Mouse Brain Atlas
using the RMA query builder and the structure unionize
module (see section “Materials and Methods”). Expression energy
represents the sum of the signal intensity of all pixels within an
anatomical structure normalized to the number of expressing
pixels, and it is a useful unit for comparing gene expression
levels between structures. Figure 1 shows the expression energy
values of cadherins along the anterior–posterior axis in the
young adult P56 mouse CNS. Ontological level 3 describes
nineteen segments from the anterior secondary prosencephalon
to the most posterior rhombomere r11 (Figure 1A). Cdh2
and Cdh13 are abundantly expressed throughout the CNS
with similar expression levels in each segment. The forebrain
shows the highest expression values, while the midbrain and
hindbrain are consistently lower (Figure 1B). Type I Cdh1,
Cdh3, and Cdh4 are detected at low levels throughout the
CNS. Type II cadherin group A and B are expressed at
moderate levels and their expression varies along the anterior–
posterior axis. Cdh6 and Cdh10 are uniformly expressed, while
Cdh9 is more abundant in the forebrain and progressively
declines from the midbrain to the posterior end of the CNS
(Figure 1C). Type II cadherins group B expression varies at
each neuromeric segment with a noticeable increase of Cdh18
in the midbrain region (Figure 1D). Type II group C Cdh8
and Cdh11 are expressed in a pattern similar to the one
observed for Cdh2, with higher expression in the forebrain as
compared to the midbrain and hindbrain (Figure 1E). mRNA
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FIGURE 1 | mRNA expression levels of classical cadherins and atypical
Cdh13 in the young adult (P56) mouse CNS. (A) Anatomical divisions of the
developing CNS up to ontological level 3 based on the prosomeric model.
(B–E) Cadherins mRNA expression energy values in each segment of the
neural tube along the anterior–posterior axis (anterior is to the left) detected by
ISH. (B) mRNA expression energy of type I cadherins Cdh1, Cdh2, Cdh3,
Cdh4, and the atypical Cdh13. (C) mRNA expression energy of type II
cadherins group A, Cdh6, Cdh9, and Cdh10. (D) mRNA expression energy of
type II group B, Cdh7, Cdh12, Cdh18, and Cdh20. (E) mRNA expression
energy of type II cadherins group C, Cdh8, Cdh11, and Cdh24. mRNA
expression energy is defined as the sum of expressing pixel intensities divided
by the number of pixels (see section “Materials and Methods”). RSP, rostral
secondary prosencephalon; CSP, caudal secondary prosencephalon; p,
prosomere; m, mesomere; is, isthmus; r, rhombomere.

expression level of cadherins here reported may differ from
the ones reported in other studies using ISH. For instance,
expression of certain classical cadherins, including Cdh1 and
Cdh4, has been detected in particular neural structures and
are involved in developmental processes including neural tube
segmentation (Matsunami and Takeichi, 1995; Redies and

Takeichi, 1996; Inoue et al., 2001). Discrepancies in cadherin
expression levels found between studies may be caused by
methodological differences, including probes used for ISH, and
by differences in anatomical classifications and in signal intensity
quantification. To examine whether cadherins mRNA expression
energy detected by ISH reflects neuronal mRNA levels detected
by scRNA-Seq, the expression energy values in the P56 mouse
isocortex were compared to the amount of mRNA detected by
scRNA-Seq in the 8-week-old mouse neocortex (Tasic et al.,
2018; Miller et al., 2020) (see section “Materials and Methods”).
The comparison shows that Cdh4, Cdh9, Cdh10, and Cdh18
expression levels may be underestimated by ISH; however, no
significant statistical difference was detected between groups
(Supplementary Figure 4).

The heatmap shown in Figure 2 displays the developmental
pattern of cadherins mRNA expression in the mouse CNS
from E11.5 to P56 (mRNA expression energy values are shown
in Supplementary Table 3). All cadherins were detected in
most anatomical structures throughout development; however,
only a subgroup of cadherins were expressed at significant
levels (a significant level of expression is considered ≥ 1
unit of expression energy). As observed at P56, cadherins
expression varies along the anterior–posterior axis and between
developmental stages. Cdh2 is the only classical type I cadherin
significantly expressed throughout the CNS. Cdh1, Cdh3, and
Cdh4 were detected at values below 1 unit of expression energy
at all developmental stages. Cdh2 expression peaks at E18.5 in
the diencephalon, pontine hindbrain, and medullary hindbrain.
Cdh13 shows a similar expression pattern as Cdh2; however,
Cdh13 expression peaks at P4 instead of E18.5. Cdh2 and
Cdh13 expression levels and localization are highly correlated
(Person’s correlation at E13.5 r = 0.729, E15.5 r = 0.86,
P14 r = 0.687, and P56 r = 0.763; p < 0.01). Cdh6 is
the most widely expressed type II group A cadherin. It is
more abundant in the forebrain and in the pontomedullary
and medullary hindbrains. Cdh9 and Cdh10 expression is
restricted to some segments of the CNS and shares a similar
anterior–posterior expression pattern in the caudal secondary
prosencephalon and medullary hindbrain, with the exception of
a distinctly high level of expression of Cdh9 in the isthmus and
rhombomere r1 at E15.5 and E18.5. This expression pattern is
unique among all cadherins suggesting that Cdh9 contributes
to the formation of anatomical structures derived from the
isthmus and rhombomere r1 region including the cerebellum.
Cdh7 is the most abundant type II group B cadherin and
displays higher expression levels during late embryonic (E18.5)
and early postnatal (P4) life. Cdh12, Cdh18, and Cdh20 are
expressed at low levels with the exception of Cdh18 that shows
higher expression in the midbrain and medullary hindbrain
at P56. Type II group C Cdh8 and Cdh11 are the most
abundant type II cadherins displaying high expression by the
end of embryonic development and at postnatal ages. Their
expression overlaps in the forebrain and midbrain and it
is reciprocal in the pontine and pontomedullary hindbrains
(rhombomeres r3–r8). Both cadherins are distinctively expressed
in the diencephalon at P4, suggesting a role in the separation
between the diencephalon and the midbrain. Cdh24 is expressed
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FIGURE 2 | Developmental expression of classical cadherins and Cdh13 mRNA along the anterior–posterior axis (anterior is to the left). The heatmap displays the
mRNA expression energy detected by ISH of type I (Cdh1, Cdh2, Cdh3, and Cdh4) and type II cadherin group A (Cdh6, Cdh9, and Cdh10), group B (Cdh7, Cdh12,
Cadh18, and Cdh20), group C (Cdh8, Cdh11, and Cdh24), and the atypical Cdh13 in each neuroanatomical segment (at ontological level 3) at E11.5, E13.5, E18.5,
P4, P14, and P56. RSP, rostral secondary prosencephalon; CSP, caudal secondary prosencephalon; p, prosomere; m, mesomere; is, isthmus; r, rhombomere.

at lower levels compared to Cdh8 and Cdh11, and its highest
expression is in the diencephalon and anterior midbrain region.
This analysis shows that in general, classical cadherins expression
increases from E11.5 to E18.5, peaks during late embryonic
(E18.5) and early postnatal (P4) life, and declines in the
young adult (P56). During embryonic development, cadherins
expression levels are higher in the hindbrain and shift to the
forebrain during postnatal life. Their expression varies along
the anterior–posterior axis indicating that each neuromeric
segment expresses a distinct and developmentally regulated
combination of cadherins.

Differential Cadherin-Mediated Adhesion
Associated With the Segmentation of the
Neural Tube Along the Anterior–Posterior
Axis
The neural tube develops along anterior–posterior and dorsal–
ventral axes (Martinez et al., 2012). Transverse tissue boundaries
that extend from the roof to the floor plate create tissue
segments (also known as neuromeres) along the anterior–
posterior axis, while divisions along the dorsal–ventral axis
create plate-based longitudinal separations of the neural tissue
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(Puelles and Rubenstein, 2003; Watson et al., 2011). Neuromeric
segments (described at ontogenetic level 3) represent neural
precursor domains that generate nuclear and laminar tissue
structures observed in the adult brain. Cadherin-mediated
adhesion, as determined by the work (W) required to separate
two cells, depends on their binding affinity and number of trans-
cadherin dimers formed between the two apposed cells, and is
directly related to the number of molecules on the cell surface
(Duguay et al., 2003; Foty and Steinberg, 2005; Katsamba et al.,
2009; Vendome et al., 2014; Brasch et al., 2018). To estimate the
effect that changes in cadherin expression have on the adhesive
properties of each segment of the CNS, the relative adhesion of
each cadherin was calculated based on their homophilic binding
affinity and mRNA expression level (determined by ISH). This
analysis assumed that differences in mRNA expression levels are
directly proportional to differences in protein expression levels.
To correlate mRNA expression with the number of cadherin
molecules expressed, an mRNA expression energy value of 1
was considered to represent 25,000 molecules of cadherin. The
level of expression of each cadherin in each anatomical structure
and their binding affinities were used to calculate relative
adhesive forces (W in calories) as described in Section “Materials
and Methods” (Katsamba et al., 2009; Vendome et al., 2014;
Brasch et al., 2018).

Figure 3 shows the relative adhesion of classical cadherins
along the anterior–posterior axis of the CNS during embryonic
and postnatal development. At E11.5, seven regions can be
identified by different relative adhesion levels of Cdh2, Cdh6,
Cdh8, and Cdh11 (Figures 3A–A′′′). From anterior to posterior,
high levels of Cdh6 relative adhesion are observed in the
secondary prosencephalon, while higher Cdh2 adhesion is
observed in the diencephalon. Differences in Cdh8 and Cdh11
adhesion are detected between the midbrain and prepontine
regions followed by a decline in Cdh8 and Cdh11 and an
increase in Cdh2 adhesion between pontine and pontomedullary
segments. The most posterior medullary region shows high
levels of Cdh6 adhesion (see Supplementary Figure 1 for
representative images of ISH experiments). At 13.5, Cdh2
relative adhesion has decreased and flattened along the anterior–
posterior axis, while Cdh6 relative adhesion is higher in the
midbrain, pontine, and medullary segments. Cdh8 shows a
similar pattern of relative adhesion as the one observed at E11.5,
with a noticeable higher value in the pontine rhombomeres
(r2–r5). Cdh11 relative adhesion has decreased and flattened
along the axis, and Cdh24 adhesion has increased in the
midbrain region (Figures 3B–B′′′). At E15.5, Cdh9 relative
adhesion is higher in the isthmus and prepontine segments,
while type II group C cadherins adhesion remains higher in the
pontine rhombomeres r3 to r5 (Figures 3C–C′′′). By the end of
embryonic development (E18.5), the relative adhesion of Cdh2
and Cdh6 has increased substantially (Figures 3D–D′′′). Cdh2
adhesion appears higher in the prosencephalon, diencephalon,
pontine, and posterior rhombomeres, while Cdh6 adhesion
remains high in the posterior medullary region. No significant
changes in group C cadherins relative adhesion are observed at
this stage. From birth to young adult, Cdh2 adhesion remains
prominent in the anterior regions of the CNS (prosencephalon,

diencephalon, and midbrain), Cdh6 relative adhesion is higher
in the prosencephalon and prepontine hindbrain and type II
group C cadherins relative adhesion is higher toward the anterior
regions of the CNS. (Figures 3E–E′′′,F–F′′′,G–G′′′ correspond to
P4, P14, and P56, respectively). Low levels of relative adhesion
are observed for type I (Cdh1, Cdh3, and Cdh4) and type II group
B cadherins with the exception of Cdh7 that shows intermediate
values of adhesion after birth (Figure 3E′′).

Although no precise boundaries between segments of the
neural tube may be drawn from this analysis, the results show
differential cadherin adhesion between distinct segments and
regions of the neural tube. From anterior to posterior, differences
in relative adhesion between segments are as follows: r1 and
r2 are associated with an increase in Cdh6, Cdh8, and Cdh11
adhesion; r2 and r3 are associated with a decrease in Cdh6 and
an increase in Cdh8 adhesion; r3 and r4 correspond with an
increase in Cdh11 and Cdh2 adhesion and a decrease in Cdh8;
r4 and r5 are associated with an increase in Cdh2 and a decrease
in Cdh11 adhesion; and r7 and r8 are associated with a decrease
in Cdh2 and an increase in Cdh6 adhesion. The complementary
and reciprocal patterns of Cdh2 and type II cadherins group
A and C relative adhesion associated with different regions of
the neural tube suggest that combinatorial cadherin-mediated
adhesion contributes to the compartmentalization of the neural
tube along the anterior–posterior axis.

The plate-based partitions divide the neural tube into roof,
alar, basal, and floor plates (described at ontological level 5).
Figure 4 shows the expression levels of classical cadherins at P56
in the alar and basal plates in each segment along the anterior–
posterior axis. The boundary between the alar and basal plates
is represented by the horizontal zero line, the bars above the
zero line show cadherin expression energy in the alar plate, while
the bars below the zero line display the expression energy in the
basal plate. Cdh2 and Cdh13 are the most abundantly expressed
cadherins in both the alar and basal plates, followed by Cdh8
and Cdh11 (Figures 4A,L,D,G respectively). In most segments,
cadherin expression levels in the alar and basal plates are mirror
images along the anterior–posterior axis, with some deviations
observed in Cdh8 and Cdh13 showing higher expression in the
basal plate of anterior rhombomeres (Figures 4D,L).

