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Abstract

It has been proposed that the combinatorial expression of y-protocadherins (Pcdh--ys) and other
clustered protocadherins (Pcdhs) provides a code of molecular identity and individuality to
neurons, which plays a major role in the establishment of specific synaptic connectivity and
formation of neuronal circuits. Particular attention has been directed to the Pcdh-y family, for
which experimental evidence derived from Pcdh-y-deficient mice shows that they are involved in
dendrite self-avoidance, synapse development, dendritic arborization, spine maturation and
prevention of apoptosis of some neurons. Moreover, a triple-mutant mouse deficient in the three C-
type members of the Pcdh-y family (Pcdh-yC3, Pcdh-yC4 and Pcdh-yC5) shows a phenotype
similar to the mouse deficient in whole Pcdh-y family, indicating that the latter is largely due to
the absence of C-type Pcdh-ys. The role of each individual C-type Pcdh-y is not known. We have
developed a specific antibody to Pcdh-yC4 to reveal the expression of this protein in the rat brain.
The results show that although Pcdh-yC4 is expressed at higher levels in the embryo and earlier
postnatal weeks, it is also expressed in the adult rat brain. Pcdh-yC4 is expressed in both neurons
and astrocytes. In the adult brain, the regional distribution of Pcdh-yC4 immunoreactivity is
similar to that of Pcdh-yC4 mRNA, being highest in the olfactory bulb, dentate gyrus and
cerebellum. Pcdh-yC4 forms puncta that are frequently apposed to glutamatergic and GABAergic
synapses. They are also frequently associated with neuron-astrocyte contacts. The results provide
new insights into the cell recognition function of Pcdh-yC4 in neurons and astrocytes.
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INTRODUCTION

Clustered protocadherins (Pcdhs) are transmembrane cell-adhesion proteins of the cadherin
superfamily that are predominantly expressed in the CNS. They are involved in neuron-
neuron and neuron-glia recognition events which includes dendrite arborization, spine
maturation, axon tiling, dendrite self-avoidance, formation and function of neural circuits,
synaptic development and prevention of apoptosis of some interneurons (W. V. Chen &
Maniatis, 2013; Hasegawa et al., 2017; Hayashi & Takeichi, 2015; Hirayama & Yagi, 2013,
2017; Keeler, Molumby, & Weiner, 2015; Molumby et al., 2017; Molumby, Keeler, &
Weiner, 2016; Mountoufaris, Canzio, Nwakeze, Chen, & Maniatis, 2018; Peek, Mah, &
Weiner, 2017; Weiner & Jontes, 2013). In mice there are 58-clustered Pcdhs distributed in
three families: alpha (Pcdh-a.), beta (Pcdh-B) and gamma (Pcdh-v), having 14, 22 and 22
members respectively. They are called clustered Pcdhs because the genes of the three
families are arranged in tandem, in a small locus of a single chromosome (Wu, 2005; Wu &
Maniatis, 1999; Wu et al., 2001).

Different neurons express unique combinations of Pcdh-as, Pcdh-Bs and Pcdh-ys, by a
mechanism of random and combinatorial transcription (W. V. Chen & Maniatis, 2013;
Esumi et al., 2005; Kaneko et al., 2006; Tasic et al., 2002; Wang et al., 2002; Wu &
Maniatis, 1999). The stochastic expression of Pcdhs may provide molecular identity and
individuality to neurons. Although the large majority of clustered Pcdhs are stochastically
expressed, the five C-type Pcdhs members, two of the Pcdh-a family (Pcdh-a.C1 and Pcdh-
aC2) and three of the Pcdh-y family (Pcdh-yC3, Pcdh-yC4 and Pcdh-yC5) are
constitutively expressed in many, but not all neurons (Esumi et al., 2005; Frank et al., 2005;
Hirano et al., 2012; Hirayama & Yagi, 2017; Kaneko et al., 2006). It is worth noting
olfactory sensory neurons (OSN) don’t express C-type Pcdhs (Mountoufaris et al., 2017).