To examine whether cadherin expression levels differ between
the alar and basal plate in each CNS segment throughout
development, the ratios of expression energy between the two
plates along the anterior–posterior axis were calculated at each
developmental stage (Supplementary Figure 2). The values on
the horizontal zero line indicate a ratio of 1 (equal expression
energy in the alar and basal plates), values above the zero
line indicate higher expression in the alar plate, while values
below the zero line indicate higher expression in the basal
plate. Regional variations in the amount of cadherins expressed
between plates are observed at varying developmental stages
along the anterior–posterior axis. Cdh2 is equally expressed at all
ages except for a higher expression at E11.5 in the diencephalic
and pontomedullary regions (Supplementary Figures 2A–G).
The atypical Cdh13 shows a large increase in the basal plate in
the medullary hindbrain at E11.5 (Supplementary Figure 2A)
and up to fourfold higher expression in the basal plate in the
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FIGURE 3 | Relative adhesion values of classical cadherins during CNS development. The relative adhesion of cadherins in each neuroanatomical segment (at
ontogenetic level 3) along the anterior–posterior axis was estimated based on the level of cadherin mRNA expression (detected by ISH) and homophilic binding
affinity (anterior is to the left). One unit of mRNA expression energy was normalized to 25,000 cadherin molecules, and adhesion forces were estimated based on the
number of molecules and homophilic binding affinity as previously described (see section “Materials and Methods”). (A–G) type I cadherins; (A′–G′) type II cadherins
group A; (A′ ′–G′ ′) type II cadherins group B; (A′ ′ ′–G′ ′ ′) type II cadherins group C. (A–A′ ′ ′) E11.5; (B–B′ ′ ′) E13.5; (C–C′ ′ ′) E15.5; (D–D′ ′ ′) E18.5; (E–E′ ′ ′) P4;
(F–F′ ′ ′) P14; and (G–G′ ′ ′) P56. SP, secondary prosencephalon; D, diencephalon; M, midbrain; PPH, prepontine hindbrain; PH, pontine hindbrain; PMH,
pontomedullary hindbrain; MH, medullary hindbrain; RSP, rostral secondary prosencephalon; CSP, caudal secondary prosencephalon; p, prosomere; m, mesomere;
is, isthmus; r, rhombomere.

anterior rhombomeres r2 and r3 during postnatal development
(Supplementary Figures 2E–G). Type II group A cadherins
are also expressed at similar levels in both plates except for
an increase in Cdh6 in the midbrain and prepontine hindbrain

(Supplementary Figure 2B′) and a sharp increase of Cdh9 in the
alar plate at E15.5 (Supplementary Figure 2C′). Cdh20 shows
a narrow increase in the basal plate of the prosencephalon at
E11.5 (Supplementary Figure 2A′). Thereafter, no substantial
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FIGURE 4 | Cadherin mRNA expression levels in the alar and basal plates in the young adult mouse (P56) CNS. Panels show the mRNA expression energy of
cadherins in each neuroanatomical segment along the anterior–posterior axis (anterior is to the left) detected by ISH. Values above the horizontal zero line show
mRNA expression in the alar plate, and values below the zero line show mRNA expression levels in the basal plate. (A) Cdh2; (B) Cdh6; (C) Cdh7; (D) Cdh8;
(E) Cdh9; (F) Cdh10; (G) Cdh11; (H) Cdh12; (I) Cdh18; (J) Cdh20; (K) Cdh24; and (L) Cdh13. THy, terminal (rostral) hypothalamus; PHy, peduncular hypothalamus;
p, prosomere; m, mesomere; is, isthmus; r, rhombomere.

differences between plates are observed in all type II group B
cadherins. The largest fluctuations in the expression of cadherins
between alar and basal plates are observed in type II group
C cadherins. At E11.5, Cdh8 and Cdh11 show an increase in
the alar plate in the prosencephalon and anterior rhombomeres
(Supplementary Figure 2A′′′). Thereafter, both cadherins are
expressed at higher levels in the basal plate with the largest
difference observed at E13.5, P14, and P56 (Supplementary
Figures 2B′′′,G′′′,F′′′ respectively). These results show that most
cadherins are expressed at similar levels in the alar and basal
plates along the anterior–posterior axis throughout development
with regional differences in restricted areas and at particular ages.
Differences between plates are observed in the midbrain and
pontine hindbrain that coincide with the expansion of the alar
plate that generate the mesencephalic tectum and the cerebellum.
The small differences in cadherin expression levels between

alar and basal plates along the anterior–posterior axis suggest
that differential cadherin-mediated adhesion plays a role in the
formation of boundaries at particular segments of the neural tube
but not along the entire anterior–posterior axis.

Type I and Type II Cadherins Associated
With the Nuclear Organization of the
Subpallium
The alar plate of the evaginated telencephalic vesicle is divided
into pallium (that includes the cerebral cortex) and subpallium
(that includes the basal subdivision of the telencephalon and
the basal ganglia) (Dong, 2008; Watson et al., 2011). The
portion of the neural tube that gives rise to the subpallium
is divided into a proliferative thin layer or ventricular zone
adjacent to the inner ventricles, and a thicker mantel zone
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subdivided in periventricular, intermediate, and superficial strata
(Dong, 2008). The subpallial neural tube is comprised of
four topological divisions, namely, the subpallial septum, the
paraseptal subpallium, the central subpallium or classic basal
ganglia (that includes the corpus striatum and globus pallidus),
and the subpallial amygdala. These four divisions are described
at ontological level 7 (in the Allen Developing Mouse Brain
Atlas), and each of them is subdivided into a diagonal, pallidal,
and striatal part (with the exception of the subpallial amygdala
that contains a hypothalamic part). At E13.5 and E15.5, the
ventricular and mantle zones are described at ontological level
9, while the periventricular, intermediate and superficial strata
of the mantle zone are described at ontological level 10. During
embryonic development, each of the main divisions of the
subpallium is further parcellated into smaller progenitor domains
characterized by the expression of different combinations of
regulatory proteins that generate distinct cell groups (Medina and
Abellan, 2012). In contrast to the dorsal pallium that forms the
cerebral cortex with a layered organization, the three strata of
the mantle zone give rise to cellular aggregates or brain nuclei
including the classical basal ganglia identified in the adult mouse
brain and described at level 11 of the ontogenetic atlas.

The expression of type I and type II cadherins mRNA
in the developing mouse subpallium was examined at E13.5,
E15.5, and P56 in the diagonal, pallidal, and striatal parts of
each of the four subpallial anatomical divisions, which are
described at ontological level 8 (mRNA expression energy values
at ontology levels 8–12 have been only annotated in the E13.5,
E15.5, and P56 mouse brains). At E13.5, cadherins expression
is relatively low with substantial differences between subpallial
structures (Figure 5A). Cdh2 is the most abundant cadherin
with the highest expression observed in the diagonal, striatal,
and pallidal parts of the central subpallium. Type II group A
Cdh6 and Cdh9 are expressed at moderate levels and show
varying degrees of expression between structures. Type II group
B cadherins are almost undetected at this stage, while group C
cadherins are expressed at moderate levels. As observed in other
CNS structures, Cdh13 correlates with the expression of Cdh2
(Pearson’s correlation coefficient: E13.5 r = 0.601, E15.5 r = 0.677,
and P56 r = 0.564). By E15.5, cadherins expression levels have
increased two to five times without substantial changes in their
expression patterns (Figure 5B). The highest expression values
of Cdh2 are observed in the central subpallium, while Cdh11
shows a substantial increase in the paraseptal subpallium. By
P56, type I and type II cadherins and Cdh13 expression has
increased significantly as compared to E15.5 (Figure 5C). Cdh2
expression level is higher in parts of the subpallial amygdala
and paraseptal subpallium. Among type II cadherins, Cdh8 and
Cdh11 are most abundantly expressed in anatomical structures
with low Cdh2 expression.

Figure 6 displays cadherin mRNA expression in each
neuroanatomical structure in the strata of the developing
subpallium. At E13.5, cadherins expression increases from the
ventricular zone to the superficial stratum in most subpallial
structures. Cdh2 and Cdh6 are prominent in the ventricular
and periventricular zones, Cdh2, Cdh13, and Cdh24 are most
abundant in the intermediate stratum, while Cdh11 and Cdh24

show higher expression levels in the superficial stratum. At
E15.5, cadherins expression levels have increased substantially
with overall higher values in the superficial stratum as compared
to the ventricular and periventricular strata (Figure 6B).
By P56, the expression of classical cadherins has increased
across the three strata and displays large variability between
neuroanatomical structures (Figure 6C). The most abundantly
expressed cadherins are Cdh2, Cdh13, Cdh8, and Cdh11. This
analysis shows that during embryonic development, each stratum
of the mantle zone has a distinct classical cadherin expression
profile characterized by a progressive increase toward the
superficial stratum, which is primarily due to an increase in
the expression of type II cadherins group C. By P56, the
landscape of cadherin expression differs from the one observed
during embryonic development in that most subpallial nuclei
express the same profile of classical cadherins at different
levels. The relative expression level of each cadherin differs
substantially among structures derived from each stratum of
the mantle zone, suggesting that in the adult basal ganglia
differences in adhesion between nuclei are caused by varying
expression levels of cadherins rather than by differences in
cadherins subtypes.

To examine whether variations in the adhesive properties of
different cell groups in the central subpallium are associated with
the formation of the basal ganglia, the relative adhesion values of
the most abundantly expressed cadherins (Cdh2, cadherin group
A and group C) were calculated in each nucleus of the corpus
striatum (striatum) and the globus pallidus complex (pallidum),
which are anatomically adjacent in the adult brain. The striatum
is comprised of seven nuclei that originate from different
strata: the caudate originates from the periventricular stratum;
the putamen, interstitial nucleus of the posterior limb of the
anterior commissure and the laterostriatal stripe originate from
the intermediate stratum; and the striatal part of the olfactory
tuberculum and the striatal islands of Calleja originate from the
superficial stratum. The globus pallidus complex includes five
nuclei that originate from different strata: the lateral division
of the bed nucleus of the stria terminalis derives from the
periventricular stratum; the external and ventral globus pallidi
derive from the intermediate stratum; and the pallidal parts of the
olfactory tuberculum and the islands of Calleja originate from the
superficial stratum.

At E13.5, the three strata of the striatum differ in their levels of
relative adhesion. The periventricular stratum displays low levels
of Cdh2 and Cdh6 adhesion, the intermediate stratum has ∼3
times higher levels of Cdh2 and Cdh24, while in the superficial
stratum, the relative adhesion of Cdh11 and Cdh24 is the most
prominent (Figure 7A). This suggests that Cdh2 and Cdh24
may differentiate the intermediate from the periventricular strata,
while Cdh11 delineates the superficial and intermediate strata.
The adjacent globus pallidus shows a pattern of relative adhesion
similar to the one observed in the striatum, with the difference
that Cdh8 adhesion is substantially higher in the intermediate
and superficial strata as compared to the same strata of the
striatum (Figure 7D). At E15.5, Cdh2 adhesion is similar between
the intermediate and superficial strata of the striatum, while the
superficial stratum displays a substantially higher adhesion values
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FIGURE 5 | mRNA expression energy values of type I and type II cadherins and atypical Cdh13 in the developing subpallium. Bars display the mRNA expression
energy of a cadherin in each neuroanatomical segment of the developing subpallium at ontological level 8 detected by ISH. (A) E13.5; (B) E15.5; and (C) P56.
DgSe, diagonal part of septum; PalSe, pallidal septum; StrSe, striatal septum; SeDg, septodiagonal transition area; SePal, septopallidal transition area; SeStr,
septostriatal transition area (accumbens); Dg, diagonal domain; Pal, pallidum (globus pallidus complex); Str, striatum (corpus striatum); AStr, striatal amygdala; APal,
pallidal amygdala; Ahy, hypothalamic amygdala.

mediated by Cdh6 and Cdh11 (Figure 7B). The relative adhesion
pattern of the striatum and the globus pallidus displays high
Cdh11 adhesion in the superficial stratum (Figure 7E).

Between E15.5 and P56, the three strata of the striatum
and the globus pallidum fragment into the twelve nuclei
mentioned above and display varying levels of relative adhesion
(Figures 7C,F). The caudate and putamen nuclei that derive
from the periventricular and intermediate strata of the striatum,
respectively, show a ∼10 times increase in Cdh8 adhesion,
while each of the other nuclei of the striatum displays different
profiles of adhesion (Figure 7C). Cdh8 relative adhesion is
highest in the caudate and putamen and gradually decreases

toward the nuclei derived from the superficial stratum. In
contrast, Cdh2 relative adhesion is low in the caudate and
increases toward the intermediate stratum up to the pallidal
Island of Calleja. The striatal part of the olfactory tuberculum
that derives from the superficial stratum displays lower levels
of relative adhesion; however, higher values are observed in the
superficial layer. Cdh8 is most prominent in the ventral division
of the BSTC nucleus (that originates from the periventricular
stratum) and decreases toward the nuclei originated from the
intermediate stratum (Figures 7C,F). Cdh8 relative adhesion
increases substantially toward the superficial stratum (pallidal
part of the olfactory tuberculum) and reaches the highest level
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FIGURE 6 | Type I and type II cadherins mRNA expression energy values in
each neuroanatomical structure of the subpallium grouped by stratum at
E13.5, E15.5, and P56. Each color-coded portion of the stacked bars
displays the mRNA expression energy of a cadherin in each neuroanatomical
structure from by ISH experiments. (A) E13.5 (ontological levels 9 and 10);
(B) E15.5 (ontological levels 9 and 10); and (C) P56 (ontological levels 11 and
12). (A,B) Ventricular zone: a, DgSev; b, PalSev; c, StrSev; d, SeDgv; e,
SePalv; f, SeStrv; g, Dgv; h, Palv; i, Strv; j, AStrv. Periventricular stratum: a,
DgSep; b, PalSep; c, StrSep; d, SeDgp; e, SePalp; f, SeStrp; g, Dgp; h, Palp;
i, Strp; j, AStrp; k, APalp. Intermediate stratum: a, DgSei; b, PalSei; c, StrSei;
d, SeDgi; e, SePali; f, SeStri; g, Dgi; h, Pali; i, Stri; j, AStri; k, APali. Superficial
stratum: a, DgSes; b, PalSes; c, StrSes; d, SeDgs; e, SePals; f, SeStrs; g,
Dgs; h, Pals; i, Strs; j, AStrs; k, APals. (C) Periventricular stratum: a, MnSC; b,
LSIp; c, LSD; d, TS; e, SFi; f, BSTMS; g, BSTMv; h, BSTMa; i, SePalp; j,
AcbCo; k, BSTMC; l, BSTLC; m, Cau; n, ASt; o, BSTLA. Intermediate
stratum: a, LSIV; b, SHy; c, LSII; d, Ld; e, LSID; f, SIBT; g, BAC; h, SePalCo; i,
SePalSh; j, AcbSh; k, SIB; l, IPal; m, EPal; n, VPal; o, Put; p, VStr; q, IPAC; r,
LSS; s, CeL; t, CeC; u, IA; v, CeM. Superficial stratum: a, VDB; b, MS; c,
PalSes; d, StrSes; e, HDBT; f, TuSePal; g, ICjM; h, TuSeStr; i, TuPal1; j,
TuPal2; k, TuPal3; l, ICjPal; m, TuStr1; n, TuStr2; o, TuStr3; p, ICjStr; q, AStrs;
r, MePD; s, MePV; t, MeAD; u, MeAV. The complete names of
neuroanatomical structures are listed in Supplementary Table 1.

in the Island of Calleja. Cdh2 and Cdh11 relative adhesion
also increases progressively toward the superficial layer in the
globus pallidus (Figure 7F). This pattern is the reverse to the
one observed in the striatum, in which the highest values are
detected in the caudate and putamen and the lowest values are

detected in the nuclei from the superficial striatum. These results
suggest that differential expression of Cdh2 and Cdh24 segregates
cells from the caudate and the putamen during embryonic
development, but the difference disappears in the adult in which
Cdh8 predominates in both nuclei. The segregation of nuclei
derived from the superficial stratum from the ones derived from
the intermediate stratum during embryonic development appears
to be driven by a higher Cdh11 adhesion in the striatum and the
globus; however, this difference also disappears in the adult brain.
Despite the differential adhesive properties observed between
strata during embryonic development, no clear differences are
observed between the striatum and the globus pallidus. In
contrast, these two nuclear complexes differ significantly in the
adult brain. At P56, most of the nuclei in the central subpallium
have distinct adhesive properties generated by both, distinct
expression of cadherin subtypes and different expression levels.
The adhesion profile of each cell group observed in the P56
brain does not always correlate with the profile observed in the
embryo, suggesting that developmental regulation of cadherins
expression in each cell group supports the segregation into
distinct neuronal pools.

Classical Cadherin Expression in the
Dorsal Pallium (Isocortex) in the Young
Adult CNS
The mouse isocortex is divided into six layers and nine areas
which include frontal, parietal, occipital, temporal, insular,
cingulate, perirhinal–ectorhinal, retrosplenial, and entorhinal.
Analysis of cadherin mRNA expression in the dorsal pallium
at P56 shows a checkered profile that varies between cortical
areas and cell layers (Figure 8) (expression values are shown in
Supplementary Table 5 and representative images of ISH tissue
sections are shown in Supplementary Figure 3). Cdh2 and Cdh13
are highly expressed in all cortical areas in a decreasing gradient
from the deeper layer 6 toward the superficial layer 1. Cdh10 is the
most abundantly expressed type II cadherin group A in all cortical
areas with the highest expression in the intermediate layers 2–
5. Cdh6 is also detected in the intermediate cell layers, but it is
restricted to the frontal, parietal, temporal, and occipital areas,
with the exception of the retrosplenial cortex in which Cdh6 is
abundant in layer 6. Cdh9 expression is higher in layer 6 in most
of the cortical areas and in layer 1 in the entorhinal cortex. Type
II group B cadherins are expressed in all cortical areas and layers
at varying levels. Cdh12 is expressed in the intermediate layers of
the frontal, parietal, temporal, occipital, and retrosplenial cortex.
Cdh20 is also abundant in the intermediate layers, but in contrast
to Cdh12, it is expressed at higher levels in posterior areas of
the cortex (perirhinal–ectorhinal, retrosplenial, and entorhinal
cortex). Cdh18 is expressed in the deep layers 5 and 6 of all
cortical areas. Type II group C Cdh8 expression is higher in
the intermediate layers 5–3 in most cortical areas, while Cdh11
is expressed in a decreasing gradient from layer 6 to layer 1.
Cdh24 expression is lower than Cdh8 and Cdh11 and it is most
prominent in layers 1 and 6.

The analysis of cadherin expression in the isocortex shows
a varied expression pattern in each cortical layer. Cdh2 and
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FIGURE 7 | Developmental changes in cadherin mediated-relative adhesion associated with the formation of brain nuclei in the central subpallium (corpus striatum
and globus pallidus). The relative adhesion values of Cdh2, cadherin type II group A (Cdh6, Cdh9, and Cdh10) and group C (Cdh8, Cdh11, and cdh24) were
calculated based on mRNA expression level (detected by ISH) and binding affinity (see section “Materials and Methods”) in the brain nuclei derived from the mantle
zone of the striatum and pallidum. (A,D) Relative adhesion at E13.5 in the three strata of the striatal and pallidal subdivisions, respectively; (B,E) relative adhesion at
E15.5 in the striatal and pallidal subdivisions, respectively; and (C,F) relative adhesion at P56 in the nuclei derived from the three strata in the striatum and globus
pallidus, respectively. Str, striatum; Pal, globus pallidal complex; p, periventricular stratum; i, intermediate stratum; s, superficial stratum; Cau, caudate nucleus; Put,
putamen, VStr, ventral striatum; IPAC, interstitial nucleus of the posterior limb of the anterior commissure; LSS, laterostriatal stripe; TuStr, striatal part of olfactory
tuberculum; ICjStr, striatal islands of Calleja; BSTLC, bed nucleus of the stria terminalis laterocentral division; EPal, external globus pallidum; VPal, ventral pallidum;
TuPal, pallidal part of olfactory tuberculum; ICjPal, pallidal islands of Calleja.

Cdh13 expression is higher in posterior areas of the cortex
(peri-ectorhinal, retrosplenial, and entorhinal) that are folded
under the anterior areas of the dorsal pallium. High cadherin
expression levels are also detected in layers of the temporal
and cingulate areas; however, no obvious pattern of cadherin
expression along the anterior–posterior orientation and across
cortical layers is observed. Cdh2, Cdh8, Cdh11, and Cdh13
are the most abundantly expressed cadherins across the dorsal
pallium, while the other type II cadherins are expressed at
varying levels in different cortical areas. Therefore, the repertoire
of cadherin expression appears to be distinct in each cortical
area and cell layer. This expression pattern supports the notion
that combinatorial expression of type I and type II cadherins
provides a molecular identity to each area and layer of the
cortex that contribute to the positioning of the neurons and to
the formation of specific neuronal contacts with cortical and
subcortical neuroanatomical structures (Inoue and Sanes, 1997;
Kadowaki et al., 2007; Krishna et al., 2009, Krishna et al., 2011).

Correlation of Cadherin Expression
Between the Isocortex and the
Subpallium
The isocortex extends topographically organized projections to
the subpallial nuclei of the classic basal ganglia as well as to
other neuroanatomical structures in the subpallium (Berendse
et al., 1992; Reep et al., 2003; Oh et al., 2014; Chon et al., 2019).
Projections from the isocortex to the subpallium integrate neural
circuits that underlie a variety of functions including motor
control and learning (Yin et al., 2004, 2005). To examine whether
similar cadherin expression patterns exist between specific areas
and layers of the isocortex and the nuclei of the subpallium, a
Person’s correlation analysis of the mRNA expression of classical
cadherins was conducted between each of the six layers of the
nine areas of the isocortex and the fifty nuclei of the subpallium
in the young adult P56 mouse CNS (ontological levels 11 and 12).
The heatmap shown in Figure 9 displays the Person’s correlation
values between the isocortex and the subpallium (Person’s
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FIGURE 8 | mRNA expression of type I and type II cadherins and the atypical
Cdh13 in the cortical layers of the dorsal pallium (isocortex) in the young adult
mouse (P56) from ISH experiments. The heatmap displays cadherins mRNA
expression energy in each layer of the nine cortical areas detected by ISH.
The superficial layer 1 (L1) is at the top, and the deeper layer 6 (L6) is at the
bottom. FCx, frontal cortex; PCx, parietal cortex, OCx, occipital cortex; TCx,
temporal cortex; InsCx, insular cortex; CCx, cingulate cortex; PERCx,
perirhinal–ectorhinal cortex; RSCx, retrosplenial cortex; ERCx, entorhinal
cortex.

correlation values and their statistical significance are shown
in Supplementary Table 5). Distinct levels of correlation were
observed between different cortical areas and the subpallium
(Person’s correlation r values < 0.69 are here considered as low

correlation, r values between 0.7 and 0.89 are considered as
intermediate correlation, while r values > 0.9 are considered as
high correlation).

Layer 2 of the frontal cortex shows moderate correlation
with almost all subpallial structures, while layer 6 shows high
correlation specifically with the olfactory tuberculum of the
pallidum and striatum. Layers 5 and 6 of the parietal cortex
moderately correlate with all parts of the subpallium, and the
correlation is particularly high with the subpallial amygdala.
In contrast, the intermediate layers 2–5 of the occipital cortex
moderately correlate with the subpallial septum, paraseptal and
central subpallium, but they display low correlation values
with the subpallial amygdala. The insular cortex shows low to
moderate correlation across the subpallium with no consistent
preference for a particular layer. Layers 1 and 2 of the cingulate
cortex are highly correlated with almost all structures of the
subpallium, with the exception of the olfactory tuberculum of
the paraseptal subpallium and the adjacent Calleja’s island of
the central subpallium. The high correlation between upper
cortical layers 1 and 2, and the subpallium is unique of the
cingulate cortex. Layers 5 and 6 of the peri-ectorhinal cortex
show moderate to high correlation across the subpallium, which
is more pronounced between layer 5 and the subpallial amygdala.
The retrosplenial and entorhinal cortex shows widespread
moderate to high correlation across all layers and the correlation
is consistently high between layer 3 and most of the subpallium.
This analysis shows that the higher correlation of cadherin
expression between the isocortex and the subpallial nuclei is
between certain areas and layers of the cortex and specific nuclei
of the subpallium.

DISCUSSION

Initial studies on tissue morphogenesis showed that dissociated
embryonic cells regroup into organized tissue masses in which
cells from highly cohesive tissues sort out from the cells belonging
to less cohesive tissues, indicating that cell aggregation is
regulated by characteristics of the cell surface that confer distinct
cellular affinities and adhesive properties (Steinberg, 1963). These
studies led to postulate the differential cell adhesion hypothesis of
tissue morphogenesis, which states that specific cell sorting and
tissue separation result from differences in cell adhesion (Foty
and Steinberg, 2013). Since their discovery, classical cadherins
have been implicated in the molecular mechanisms underlining
differential cell adhesion (Takeichi et al., 1981; Hatta et al., 1988;
Steinberg and Takeichi, 1994; Takeichi, 2018). The importance of
cadherin-mediated adhesion in the formation of neural tissue was
underscored by studies in which blockade of cadherin binding
and ectopic cadherin expression disrupted tissue architecture
(Matsunaga et al., 1988; Detrick et al., 1990; Fujimori et al., 1990;
Bronner-Fraser et al., 1992).