The set of clustered Pcdhs expressed by a single cell, promiscuously interact in cis forming
cis-heteromeric complexes (Biswas, Emond, & Jontes, 2012; Schreiner & Weiner, 2010; Thu
et al., 2014). In contrast, trans-interactions require homophilic matching of the isoform
complexes (Lefebvre, 2017; Schreiner & Weiner, 2010; Thu et al., 2014; Yagi, 2012;
Zipursky & Sanes, 2010), which could lead to: i) selective recognition and increased
adhesion between two matching cells that express identical Pcdh complexes regulating
dendritic arborization; ii) decreased adhesion between matching dendrites from the same
neuron (dendrite self-avoidance) and iii) axon repulsion from different neurons (axon tiling)
(W. V. Chen et al., 2017; Mountoufaris et al., 2018; Mountoufaris et al., 2017).
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The mouse KO that is deficient in all members of the Pcdh-y family (GKO) dies at birth and
shows a severe loss of interneurons in spinal cord and retina, suggesting that Pcdh-ys
prevent neuronal apoptosis of some neurons (W. V. Chen et al., 2012; Lefebvre, Zhang,
Meister, Wang, & Sanes, 2008; Prasad, Wang, Gray, & Weiner, 2008; Wang et al., 2002;
Weiner, Wang, Tapia, & Sanes, 2005). A triple knockout (TCKO) mouse has been generated
(W. V. Chen et al., 2012), in which the three C-type members of the C-type Pcdh-y family
(Pcdh-yC3, Pcdh-yC4 and Pcdh-yC5) have been deleted. The TCKO mouse is
phenotypically similar to the GKO mouse that lacks the whole Pcdh-y cluster, in that both
show neuronal losses in spinal cord and retina and perinatal death of these mutants at PO (W.
V. Chen et al., 2012). To the best of our knowledge, no individual Pcdh-yC type KO mice
have been produced or characterized and therefore, the functional role of each individual
Pcdh-yCs is not well understood. In an effort to understand the role of individual Pcdh-yCs,
we have previously studied the expression of Pcdh-yC5 protein in brain (Y. Li et al., 2010;
Y. Li etal., 2012). In the present communication, we have made a novel anti-Pcdh-yC4
antibody to characterize the patterns of expression and localization of Pcdh-yC4 protein in
the brain, neurons and astrocytes.

MATERIALS AND METHODS

Animals

All the animal protocols have been approved by the Institutional Animal Care and Use
Committee of the University of Connecticut and have followed the National Institutes of
Health guidelines. Both male and female rat and mice were used in the experiments. Most
experiments were done with Sprague-Dawley rat brain tissue, but when indicated, we used
the triple C-type Pcdh-y knockout (TCKO) mouse brain for immunoblots (Fig. 4) and
neuronal cultures (Fig. 6). The TCKO mouse is deficient in the three C-type Pcdh-ys (Pcdh-
vC3, Pcdh-yC4, and Pcdh-yC5), but expresses the other types of Pcdh-ys. The generation
and characterization of this mouse has been previously described (W. V. Chen et al., 2012).
The TCKO dies soon after birth but for some experiments we have prepared neuronal
cultures from TCKO mouse embryos. Rat and mouse embryos of either sex were used for
hippocampal neuronal cultures. Female rats were used for preparing rat brain homogenates
and membranes.

Antibodies and plasmids.

Table | summarizes the primary antibodies used in this communication.

A novel rabbit (Rb) antibody was raised to a synthetic peptide corresponding to an amino
acid (AA) sequence unique to Pcdh-yC4 (DHAPRFPRQQLDLE), as determined from
Entrez protein database. This peptide AA sequence is localized at the variable extracellular
domain and is identical in rat, human and mouse Pcdh-yC4. The peptide sequence is
localized in AA residues 128-141 in the rat, 131-144 in the mouse, and 128-141 in human
Pcdh-yC4 deduced protein sequences. The GenBank accession numbers are NM_033582.2
for mouse and NM_018928.2 for human. The rat Pcdh-yC4 sequence was derived from the
rat genomic sequence (AC113777.5 HTGS High-Throughput Genome Sequencing,
AC_000086 and NW_001084735.1). The Pcdh-yC4 protein, including the signal peptide,
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has 938 AA inrat, 941 AA in mouse and 938 AA in human. Signal peptides are AA 1-29 in
rat and human and AA 1-32 in mouse. The mature protein has 909 AA in the three species.