The CNS is built by a complex developmental program
that includes segmentation, nuclear organization, lamination,
and formation of precise connections between distantly located
neurons that configure an intricate array of neuronal networks.
These morphogenetic events require specific cell sorting,
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FIGURE 9 | Pearson’s correlation analysis of cadherins mRNA expression pattern between cortical areas and the nuclei of the subpallium in the P56 mouse CNS.
The pattern of mRNA expression (detected by ISH) of Cdh2, Cdh13, type II cadherins group A (Cdh6, Ch9, and Cdh10), group B (Cdh7, Cdh12, Cdh18, and
Cdh24), and group C (Cdh8, Cdh11, and Cdh24) in layers (L1–L6) of each cortical area was correlated with the cadherin expression pattern in each of the fifty
neuroanatomical divisions of the subpallium described at ontological level 11 and 12. The colors represent the r value of Person’s correlation from light blue r < 0.69
to red r > 0.9. Full names of the abbreviations of the neuroanatomical structures are shown in Supplementary Table 1.

generation of tissue boundaries, separation of cells into pools,
and cellular stratification, which can be in part explained at the
molecular level by differences in intercellular adhesion mediated
by cadherins distinctive binding affinities and expression levels
(Tepass et al., 2000; Foty and Steinberg, 2005; Katsamba et al.,
2009; Fagotto, 2014). Examples of the role of cadherins in
morphogenetic processes include the formation of a transverse
tissue boundary that separates the pallium from the subpallium
(Inoue et al., 2001), the role of a combinatorial expression
of type II cadherins in the specific sorting of motor neurons
into discrete pools in the spinal cord (Price et al., 2002;

Bello et al., 2012), and the neuromeric segmentation of the
neural tube (Hiraga et al., 2020). In addition, the ultrastructural
similarities between cadherin-mediated adherens junctions and
the synapse suggest that cadherins participate in the identification
of neuronal partners and in the consolidation of the synaptic
contact (Fannon and Colman, 1996; Uchida et al., 1996; Brusés,
2000). Indeed, several classical cadherins are expressed in a
variety of synapses and contribute to pre and postsynaptic
differentiation (Huntley and Benson, 1999; Rubio et al., 2005;
Takeichi, 2007; Bekirov et al., 2008; Williams et al., 2011; Flannery
and Brusés, 2012; Kuwako et al., 2014; Sanes and Zipursky, 2020).
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Cadherin-mediated adherens junction formed between radial
glial cells are also necessary for generating and maintaining cell
polarity required for the histological organization of the cerebral
cortex (Hatakeyama et al., 2014; Veeraval et al., 2020).

The present study analyzed cadherins gene expression levels
throughout the developing mouse CNS using publicly available
ISH experiments conducted at the Allen Institute for Brain
Science (Lein et al., 2007) to examine whether differential
cadherin expression is associated with distinct morphogenetic
events, including segmentation of the neural tube, formation
of brain nuclei, and correlation of cadherin expression profiles
between the cerebral cortex and the nuclei of the basal ganglia.
During early CNS development, the neural tube undergoes a
process of transverse segmentation along the anterior–posterior
axis that results in the transient formation of morphogenetic
units, and it is longitudinally divided along the dorsal–ventral
axis into four plates (Puelles and Rubenstein, 1993, 2003;
Martinez et al., 2012; Puelles et al., 2013). The segregation of
cells into transverse segments of the neural tube is attributed to
differential expression of cadherins (Wizenmann and Lumsden,
1997; Hiraga et al., 2020). For instance, Cdh6 is transiently
expressed along the hindbrain delineating an anterior boundary
between rhombomeres r4 and r5, and it is later concentrated
at rhombomere r6 (Inoue et al., 1997, 2009; Hiraga et al.,
2020). The present study of cadherin-mediated relative adhesion
based on mRNA expression levels and cadherin binding affinity
coincides and expands previous findings, in that differential levels
of cell adhesion mediated by Cdh2, Cdh6, Cdh8, and Cdh11
are observed in distinct segments of the neural tube along the
anterior–posterior axis. Based on the difference in cadherin
expression levels required for specific cell sorting (Foty and
Steinberg, 2005), the observed differences in cadherin-mediated
relative adhesion between neural segments may be sufficient
to separate cell groups. For instance, a difference of 2.4 times
in the number of Cdh2 molecules is sufficient to segregate
cells into a peripheral and central cell mass in vitro (Foty and
Steinberg, 2005). Based on the binding affinity of Cdh2, a 2.4
times difference in the number of molecules corresponds to
a 3.8 times difference in relative adhesion. More than a four
times difference in Cdh2, Cdh6, Cdh9, Cdh8, Cdh11, and Cdh24
relative adhesion was observed between adjacent segments along
the anterior–posterior axis. Although neuromeric segmentation
occurs before E11.5 (the youngest stage here studied), the
results suggest that the differences in relative adhesion along
the neural tube promote the segregation and/or maintenance
of cells within distinct segments. The narrow increase in Cdh9
adhesion observed at the isthmus and rhombomere r1 points
to a possible role of this cadherin in the tissue expansion
associated with the formation of the cerebellum. The analysis
of cadherin adhesion here presented only considers differences
in relative adhesion mediated by a single cadherin subtype
and does not include the impact that heterophilic cadherin
binding and combinatorial expression of cadherins may have
on cell adhesion and tissue organization. If these factors are
considered, the actual differences in adhesive properties between
segments of the CNS are expected to be much larger than the
ones here reported.

The alar plate of the telencephalic vesicle is divided in
pallium and subpallium. The subpallium is characterized by
the proliferation and aggregation of cells forming brain nuclei
including the classical basal ganglia (Puelles et al., 2000; García-
López et al., 2008; Medina and Abellan, 2012). The cellular
parcellation of the subpallium and the segregation of cells
in patches and matrix in the caudo-putamen nucleus have
been associated with the differential spatiotemporal expression
of cell adhesion molecules (Hertel et al., 2008). The present
analysis of the striatum and globus pallidus complexes (central
subpallium) shows developmental variations in relative adhesion
between the three strata, suggesting that differential cadherin-
mediated adhesion contributes to the separation of subpallidal
strata. Thereafter, each stratum gives rise to a distinct group
of brain nuclei. The caudate originates from the periventricular
stratum, the putamen, and the ventral striatum from the
intermediate stratum, while the olfactory tuberculum originates
from the superficial stratum. In the young adult CNS, the
caudate and putamen display similar profiles of relative
adhesion and the putamen relative adhesion differs from the
one in the adjacent ventral striatum, which in turn differs
from the relative adhesion of adjacent olfactory tuberculum.
In the globus pallidus complex, the nuclei originated from
the periventricular and intermediate strata display similar
relative adhesion levels; in contrast, a pronounced difference
is observed between the ventral and external pallium, which
continues toward the nuclei derived from the superficial stratum
(olfactory tuberculum). This analysis shows that differences in
cadherin-mediated relative adhesion caused by both, different
expression levels and cadherin subtype are associated with
distinct neuronal groups during formation of the basal ganglia
and in the adult mouse brain, suggesting that differential
cadherin-mediated adhesion is involved in the formation of
the brain nuclei.

The mouse cerebral cortex is histologically organized as a
continuous laminated structure comprised of six cell layers
(Kirkcaldie, 2012). The cortex is further divided into areas
vinculated with their input-output connectivity and physiological
role (Kirkcaldie, 2012). Classical cadherins expression in the
cortex is cell-type specific, and different cortical areas and
layers are enriched in distinct cadherin subtypes (Inoue and
Sanes, 1997; Korematsu and Redies, 1997; Sanes and Yamagata,
1999; Krishna et al., 2009, 2011). The combinatorial expression
pattern and differential binding affinities of classical cadherins
contribute to the formation of precise neuronal connections
by establishing homo and heterophilic adhesive bonds between
apposed pre and postsynaptic membranes of specific neuronal
partners (Poskanzer et al., 2003; Krishna et al., 2011; Osterhout
et al., 2011; Duan et al., 2014, 2018; Basu et al., 2017; Sanes and
Zipursky, 2020). The present study found that cadherin subtypes
are similarly abundant in particular layers across cortical areas.
Cdh2 and Cdh13 are expressed in an ascending gradient from
layer 6 to the upper layers 2 and 3, while type II Cdh8 and Cdh11
are more abundant in the intermediate layers 2–5. In contrast,
type II cadherins group A and B expression varies among
cortical areas. This differential expression of classical cadherins in
distinct cortical layers suggests that cadherin-mediated homo and
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heterophilic bonds drive formation of specific synaptic contacts
between neurons from different cortical layers.

Distantly located neuroanatomical structures that are
synaptically connected display matching cadherin expression
patterns, suggesting that cadherin homophilic interactions drive
the formation of specific connections between neurons (Redies
and Takeichi, 1996; Suzuki et al., 1997). A detailed connectivity
map between regions of the mouse brain generated by tracing
axonal projections from defined cortical areas showed that the
caudo-putamen, nucleus accumbens, and globus pallidus receive
inputs from most cortical areas (Oh et al., 2014). Pearson’s
correlation analysis conducted in the present study shows high
correlation in cadherin expression profiles between certain
cortical areas and subpallial nuclei. The level of correlation
varies substantially among layers within the same cortical
area, suggesting that differential and combinatorial cadherin
expression may contribute to the formation of neural circuits
between the pallium and the subpallium. Further analysis of
cortical projections by axonal tracing from each cortical layer
may uncover unidentified connections that are supported by
cadherin binding.

The atypical Cdh13 is linked to the cell membrane via a
GPI moiety lacking the cytoskeletal interacting domain observed
in classical cadherins (Ranscht and Dours-Zimmermann, 1991).
The absence of a cytoplasmic domain precludes the regulation
of cytoskeletal dynamics through the mechanisms observed
in type I and type II cadherins. Cdh13 homophilic binding
affinity is comparable to the one observed between classical
cadherins and supports calcium-dependent cell adhesion when
heterologously expressed in cadherin deficient cells (Vestal and
Ranscht, 1992; Ciatto et al., 2010; Brasch et al., 2018). Cdh13
transdimerization is formed by a non-swapped interface that does
not form trans-heterodimers with type I and type II cadherins
(Ciatto et al., 2010). Cdh13 is widely expressed throughout the
developing CNS in a pattern that highly correlates with Cdh2
neuroanatomical localization and expression levels. However,
while Cdh2 has neurite outgrowth promoting activity, Cdh13
homophilic binding inhibits motor axon growth, suggesting that
Cdh13 may have a regulatory role on classical cadherins function
(Sacristán et al., 1993; Ciatto et al., 2010). Outside the CNS,
Cdh13 expression is abundant in muscle and endothelial cells
where it binds adiponectin and regulates lipid metabolism and
angiogenesis (Hug et al., 2004), suggesting that Cdh13 may
regulate cell adhesion and neurodevelopmental processes by a
still uncharacterized signaling mechanism.

In summary, the analysis of cadherin expression and relative
adhesion throughout the developing mouse CNS shown here
further supports previous evidence of the widespread role of
classical cadherins in the formation of the nervous system
and in the integration of neural networks. The inconsistent
pattern and varied combinatorial expression of cadherins among
neuroanatomical structures and developmental stages suggest
that multiple cadherins are involved in each morphogenetic
process and that their expression is regulated at a local level
by distinct sets of transcription regulators. The large-scale
systematic analysis of gene expression associated with the
ontological brain anatomy conducted by the Allen Institute for

Brain Science is instrumental for the detailed examination of
the molecules involved in specific developmental events. The
combination of gene expression data with the connectivity atlas
and the electrophysiological analysis of neuronal responses may
provide further evidence of the mechanisms whereby cadherins
contribute to the formation and function of the CNS.
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Supplementary Figure 1 | Representative images of tissue section from ISH
experiments conducted at the Allen Brain Institute of E11.5 mouse embryos
hybridized with probes for Cdh2, Cdh6, and Cdh8. The panels illustrate the varying
expression pattern of each cadherin along the anterior–posterior axis. Arrowheads
point to the areas of the neural tube in which each cadherin is detected. Method
to retrieve ISH images used for the quantitative analysis is described in Section
“Materials and Methods.” Images from the Allen Developing Mouse Brain Atlas:
Cdh2, http://developingmouse.brain-map.org/experiment/show/100041183 (file
100041183_63); Cdh6, http://developingmouse.brain-map.org/experiment/show/
100058753 (file 100058753_55); Cdh11, http://developingmouse.brain-map.org/
experiment/show/100077809 (file 100077809_44). D, diencephalon; PH, pontine
hindbrain; PPH, prepontine hindbrain; PMH, pontomedullary hindbrain; MH,
medullary hindbrain.
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Supplementary Figure 2 | Comparison of cadherin mRNA expression energy
(detected by ISH) between alar and basal plates along the anterior–posterior axis
of the neural tube. The ratio of the expression energy of each cadherin between
the alar and basal plate portion of a neuromeric segment was calculated to
determine the fold difference in expression between plates. Values along the zero
line represent the same mRNA expression energy in both plates, values above the
zero line represent higher expression level in the alar plate, while values below the
zero line represent higher expression in the basal plate (anterior is to the left).
(A–G) Type I cadherins and Cdh13; (A′–G′) type II cadherins group A Cdh6,
Cdh9, and Cdh10; (A′ ′–G′ ′) type II cadherins group B Cdh7, Cdh12, Cdh18, and
Cdh20; (A′ ′ ′–G′ ′ ′) type II cadherins group C Cdh8, Cdh11, and Cdh24. (A–A′ ′ ′)
E11.5; (B–B′ ′ ′) E13.5; (C–C′ ′ ′) E15.5; (D–D′ ′ ′) E18.5; (E–E′ ′ ′) P4; (F–F′ ′ ′) P14;
(G–G′ ′ ′) P56. THy, terminal (rostral) hypothalamus; PHy, peduncular
hypothalamus; p, prosomere; m, mesomere; is, isthmus; r,
rhombomere.

Supplementary Figure 3 | Representative images of the cerebral cortex of tissue
sections from ISH experiments from P56 mouse hybridized with type I, type II and
atypical Cdh13 probes. The images illustrate the varying expression pattern of
each cadherin in the different cortical layers. Method to retrieve ISH images used
for the quantitative analysis is described in Section “Materials and Methods.”
Scale bar, 200 µm.

Images from the Allen Developing Mouse Brain Atlas:

Cdh2, http://developingmouse.brain-map.org/experiment/show/79632275

Cdh13, http://developingmouse.brain-map.org/experiment/show/79360241

Cdh6, http://developingmouse.brain-map.org/experiment/show/100142546

Cdh9, http://developingmouse.brain-map.org/experiment/show/70719650

Cdh10, http://developingmouse.brain-map.org/experiment/show/75694362

Cdh7, http://developingmouse.brain-map.org/experiment/show/69540683

Cdh12, http://developingmouse.brain-map.org/experiment/show/73513627

Cdh18, http://developingmouse.brain-map.org/experiment/show/70611407

Cdh20, http://developingmouse.brain-map.org/experiment/show/77464878

Cdh8, http://developingmouse.brain-map.org/experiment/show/80525669

Cdh11, http://developingmouse.brain-map.org/experiment/show/77454677

Cdh24, http://developingmouse.brain-map.org/experiment/show/68862042

Supplementary Figure 4 | Comparison of cadherins mRNA expression in the
mouse cerebral cortex detected by ISH and scRNA-Seq. Classical cadherins and
Cdh13 mRNA expression energy detected by ISH in layers 1–6 of the P56 mouse
frontal, parietal, temporal, and occipital cortical areas were normalized to the
mRNA expression of Actb and the average of the normalized values for each
cadherin was then calculated. mRNA levels detected by scRNA-Seq of each
cadherin and Actb in ∼8-week-old mouse neocortex (1,093,785 total cells) were
obtained from the scRNA-Seq database of the Allen Institute for Brain Science
(https://portal.brain-map.org/atlases-and-data/rnaseq#Datasets). The Allen
Mouse Transcriptomics Whole Cortex and Hippocampus 10X Genomics 2020
dataset was used for this analysis. The scRNA-Seq value of each cadherin in each
of the 353 neuronal profiles was normalized to the scRNA-Seq value of Actb, and
the average of the normalized values for each cadherin was calculated. The bar
graph displays the average expression of each cadherin relative to Cdh2
(Cdh2 = 1). ISH, blue bars; scRNA-Seq, green bars. No statistically significant
difference was detected between groups. Two-tailed T-test pairwise comparison
p > 0.05.

Supplementary Table 1 | Abbreviations of neuroanatomical structures of the
dorsal pallium (A), subpallium (B), and the entire CNS (C) described in the Allen
Reference Mouse Brain Atlas (https://atlas.brain-map.org/).

Supplementary Table 2 | List of the section_data_set_id numbers corresponding
to the experiments used in this study. The table indicates the ontology level up to
which each developmental age has been annotated.

Supplementary Table 3 | mRNA Expression energy values (obtained from the
quantitative analysis of ISH experiments) of neuroanatomical structures (ontology
level 3) from E11 to P56. Raw data of the heatmap shown in Figure 1.

Supplementary Table 4 | mRNA Expression energy values (obtained from the
quantitative analysis of ISH experiments) in each cerebral cortical area and layer in
the P56 mouse CNS. Raw data of the heatmap displayed in Figure 8.

Supplementary Table 5 | Person’s correlation r values and their statistical
significance of the comparison of cadherin expression patterns between
anatomical areas and layers of the isocortex and the nuclei of the subpallium
shown in Figure 9 heatmap. ∗p < 0.05 and ∗∗p < 0.01.
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The role of the dopaminergic pathway in general anesthesia and its potential
mechanisms are still unknown. In this study, we used c-Fos staining combined with
calcium fiber photometry recording to explore the activity of ventral tegmental area
(VTA) dopaminergic neurons (VTA-DA) and nucleus accumbens (NAc) neurons during
sevoflurane anesthesia. A genetically encoded dopamine (DA) sensor was used to
investigate the function of the NAc in sevoflurane anesthesia. Chemogenetics and
optogenetics were used to explore the role of the VTA-DA in sevoflurane anesthesia.
Electroencephalogram (EEG) spectra, time of loss of righting reflex (LORR) and recovery
of righting reflex (RORR) were recorded as assessment indicators. We found that VTA-DA
and NAc neurons were inhibited during the induction period and were activated during
the recovery period of sevoflurane anesthesia. The fluorescence signals of dopamine
decreased in the induction of and increased in the emergence from sevoflurane
anesthesia. Activation of VTA-DA and the VTADA-NAc pathway delayed the induction
and facilitated the emergence accompanying with the reduction of delta band and the
augmentation of the gamma band. These data demonstrate that VTA-DA neurons play
a critical role in modulating sevoflurane anesthesia via the VTADA-NAc pathway.

Keywords: ventral tegmental area, dopaminergic (DA) neuron, calcium fiber photometry recording, dopamine
sensors, sevoflurane

INTRODUCTION

General anesthesia is characterized by unconsciousness, analgesia, amnesia, and immobility
while maintaining vital physiological functions, but how anesthetic drugs create a state of
unconsciousness remains unclear. Growing evidence has demonstrated that general anesthesia
and sleep-wakefulness share homologous neural substrates (Nelson et al., 2002; Franks, 2008;
Franks and Zecharia, 2011). Dopaminergic nuclei have been confirmed to be involved in the
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processes of both sleep-wake (Oishi and Lazarus, 2017; Qiu
et al., 2019) and general anesthesia (Harrington, 2014; Li
et al., 2019), in which the ventral tegmental area (VTA)
dopaminergic (DA) neurons are specifically crucial. It
has been suggested that the VTA promotes rapid eye
movement (REM) sleep and waking from natural sleep
(Leung et al., 2014; Taylor et al., 2016; van der Meij et al.,
2019). Lesions of VTA dopaminergic neurons result in a
significantly prolonged recovery time from propofol (Zhou
et al., 2015). Furthermore, electrical stimulation or optogenetic
activation of VTA-DA neurons induce fast awakening from
isoflurane anesthesia (Solt et al., 2014; Taylor et al., 2016). These
studies indicate that the VTA plays an important role in sleep
regulation and general anesthesia. However, it remains to be
determined which VTA downstream pathways are involved in
the mechanism of general anesthesia.

Projections from VTA-DA neurons to the nucleus
accumbens (NAc), which is known as the main mesolimbic
dopaminergic pathway, play a key role in depression
(Nestler and Carlezon, 2006), addiction (Shen et al., 2016),
feeding behavior (Skibicka et al., 2013) and sleep-
wake circuits (Eban-Rothschild et al., 2016; Oishi
et al., 2017). NAc dopaminergic receptors are
likely involved in the maintenance of wakefulness
(Luo et al., 2018). Using intracerebral microdialysis, Léna
et al. (2005) show that extracellular dopamine levels in the NAc
are higher during arousal states than during slow-wave sleep. In
addition, our previous studies indicate that microinjection of a
D1 receptors (D1R) agonist into the NAc shell accelerates the
emergence process from isoflurane anesthesia in mice (Zhang
et al., 2020). Now, the most commonly used volatile anesthetic
agent is sevoflurane which is an ideal drug for its pleasant
smell, non-irritant effect on the airways and low blood-gas
partition coefficient, especially for children (Boonmak et al.,
2016; Brioni et al., 2017; Xu et al., 2020) Therefore, we speculate
that VTA-DA neurons modulate the process of sevoflurane-
induced general anesthesia through projections to the NAc.
To test this hypothesis, we applied c-Fos staining, calcium
fiber photometry recordings, optogenetics, chemogenetics,
and fluorescent sensors, combined with behavioral tests and
electroencephalography (EEG)analysis, to investigate the roles
of the VTADA-NAc pathway in the induction of and emergence
from sevoflurane anesthesia.

MATERIALS AND METHODS

Animals
This study was performed in accordance with the guidelines
described in the Guide for the Care and Use of Laboratory
Animals in China (No. 14924, 2001) and was approved by the
Animal Care and Use Committees of Zunyi Medical University.
Adult male DAT-cre mice (No. 006660; Jackson Laboratory,
Bar Harbor, ME, USA) and C57BL/6 mice (SCXK2019-0014;
Tianqin, Changsha, China) were used in this study. Before all
experiments were performed, all mice were in good health and
at a normal weight (22 g to 28 g). Mice were housed in standard
chambers within an SPF laboratory animal room (12/12-h

light/dark cycle; 23 ± 2◦C; relative humidity: 55% ± 2%). Adult
(8–12 weeks) mice were used for all the experiments.

Drugs
Sevoflurane and isoflurane were purchased from RWD
Life Science (Shenzhen, China). The rabbit anti-tyrosine
hydroxylase antibody (Ab-112, USA) was purchased from
Abcam Corporation (Cambridge, UK). The rabbit c-Fos
antibody (2250S, USA) was purchased from Cell Signaling
(Beverly, MA, USA). The secondary antibodies were goat
anti-rabbit conjugated to Alexa 488 (Invitrogen; A-11008) and
goat anti-rabbit conjugated to Alexa 594 (Invitrogen; A-11012,
Carlsbad, CA, USA).

Stereotaxic Surgery
Isoflurane (1.4%) and oxygen (1 L/min) were applied to
anesthetize mice in a small box. Before surgery, lidocaine
(2%) was injected subcutaneously to induce local anesthesia.
Subsequently, the mice were gently placed on a stereotaxic
frame (RWD Life Science, Shenzhen, China). Hydrogen
peroxide (3%) was used to remove the fascia from the skull
surface. The bregma and lambda points were used to adjust
the mouse head to the horizontal position. A small window
with a diameter of 300–500 µm was opened above the point
of virus injection and fiber implantation. All viruses purchased
from Brain-VTA (Wuhan, China). An adeno associated virus
expressing GCaMP (rAAV2/9-hSyn-DIO-GCaMP6s, PT-0091;
rAAV2/9-hSyn-GCaMP6s, PT-0145), DA2h (rAAV9-hSyn-
DA2h, PT1301), chemogenetic (rAAV2/9-EF1α-DIO-hM3Dq-
EGFP, PT-0042; rAAV2/9-EF1α-DIO-hM4Di-EGFP, PT-0043),
optogenetic (rAAV2/9-EF1α-DIO-ChR2-mCherry, PT-0002;
rAAV2/9-EF1α-DIO-NpHR-mCherry, PT-0007), Retro-cre
(rAAV2/Retro-hSyn-cre-mCherry, PT-0407), mCherry (rAAV-
Ef1α-DIO-mCherry-WPRE-pA, PT-0013), and EGFP (rAAV-
Ef1α-DIO-EGFP-WPRE-pA, PT-0012) was injected into the
VTA (anterior-posterior [AP]: −3.10 mm, medial-lateral
[ML]: +0.8 mm, and dorsal-ventral [DV]: −4.3 mm) or NAc
(AP: +1.45 mm, ML: +0.7 mm, DV: −4.45 mm) via a glass
micropipette using a microsyringe pump. The injection was
guided by the stereotactic coordinates of the mouse brain
(George Paxinos and Keith B. J. Franklin, second edition). A
total of 200–250 nl of virus was delivered to each site over 10 min
via a microsyringe pump, after which the needle was left in
the injection position for at least 10 min to permit diffusion.
For calcium fiber photometry, DA dynamics monitoring and
optogenetic testing, optic fibers were implanted unilaterally over
the NAc and secured with three skull screws and dental cement.
All animals were individually housed and allowed to recover
completely before the formal experiment.

Calcium Fiber Photometry Recording
As a calcium indicator, GCaMP6s can reflect transient alterations
of neuronal activity with high sensitivity. In the current
experiment, in vivo Ca2+ signals of the VTA and the NAc
were recorded under sevoflurane anesthesia (2.4%) mixed with
oxygen (1 L/min) using a multichannel fiber photometry
system (Thinker-Tech Nanjing Bioscience Nanjing, China),
which was equipped with a 480 nm excitation LED (3 W,
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CREE) and a dichroic mirror (DCC3420M; Thorlabs). An
optical fiber (Newton Inc., China) integrated with an optical
diverter (Doric Lenses) was used to transmit light between
the fiber photometry system and the implanted optical fiber
(Figures 1C,4C).

The loss of righting reflex (LORR) and recovery of righting
reflex (RORR) times are widely considered to be standard indices
for assessing the processes of induction of and emergence from
general anesthesia in mice, respectively. Animals were housed
under free conditions for 10 min, and then, a 300 s recording
was taken as a baseline. Next, the mice were anesthetized with
sevoflurane (2.4%) with oxygen (1 L/min), and sevoflurane
anesthesia was maintained for 30 min before discontinuation.
The recording was stopped 5 min after RORR. All brains
were sectioned to verify viral fluorescence expression and the
position of optical fiber implantation after the experiments
were completed. Fiber photometry data were analyzed using
MATLAB 2019a (MathWorks, Cambridge, UK). The values
of the fluorescence change (∆F/F) were calculated using the
following formula: (F − F0)/F0, where F is the test fluorescence
signal and F0 is the average fluorescence intensity before
stimulation (Liu et al., 2021).

Monitoring DA Transmitters Release
We applied genetically encoding GPCR activation-based DA
(GRABDA) sensors that respond to nanomolar and micromolar
concentrations of dopamine. GRABDA sensors reflect the
dynamic accumbens DA transmitters concentration in the
NAc by coupling conformationally sensitive circular-permutated
EGFP (cpEGFP) to specific DA receptors (Sun et al., 2018;
Figure 3A). DA2h were expressed by adeno-associated virus
(AAV) into NAc of C57BL/6 mice (Figures 3B,C). Alterations of
the DA transmitters amount were reflected by the fluorescence
intensity with high sensitivity, which was detected by a
multichannel fiber photometry system. The protocol for
recording the NAc extracellular DA transmitters’ concentration
was identical to that for the calcium fiber photometry
recording experiment.

Chemogenetic Activation/Inhibition of
VTA-NAc Dopaminergic Projections
To identify the anatomical and functional interaction between
VTA-NAc dopaminergic projections during sevoflurane
anesthesia, we separately performed rAAV/Retro-hSyn-cre-
mCherry-WPRE-hGH retrograde tracing in the NAc and
chemogenetic (rAAV-EF1α-DIO-hM3Dq-EGFPand rAAV-
EF1α-DIO- hM4Di-EGFP) analysis in the VTA (Figures 5A,6A).
hM3Dq/hM4Di was engineered from muscarinic receptors that
specifically respond to clozapine N-oxide (CNO, MedChem
Express; Armbruster et al., 2007). Three weeks after surgery,
CNO (1 mg/kg, i.p.) or saline (0.9%, equal volume, i.p.) was
injected 1 h before the behavioral test and EEG recording. Saline
was injected in the control group. In the behavioral testing,
sevoflurane (2.4%) with oxygen (1 L/min) was used for induction
5 min before LORR, and EEG signals were collected. After
LORR, sevoflurane anesthesia (2.4%) was maintained for 30 min,

and then, behavioral changes were observed 5 min after RORR
(Figures 5C,H,I, 6C,H,I).

In vivo Optogenetic Stimulation During
Sevoflurane Anesthesia
We also used optogenetic methods to examine the causal role
of the VTADA during sevoflurane anesthesia. We implanted
an optic fiber into the VTA and injected rAAV-EF1a-DIO-
ChR2-mCherry into the VTA of DAT-cre mice. To test the
vital role of VTADA-NAc projections in sevoflurane anesthesia,
we injected rAAV-EF1a-DIO-ChR2-mCherry/rAAV-EF1a-
DIO-NpHR-mCherry/rAAV-EF1a-DIO-mCherry into the VTA
of DAT-cre mice and implanted an optic fiber into the NAc.
An intensity division cube (200 mm/0.37 numerical aperture,
Newton Inc., China) was connected to the laser output of a
473 nm optogenetics system (Intelligent Light System, Newdoon
Inc., China). The optical power at the tip of the fiber was tested
with an optical power meter (PM100D, Thorlabs) and was
calibrated to 10–15 mW. For optical stimulation of VTA-DA
neurons and their termini, pulses of 473 nm light with a 15 ms
width at 20 Hz and pulses of 589 nm light with a 20 ms width at
10 Hz were applied (Taylor et al., 2016) during the LORR and
RORR periods, respectively. The optogenetic activation mode
was started during the LORR and RORR periods. After 2.4%
sevoflurane induced LORR for 5 min, mice were observed for
5 min to determine whether the righting reflex was restored
(Figure 2C). We also observed behavioral and EEG changes
from optogenetic activation (Figures 7H,I).

EEG Recording and Spectral Analysis
EEG signals were recorded at least 5 days after the behavioral test
to allow for recovery from anesthesia. The multichannel signal
acquisition system (Apolo, Bio-Signal Technologies, USA) was
used to acquire EEG signals. The EEG signals were collected
and filtered between 0.1 and 300 Hz. Before induction, the
EEG signals were recorded for 5 min. Then, the EEG signals
were continuously recorded from 5 min after administration
to recovery from sevoflurane anesthesia, including anesthesia
maintained for 30 min. For optogenetic and chemogenetic
experiments, power spectrum analysis was conducted on data
from the period of induction and the recovery period during
sevoflurane anesthesia. The relative powers in the different
frequency bands were computed by averaging the signal power
across the frequency range of each band (δ: 1 to 4 Hz, θ: 4 to 8 Hz,
α: 8 to 12 Hz, β: 12–25 Hz, and γ: 25 to 60 Hz) and then dividing
by the total power from 1 to 60 Hz as described in previous
studies (Liu et al., 2020; Luo et al., 2020). The spectrogram was
bandpass filtered from 1–60 Hz. Spectrograms were constructed
using multitaper methods implemented using the Chronux
toolbox in MATLAB 2016a (MathWorks, Cambridge, UK).

Histological Verification
Mice were deeply anesthetized with isoflurane before transcardial
infusion of 50 ml PBS followed by 4% PFA. The brains were
harvested, postfixed overnight at 4◦C, soaked in 30% sucrose
in PBS at 4◦C until sinking, and then coronally sectioned into
30-µm slices on a cryostat (Leica CM1950). All the brain sections
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FIGURE 1 | Ventral tegmental area (VTA)-dopamine (DA) activity and neural dynamics in response to sevoflurane. (A) Expression of c-Fos in the VTA in the
wakefulness state, sevoflurane anesthesia and recovery from anesthesia in mice (Scale bars: 200 µm). (B) Average number of c-Fos-immunopositive neurons.
One-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s test (n = 6). **p < 0.01. (C) Schematic configuration of in vivo Ca2+ signal recording.
Timeline for Ca2+ signal recording in sevoflurane anesthesia. (D) Expression of GCaMP6s in VTA from each cases are outlined. (E) Expression of GCaMP6s in
VTA-DA neurons. Viral expression (GCaMP6s, green) in the VTA and colabeling with DA neurons (TH immunofluorescence, red; Scale bars: 200 µm). (F) Heat map
illustrating changes in the Ca2+ signals related to sevoflurane-induced LORR and RORR. (G) Average calcium transients associated with loss of righting reflex (LORR)
and recovery of righting reflex (RORR) mean (red trace) ± SEM (red shading). Note that the Ca2+signals gradually decreased during the LORR process and increased
sharply after RORR. (H) ∆F/F represents the deviation in Ca2+ fluorescence from the baseline, which is the averaged ∆F/F between t = –300 s and –150 s. Data are
presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, n = 8, by paired t-test.
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FIGURE 2 | Optogenetic activation of VTA-DA neurons facilitates arousal from sevoflurane anesthesia. (A) Diagram of the optogenetic virus injection and stimulation
sites. (B) Expression of virus (mCherry, red) in VTA-DA neurons and colabeling with DA (TH immunofluorescence, green; scale bar: 200 µm). (C) Schematic of the
experimental time-course. (D) Optical activation of DA neurons in the VTA prolonged the induction time and shortened the emergence time from sevoflurane
anesthesia. (E) Comparison of each Electroencephalogram (EEG) frequency band between the two groups during optogenetic activation of VTA-DA neurons. (F,G)
Representative EEG traces and the corresponding heat map of the process in the two groups. Data are presented as the mean ± SD. *p < 0.05; **p < 0.01, n = 8,
by paired and unpaired t-test.

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 April 2021 | Volume 15 | Article 671473281

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


Gui et al. VTA-NAc Dopaminergic Pathway Modulate Anesthesia

were first incubated in a blocking solution (PBS containing
2.5% normal goat serum, 1.5% bovine serum albumin and 0.1%
TritonTM X-100) for 2 h at room temperature and were then
incubated with a primary antibody (rabbit c-Fos antibody, 1:200;
anti-tyrosine hydroxylase antibody, 1:1,000) in blocking solution
overnight at 4◦C, followed by a 3 × 10 min wash with PBST
(PBS with 0.1% Triton X-100, vol/vol). The sections were then
incubated with a secondary antibody (goat anti-rabbit conjugated
to Alexa 488/594, 1:1,000 dilution) at room temperature for 2 h.
After another 3 × 10 min wash with PBST, the sections were
mounted on glass slides and covered with mounting media (Gold
antifade reagent with DAPI, Life Technologies, USA). Images
of immunostaining were captured on an Olympus BX63 Virtual
Microscopy System (Figure 2B).

For the c-Fos experiment, we stained c-Fos in three groups
(n = 6 for each group). In the anesthesia group, C57BL/6 mice
were kept in an anesthesia state in a box with a constant level
of sevoflurane (2.4%) and oxygen (1 L/min) for 2 h. For the
recovery group, mice were kept awake at room temperature
for 2 h after administering sevoflurane (2.4%) and oxygen
(1 L/min) for 2 h. For the wakefulness group, we performed c-Fos
staining with no operation. The mice were then anesthetized
with 1% pentobarbital (50 mg/kg, i.p.) injection. The histological
protocol we employed for localization of the cannula position
and immunofluorescence was the same as previously mentioned.

Statistical Analysis
All statistical analyses were performed by GraphPad Prism
software package, version 6.0 (GraphPad Software Inc.,
San Diego, CA, USA). All data were subject to normality
tests. One-way analysis of variance (ANOVA) followed by
Bonferroni’s test for the three groups of c-Fos staining were
used. The differences in the LORR and RORR times and the
EEG band percentage between groups were also detected
using unpaired Student’s t-test. Paired Student’s t-tests were
used to analyze the differences in calcium signals and DA
neurotransmitter signals between pre- and post-events. Data
are presented as the mean ± SEM or mean ± SD. In all cases,
p-values < 0.05 were considered significant.

RESULTS

VTA Activity and Neural Dynamics in
Response to Sevoflurane Anesthesia
To determine the role of the VTA in sevoflurane-induced
general anesthesia, we first observed c-Fos expression as a
marker of activated neurons during the state of wakefulness,
sevoflurane-induced anesthesia, and recovery from sevoflurane
anesthesia. We found that, compared with that induced in
sevoflurane anesthesia groups, the increase of the amount of
c-Fos expression induced in the wakefulness groups, was less
than that induced in the recovery from sevoflurane anesthesia
groups (wakefulness group: 225.5 [56.2] vs. sevoflurane-induced
anesthesia groups: 30.83 [7.3], p = 0.0251, n = 6, recovery
from sevoflurane anesthesia groups: 319.5 [29.2] vs. sevoflurane-
induced anesthesia groups: 30.83 [7.3], p = 0.0015, n = 6,
F(2, 15) = 9.995; Figures 1A,B). This result may suggest

that neurons in the VTA were inhibited during sevoflurane
anesthesia and activated during the recovery process from
sevoflurane anesthesia.

Moreover, to investigate the real-time activity of
VTA-DA neurons during sevoflurane anesthesia, we injected
cre-dependent rAAV-hSyn-DIO-GCaMP6s into the VTA of
DAT-cre mice (Figures 1D,E) and used fiber photometry to
record changes in the Ca2+ signals in vivo during isoflurane
anesthesia (Figure 1A). During induction of sevoflurane
anesthesia, we analyzed the Ca2+ signals in three periods:
wake period (−300 to −150 s), induction period (−150–0 s),
and anesthesia period (0–150 s). The Ca2+ signals noticeably
decreased after sevoflurane-induced LORR (p = 0.0006, n = 8)
and during sevoflurane anesthesia (p = 0.0008, n = 8). In the
recovery period, three time periods were analyzed, including the
anesthesia period (−300 to −150 s), recovery period (−150–0 s),
and wake period (0–150 s). A robust increase due to RORR
was observed (p = 0.025, n = 8; Figures 1F–H). These findings
indicate that the activity of DA neurons in the VTA is altered
under sevoflurane anesthesia.

Activation of VTA-DA Neurons Modulates
the Induction of and Emergence From
Sevoflurane Anesthesia
We further determined the role of VTA-DA neurons. Here, we
employed optogenetics to manipulate the activity of VTA-DA
neurons in DAT-cre mice combined with behavioral tests and
EEG recordings (Figure 2A). Compared with the mCherry
group, photo stimulation of dopaminergic neurons in the VTA
was given at the onset of sevoflurane until LORR, which
prolonged the LORR time (ChR2-light-on: 112.7 [12] s vs.
mCherry-light-on: 100.8 [9.7] s, p = 0.045, n = 8). When
stimulation was started at the end of sevoflurane inhalation and
continued until RORR, optical activation of VTA-DA neurons
shortened the arousal time (ChR2-light-on: 168.1 [22.4] s vs.
mCherry-light-on: 205.8 [40.2] s, p = 0.0047, n = 8). Within
each group, laser stimulation notably prolonged the LORR time
(ChR2-light-on: 112.7 [12.0] s vs. ChR2-light-off: 97.8 [7.7] s,
p = 0.045, n = 8) and shortened the RORR time (ChR2-light-on:
168.1 [22.4] s vs. ChR2-light-off: 208.2 [21.7] s, p = 0.0052, n = 8),
compared with the light-off control (Figure 2D). Moreover,
the EEG recordings demonstrated a significant difference in
the power spectrum between the ChR2 group and mCherry
group during the LORR period, including the ratio of δ bands
(ChR2-light-on: 24.7 [5.7] % vs. mCherry-light-on: 31.2 [2.3] %,
p = 0.008, n = 8), β bands (ChR2-light-on: 17.5 [4.5] % vs.
mCherry-light-on: 12.9 [2.3] %, p = 0.04, n = 8), and γ bands
(ChR2-light-on: 25.4 [3.5] % vs. mCherry-light-on: 18.2 [3.5] %,
p = 0.002, n = 8). Meanwhile, during emergence to RORR,
a strikingly decreased ratio of θ bands (ChR2-light-on: 20.07
[2.6] % vs. mCherry-light-on: 28.2 [5.6] %, p = 0.0037, n = 8)
and increased ratio of β bands (ChR2-light-on: 23.2 [2.9] % vs.
mCherry-light-on: 19.6 [1.7] %, p = 0.014, n = 8) and γ bands
(ChR2-light-on: 23.7 [8.1] % vs. mCherry-light-on: 12.8 [9.3] %,
p = 0.004, n = 8) were found between ChR2 group and mCherry
group (Figure 2E). It is clear that the bands of high-frequency

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 April 2021 | Volume 15 | Article 671473282

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


Gui et al. VTA-NAc Dopaminergic Pathway Modulate Anesthesia

waves were enhanced and the bands of low-frequency waves
were attenuated in the ChR2 group with blue light during
both the LORR and RORR processes (Figures 2F,G). Taken
together, the results indicate that activation of VTA-DA neurons
modulate the processes of induction of and emergence from
sevoflurane anesthesia.

Dopamine in the NAc Is Altered by the
State of Sevoflurane Anesthesia
Our above results show that VTA-DA neurons are involved
in modulating the state of sevoflurane anesthesia. In our
previous study, we found that D1 receptors in the NAc were
involved in modulating the process of emergence from general
anesthesia (Zhang et al., 2020, 2021). To investigate whether
sevoflurane had an influence on the change in the level of
dopamine neurotransmitters in VTA-related downstream NAc
areas, we measured the dynamics of the extracellular dopamine
concentrations during sevoflurane anesthesia in the mouse NAc.
Three periods were analyzed: the wake period (−300 to −150 s),
induction period (−150–0 s), and early anesthesia period
(0–150 s). During the period from sevoflurane induction to
LORR, statistical comparison indicated that the DA transmitters
amount in the NAc in the anesthesia period were dramatically
lower than the wake period (p = 0.000085, n = 10).

During emergence from sevoflurane anesthesia, we analyzed
three time periods: the anesthesia period (−300 to −150 s),
recovery period (−150–0 s), and wake period (0–150 s). A
robust increase in the NAc DA transmitters’ fluorescence
signal was observed during the process of RORR. The DA
transmitters in the NAc in the recovery period showed a
significant increase compared to anesthesia period (p = 0.0014,
n = 10; Figures 3D–F). These findings indicate that the
release of DA transmitters in the NAc is also regulated by
sevoflurane anesthesia with the same trend as the activity of
VTA-DA neurons.

NAc Activity and Neural Dynamics in
Response to Sevoflurane Anesthesia
We used a fiber photometry recording of Ca2+ activity
and the expression of c-Fos in NAc neurons to examine
the correlation between NAc neural activity and sevoflurane
anesthesia. We observed c-Fos expression during the state
of wakefulness, sevoflurane-induced anesthesia, and recovery
from sevoflurane anesthesia. Compared with the sevoflurane
anesthesia groups, statistical analysis of the amount of c-Fos
expression demonstrated a significant increase in the wakefulness
groups and the groups that recovered from sevoflurane
anesthesia (wakefulness groups: 84.8 [18.1] vs. sevoflurane-
induced anesthesia groups: 14.1 [3.5], p = 0.0416, n = 8;
recovery from sevoflurane anesthesia groups: 140.3 [22.1] vs.
sevoflurane anesthesia-induced groups: 14.1 [3.5], p = 0.0006,
n = 8, F(2,15) = 11.63; Figures 4A,B). This result might suggest
that neuronal activity in the NAc could be altered by the
stages of sevoflurane anesthesia. Moreover, to record the specific
and temporary change in neuronal activity of NAc neurons,
we injected rAAV-hSyn-GCaMP6s into the C57BL/6 mice
(Figure 4D) and used fiber photometry to record changes in

the Ca2+ signals in vivo during sevoflurane anesthesia. Then
we analyzed calcium signals in three periods: the wake period
(−300 to −150 s), induction period (−150–0 s), and early
anesthesia period (0–150 s). The Ca2+ signal decreased with the
sevoflurane-induced LORR process (p = 0.01, n = 8) and during
sevoflurane anesthesia (p = 0.005, n = 8). In the emergence
process, three periods, the anesthesia period (−300 to −150 s),
recovery period (−150–0 s), and wake period (0–150 s), were
analyzed. A striking increase was observed in the wake stage
(p = 0.029, n = 8; Figures 4E–G). These findings indicate
that the activity of neurons in the NAc is altered under
sevoflurane anesthesia.

Activation of the VTA-NAc Pathway Alters
the Induction and Emergence Stages From
Sevoflurane Anesthesia
The change in Ca2+ activity measured in VTA and NAc neurons
and the extracellular DA transmitters had a consistent trend
of changes during sevoflurane anesthesia, suggesting that the
VTADA-NAc pathway might induce a neural activity–dependent
release of DA to regulate sevoflurane anesthesia. To selectively
activate the VTA-NAc pathway, we injected rAAV-Ef1α-
DIO-hM3Dq-EGFP or rAAV-Ef1α-DIO-EGFP vectors into the
VTA and performed rAAV/retro-hSyn-cre-mCherry-WPRE-
hGH retrograde tracing in the NAc, as previously described
(Ren et al., 2018; Coffey et al., 2020). The results showed
that retrograde tracing of the virus from NAc-labeled VTA
neurons, 72.3% ± 5.9% (SEM) expressed tyrosine hydroxylase
by hM3Dq-positive neurons, which implied that the NAc mainly
innervated dopaminergic neurons in the VTA (Figure 5B).
Compared with the CNO-EGFP or saline-hM3Dq groups,
CNO-mediated hM3Dq activation of VTADA-NAc pathways
significantly prolonged the LORR tim e (CNO-hM3Dq: 144.4
[17.5] s vs. CNO-EGFP: 115.0 [10.8] s, p = 0.0021, CNO-hM3Dq:
144.4 [17.5] s vs. saline-hM3Dq: 117.3 [12.6] s, p = 0.0049, n = 8)
and shortened the RORR time (CNO-hM3Dq: 179.9 [13.1] s vs.
CNO-EGFP: 218.5 [15.6] s, p = 0.0002, n = 8, CNO-hM3Dq:
179.9 [13.1] s vs. saline-hM3Dq: 211.0 [22.3] s, p = 0.0067,
n = 8; Figures 5D,F).

Moreover, EEG analysis showed a similar trend.
CNO-mediated hM3Dq activation of VTADA-NAc neurons
decreased δ bands (CNO-hM3Dq: 24.7 [2.8] % vs. CNO-EGFP:
32.1 [3.1] %, p = 0.0004, n = 8) and increased γ bands (24.8
[10.3] % vs. CNO-EGFP: 23.2 [13.2] %, p = 0.0119, n = 8) during
LORR, while it decreased δ bands (CNO-hM3Dq: 25.4 [2.2] %
vs. CNO-EGFP: 31.6 [1.0] %, p = 0.0003, n = 8) and increased γ

bands (CNO-hM3Dq: 19.2 [4.0] % vs. CNO-EGFP: 13.5 [2.5] %,
p = 0.0342, n = 8) during RORR (Figures 5F,G).

Inhibition of the VTA-NAc Pathway
Regulates the Induction and Emergence
Process of Sevoflurane Anesthesia
After chemogenetic virus injection, 75.8% ± 8.7% (SEM) of
neurons expressing Th positive neurons were infected with
hM4Di virus (Figure 6B). Compared with the CNO-EGFP
group, CNO-mediated hM4Di inhibition of VTA-NAc neurons
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FIGURE 3 | Dynamics of extracellular dopamine in the nucleus accumbens (NAc) in response to sevoflurane anesthesia. (A) Schematic diagram depicting the fiber
photometry recording of extracellular dopamine. (B) Expression of DA2 h in NAc from each cases are outlined. Timeline for dynamics of extracellular dopamine
recording in sevoflurane anesthesia. (C) Expression of the DA2h virus in the NAc area (Scale bars: 200 µm). (D) Heat map illustrating the changes in the DA
fluorescence signals related to sevoflurane-induced LORR and RORR. (E) Average DA transmitters transients associated with LORR and RORR; mean (red
trace) ± SEM (red shading). Note that the extracellular DA fluorescence signals gradually decreased with LORR and increased sharply after RORR. (F) ∆F/F
represents the deviation in the DA transmitter signal from the baseline, which is the averaged ∆F/F between t = –300 s and –150 s. Data are presented as the
mean ± SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001, n = 10, by paired t-test.

significantly reduced the LORR time (CNO-hM4Di: 102.4 [11.3]
s vs. CNO-EGFP: 121.5 [9.4] s; p = 0.0039, n = 8) and prolonged
the RORR time (CNO-hM4Di: 398.8 [51.5] s vs. CNO-EGFP:
165.4 [35.0] s; p = 0.015, n = 8, Figures 6D,E).

In addition, EEG analysis showed that compared to CNO-
EGFP, CNO-mediated hM4Di inhibition of VTA-NAc neurons
significantly increased the ratio of the δ band (CNO-hM4Di:
53.7 [8.2] % vs. CNO-EGFP: 35.5 [9.9] %, p = 0.008, n = 8)
but reduced the β band (CNO-hM4Di: 8.9 [2.6] % vs. CNO-
EGFP: 12.1 [3.0] %, p = 0.049, n = 8) and γ band (8.0 [3.6] %
vs. CNO-EGFP: 18.4 [8.2] %, p = 0.0056, n = 8) during LORR
(Figure 6F). During the RORR time, CNO led to an increased the
ratio of the δ band (CNO-hM4Di: 50.2 [1.1] % vs. CNO-EGFP:
31.1 [1.8] %, p = 0.0006, n = 8) and decreased the α band (CNO-
hM4Di: 8.8 [2.4] % vs. CNO-EGFP: 12.12 [0.8] %, p = 0.0029,

n = 8), β band (CNO-hM4Di: 19.6 [4.3] % vs. CNO-EGFP: 11.8
[3.7] %; p = 0.0002, n = 8) and γ band (CNO-hM4Di: 7.8 [3.2]
% vs. CNO-EGFP: 15.5 [0.1] %, p = 0.00004, n = 8), as shown
in Figures 6E–G.

These results may reveal that VTA-NAc projections play a
crucial role in the modulation of the induction and emergence
processes of sevoflurane anesthesia.

Optical Stimulation and Inhibition of
Dopaminergic Terminals of VTA-DA
Neurons in the NAc Modulate the Process
of Sevoflurane Anesthesia
To test the participation of VTA dopaminergic fiber projections
to the NAc in sevoflurane anesthesia, we implanted a fiber
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FIGURE 4 | Nucleus accumbens (NAc) neuron activity and neural dynamics in response to sevoflurane. (A) Expression of c-Fos in the NAc in the wakefulness state,
sevoflurane anesthesia and recovery from anesthesia in mice (Scale bars: 200 µm. (B) Average number of c-Fos-immunopositive neurons. One-way ANOVA
followed by post hoc Bonferroni’s test. n = 6, *p < 0.05, ***p < 0.0001. (C) Expression of GCaMP6s in NAc neurons. (D) Expression of the DA2h virus in the NAc
area (Scale bars: 200 µm). (E) Heat map illustrating the changes in the Ca2+ signals related to sevoflurane-induced LORR and RORR. (F) Average calcium transients
associated with LORR and RORR; mean (red trace) ± SEM (red shading). (G) ∆F/F represents the deviation in Ca2+ fluorescence from the baseline, which is the
averaged ∆F/F between t = –300 s and –150 s. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, n = 8, by paired t-test.

optic probe above the NAc of DAT-cre mice following
AAV-EF1a-DIO-ChR2-mCherry, AAV-EF1a-DIO-NpHR-
mCherry or AAV-EF1a-DIO-mCherry virus infusion into the
VTA (Figures 7A–C).

Compared with the controls that did not receive laser
stimulation, photo stimulation of dopaminergic terminals in

the NAc after sevoflurane inhalation prolonged the LORR time
(ChR2-light-on: 145.5 [14.3] s vs. mCherry-light-on: 120.6 [10.2]
s, p = 0.0047, n = 8) and reduced the RORR time (ChR2-light-on:
168.3 [12.3] s vs. mCherry-light-on: 197.3 [19.5] s, p = 0.0131,
n = 8). Additionally, compared with the mCherry group,
photostimulation prolonged the LORR time (ChR2-light-on:
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FIGURE 5 | Chemogenetic activation of VTA-NAc pathway neurons facilitate emergence from sevoflurane anesthesia. (A) Schematic of the experimental protocol.
Cre-dependent hM3Dq was injected into the VTA of mice, while retrograde cre was injected into the NAc. (B) Expression of hM3Dq-EGFP (green) and retrograde
cre-mCherry (red) in the VTA and NAc showing dopaminergic projections from the VTA to the NAc in the mouse brain (above). Scale bars: 200 µm.
Immunofluorescence of cre-mCherry (red) and TH (green) in the VTA (below) Scale bars: 100 µm. (C) Experimental timeline of the behavioral test and EEG recording.
(D) CNO-mediated hM3Dq activation notably prolonged the LORR time. (E) CNO-mediated activation significantly shortened the RORR time. (F) CNO-mediated
hM3Dq activation decreased δ bands and enhanced γ bands during the LORR process. (G) CNO-mediated hM3Dq activation decreased δ bands and enhanced γ

bands during the RORR process. (H,I) Representative EEG traces and heat map from the two groups. CNO: clozapine N-oxide. Data are presented as the
mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 8, by paired and unpaired paired t-test.
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FIGURE 6 | Chemogenetic inhibition of the VTA-NAc pathway regulates the induction and emergence processes of sevoflurane anesthesia. (A) Schematic of the
experimental protocol. Cre-dependent hM4Di was injected into the VTA of mice, while retrograde cre was injected into the NAc. (B) Expression of hM4Di-EGFP
(green) and retrograde cre-mCherry (red) in the VTA and NAc shows dopaminergic projections from the VTA to the NAc in the mouse brain (above). Scale bars: 200
µm. Immunofluorescence of cre-mCherry (red) and TH (green) in the VTA (below). Scale bars: 100 µm. (C) Experimental timeline of the behavioral test and EEG
recording. (D) CNO-mediated hM4Di inhibition notably reduced the LORR time. (E) CNO-mediated hM4Di inhibition significantly prolonged the RORR time. (F)
CNO-mediated inhibition increased the ratio of the δ band but reduced the ratio of the β and γ bands during LORR. (G) CNO-mediated inhibition led to an increased
power of the δ band and decreased powers of the α, β and γ bands during RORR. (H,I) Representative EEG traces and heat map from the two groups. CNO:
clozapine N-oxide. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p<0.0001, n = 8, by paired and unpaired t-test.
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145.5 [14.3] s vs. mCherry-light-on: 120.6 [10.2] s, p = 0.0433,
n = 8) and reduced the RORR time (ChR2-light-on: 168.3 [12.3]
s vs. mCherry-light-on: 197.3 [19.5] s, p = 0.0045, n = 8) in the
ChR2 group, as shown in Figure 7D. Conversely, compared with
mCherry, photoinhibition of VTA dopaminergic projections in
the NAc reduced the LORR time (NpHR -light-on: 98.5 [20.4]
s vs. mCherry-light-on: 122.4 [16.3] s, p = 0.007, n = 8) and
prolonged the RORR time in the NpHR group(NpHR-light-on:
303.3 [60.0] s vs. mCherry-light-on: 212.3 [21.1] s, p = 0.002,
n = 8; Figure 7E).

During the LORR process, EEG analysis demonstrated that
optical activation significantly decreased the δ band percentage
(25.6 [6.4] % vs. 36.7 [6.8] %, p = 0.0035, n = 8) and increased
the power of the γ band (32.2 [4.3] % vs. 27.7 [6.2] %, p = 0.0021,
n = 8) between the mCherry group and the ChR2 group. During
the RORR process, photostimulation of the VTA dopaminergic
projections in the NAc significantly decreased the power of
the δ band (23.2 [2.5] % vs. 29.8 [2.4] %, p = 0.0002, n = 8)
and increased the γ band (22.9 [2.0] % vs. 16.1 [3.3] %,
p = 0.00006, n = 8) in the ChR2 group (Figure 7F). Nevertheless,
photoinhibition increased the power of the δ band (36.7 [7.0] %
vs. 29.7 [2.6] %, p = 0.0311, n = 8) and decreased the β band (13.0
[2.3] % vs. 21.2 [4.3] %, p = 0.000009, n = 8; Figure 7G). These
behavioral and EEG findings indicate that the induction and
emergence processes of sevoflurane anesthesia are modulated by
VTADA-NAc projections.

DISCUSSION

In this study, we manipulated VTA-DA neurons to elucidate
their regulatory role in sevoflurane anesthesia using calcium fiber
photometry recordings and optogenetics. The results revealed
that VTA-DA neurons were involved in sevoflurane anesthesia,
and targeted activation of VTA-DA neurons resulted in a longer
induction time and shorter emergence time associated with
sevoflurane anesthesia. The neural activity and extracellular
dopamine levels of the NAc were correlated with sevoflurane-
anesthetized states, and NAc signal fluctuations might be caused
by changes in VTA-releasing dopamine neurotransmitters.
Moreover, using chemogenetic and optogenetic approaches,
activation of VTA dopaminergic projections to the NAc
facilitated arousal according to both behavioral and simultaneous
EEG signal changes under sevoflurane anesthesia. Our results
demonstrate that VTA-DA neurons play a critical role in
modulating sevoflurane anesthesia via the VTADA-NAc pathway.

We found that the neuronal activity of VTA-DA decreased
under sevoflurane anesthesia and increased during recovery from
sevoflurane anesthesia by detecting the expression of the c-
Fos protein and using calcium fiber photometry recordings,
which indicated that sevoflurane anesthesia may require an
inhibition of VTA neurons to some degree. In the recovery
period, a positive trend was observed in the transition from
anesthesia to wakefulness, suggesting that VTA neurons were
highly activated at the moment of emergence. Similar results
were observed in a previous study, in which VTA neurons
exhibited increasing firing rates during wakefulness, and the
same population of neurons displayed reduced firing rates

during anesthesia and slow-wave sleep (Yanagihara et al.,
2020). Moreover, using fiber photometry recordings to activate
VTA-DA neurons led to a decline before the wakefulness
to nonrapid eye movement (NREM) sleep transition, and
the activity of VTA-DA neurons augmented their activity
before NREM-to-arousal transitions (Eban-Rothschild et al.,
2016). We found that optogenetic activation of VTA-DA
neurons by optical stimulation promoted the arousal of
anesthesia and increased the powers of the β and γ bands in
ChR2+ mice during sevoflurane anesthesia. Similar evidence
was provided that optical VTA stimulation during isoflurane
anesthesia produced behavioral and EEG evidence of arousal
and restored the righting reflex and that pretreatment with
the DA receptor antagonist before optical VTA stimulation
inhibited the arousal responses and restoration of righting
in all mice (Taylor et al., 2016). Selective bilateral VTA-DA
neuron lesions significantly prolong the recovery time from
propofol in rats (Zhou et al., 2015). VTA non-DA neurons
show increased firing rates during active wakefulness and rapid
eye movement sleep relative to quiet wakefulness. Adequate
anesthesia produces a significantly reduced VTA GABAergic
(VTA-GABA) neuron firing rate (Lee et al., 2001). Owing to its
role in sleep–wake regulation, as well as in general anesthesia of
VTA-DA neurons, the VTA is well-positioned for modulating
general anesthesia.

How do dopaminergic neurons in the VTA have a waking-
promoting effect? As one of the major targets of the VTA-
NAc, the VTA has been thoroughly studied for its regulation
of the sleep-wake cycle and general anesthesia. Many studies
have shown that a subpopulation of DA neurons in the
VTA project to the NAc (Beier et al., 2015; Qi et al., 2016;
Breton et al., 2019; Mingote et al., 2019; Tu et al., 2020).
Recent behavioral research has shown that DA terminals in the
ventral NAc medial shell are excited by unexpected aversive
outcomes and to cues that predict them, whereas DA terminals
in other NAc subregions are persistently depressed (de Jong
et al., 2019). Another study showed that activating the VTA
dopaminergic circuit could mimic tonic DA release in the NAc,
which could inhibit reward consummatory behavior (Mikhailova
et al., 2016). Eban-Rothschild et al. (2016) found that selective
photostimulation of VTA projections to the NAc, the central
amygdala and the dorsal-lateral striatum during NREM sleep
induced a significant reduction in the latency to wake. However,
the VTA-NAc pathway was the only projection that could
induce mice to maintain wakefulness during the first 6 h
of the light phase, suggesting that the VTA-NAc pathway
plays a critical role in arousal (Eban-Rothschild et al., 2016).
Recently, Luo et al. (2018) showed that optogenetic activation
of NAc D1 receptorneurons (NAc-D1R) induces an immediate
transition from non-rapid eye movement sleep to wakefulness
and that chemogenetic stimulation prolongs arousal (Luo et al.,
2018). The NAc participates in maintaining consciousness, and
activation of the NAc potentiates the response to a general
anesthetic (Ma and Leung, 2006). A previous study found
that NAc-D1R in the NAc was involved in regulating the
process of emergence from general anesthesia in aged mice
(Zhang et al., 2020, 2021). These findings suggest that the
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FIGURE 7 | Optogenetic activation or inhibition of VTADA-NAc projections modulate the process of sevoflurane anesthesia. (A) Schematic of optogenetic virus
injection and stimulation sites. (B) Expression of ChR2/NpHR/mCherry (red) and TH immunofluorescence (green) in the VTA. (C) Expression of VTA-DA neuron
terminals in the NAc. (D) Optical stimulation of VTA dopaminergic projections in the NAc prolonged the induction time and reduced the emergence time. (E) Optical
inhibition of dopaminergic terminals in the NAc reduced the induction time and prolonged the emergence time. (F) Optogenetic activation of dopaminergic terminals
mediated the band distribution of EEG power during both the LORR and RORR process. (G) Optogenetic inhibition of VTA dopaminergic projection to the NAc
mediated the band distribution of EEG power during both the LORR and RORR processes. (H,I) Representative EEG traces and heat map from each group. Data
are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 8, by paired and unpaired t-test.
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NAc apparently regulates general anesthesia. However, few
studies have explored the relationship between VTADA-NAc
projections and sevoflurane anesthesia in great depth. Therefore,
we proposed that VTA-induced arousal under anesthesia is
mediated by the VTA-NAc pathway.

We next manipulated the VTADA-NAc pathways to
examine their regulatory effects on sevoflurane anesthesia
by chemogenetic and optogenetics technology. Our results
show that activation of the VTADA-NAc pathways modulated
sevoflurane induction and emergence and decreased the
depth of anesthesia during the LORR and RORR periods.
The current results uncover a fundamental role for the VTA
dopaminergic circuitry in the maintenance of the awake state
and ethologically relevant sleep-related behaviors (Eban-
Rothschild et al., 2016; Oishi and Lazarus, 2017; Yin et al.,
2019). Furthermore, increased activation of the VTA-DA
pathway relieves the inhibitory effect of cortices within GABA
neurons by resisting projections from the NAc GABAergic
to cortical regions (Eban-Rothschild et al., 2016; Oishi and
Xu, 2017). It also verified the influence of EEG changes in
the cortex of anesthetics acting on alterations in VTADA-NAc
pathway activity. Therefore, we inferred that the VTADA-NAc
pathways are largely responsible for the awakening process of
general anesthesia.

We used c-Fos and fiber photometry recordings to
show that sevoflurane anesthesia altered NAc neuron
activity by suppression during the induction process of
sevoflurane anesthesia and activation during the recovery
process of sevoflurane anesthesia. Using DA sensors, we
detected the DA transmitters in the NAc under sevoflurane
anesthesia and demonstrated that the level of the DA
transmitters declined with sevoflurane anesthesia induced
to LORR, remained constant during the anesthesia period,
and increased during the anesthesia-to-wake transition.
Another study indicated that propofol increased the
concentration of DA in the NAc using in vivo brain
microdialysis (Pain et al., 2002). The elevated levels of
DA transmitters during waking and REM sleeping the
NAc could result from changes during these two states
in afferent modulation at the level of cell bodies or at
the level of dopaminergic terminals (Léna et al., 2005),
suggesting that afferents of upstream dopaminergic nuclei
participate in the process of sevoflurane anesthesia. Our
study provides evidence of the direct regulatory effect of

dopamine on NAc neurons during anesthesia emergence.
In summary, we provide multiple lines of evidence to
support the idea that VTA-DA has a crucial influence
on modulating sevoflurane anesthesia via the VTA-NAc
dopaminergic pathways.

The present study has some limitations. First, the NAc
includes various GABAergic neurons and other types of neurons,
and we were not able to distinguish between the specific
receptor neurons in response to DA in the VTA. This question
requires the use of selective techniques for further analysis of the
function of specific neuron populations. Second, the effects of
sevoflurane on global oxidative metabolism and cerebral blood
flow (Slupe and Kirsch, 2018) that accompany the induction and
recovery periods may also affect the behavioral and EEG results.
Finally, the VTA also sends brain-wide projections, including
direct projections to the cortex and LH, and the NAc sends
projections to the ventral pallidum and the cortex. Some of these
pathways have been shown to be involved in the regulation
of sleep-wake but have been rarely studied in relation to
general anesthesia.
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