The aforementioned synthetic peptide was covalently coupled, via an added C-terminal
cysteine, to keyhole limpet hemocyanin and antisera were collected from a New Zealand
rabbit (Rb) four months after repeated immunizations. The antibody from the serum was
affinity-purified on immobilized antigen peptide for all immunaoblot, immunocytochemistry
and immunofluorescence experiments.

The mouse (Ms) monoclonal antibody (mAb) to pan-Pcdh-y to AA 808-931 of the constant
cytoplasmic domain of mouse Pcdh-yALl that is shared by all 22 Pcdh-ys (clone N159/5;
catalog# 73-185; lot# 437-3VA-24; RRID: AB_10676098) and the Ms mAb to pan-Pcdh-
YA to AAs 720-804 of the cytoplasmic domain of mouse Pcdh-yA3 that is similar in all
Pcdh-yAs (clone N144/32; catalog # 73-178; Lot # 437-3VA-12: RRID: AB_10672982)
were from NeuroMab (Davis, CA).

The Ms mAb to Pcdh8 to AA 1-149 of human Pcdh8 (clone 7, catalog# SC-377348, lot#
3E1817; RRID: AB_2299153) was from Santa Cruz Biotechnology (Dallas, TX).

The Ms anti-gephyrin mAb (clone mAb7a; catalog #147021; lot#147021/9; RRID:
AB_1279448) and the guinea pig (GP) anti-VGAT (cat. no. 131004; lot no. 131004/13;
RRID: AB_887873) were from Synaptic Systems (Gottingen, Germany). This antibody is in
the JCN database.

The GP anti-rat vesicular glutamate transporter 1 (VGLUT1) (catalog #AB5905; lot#
24080852; RRID: AB_2301751), the Ms mAb to rat PSD-95 (clone 6G6-1C9; catalog
#MAB1596, Lot# LV1453199; RRID: AB_2092365) and the Ms mAb to actin (clone C4;
catalog # MAB1501; lot# L\VV1547855; RRID: AB_2223041) were from EMD Millipore
(Billerica, MA). These antibodies are in the JCN antibody database.

The sheep (Sh) anti-GAD (lot #1440-4, RRID: AB_2314493) was a gift from Dr. Irwin J.
Kopin (NINDS, National Institutes of Health, Bethesda, MD). This antibody recognizes a
65-kDa protein band in rat brain immunaoblots. The antibody precipitated GAD from rat
brain and detected purified GAD in crossed immunoelectrophoresis (Oertel, Schmechel,
Mugnaini, Tappaz, & Kopin, 1981; Oertel, Schmechel, Tappaz, & Kopin, 1981). This
antibody is in the JCN antibody database.

The Ms mAb anti-glial fibrillary acidic protein, GFAP (clone 4A11; catalog# 60311D, lot
number MO50728; RRID: AB_2313650) was from Pharmingen (San Diego, CA). The Ms
mADb anti-S-100 (B-subunit) to bovine S-100p (clone SH-B1; catalog # S2532; lot#85K4880
and catalog # AB4200671; RRID: AB_477499) was from Sigma (St. Louis, MO). Chicken
polyclonal anti PSD-95 (to a GST fusion protein encoding the full-length rat PSD-95, RRID:
AB_2315222), was a gift from Dr. Randall S. Walikonis (University of Connecticut, Storrs,
CT). These antibodies are is in the JCN antibody database.

For immunofluorescence in cell cultures, fluorophore-labeled fluorescein isothiocyanate
(FITC), DyLight 594 or Alexa Fluor 594, or aminomethylcoumarin (AMCA) species-
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specific anti-lgG antibodies were made in donkey (Jackson Immunoresearch Laboratories,
West Grove, PA). For confocal microscopy the species-specific anti-lIgG secondary
antibodies were raised in goat and labeled with Alexa Fluor 488, 568 or 647 (Invitrogen,
Eugene, OR).

For Pcdh expression in HEK293 cells, the following plasmids were used: i) pPEGFP-N1 for
Pcdh-yC3-EGFP (Frank et al., 2005) and Pcdh-yC5-EGFP (V. Li et al., 2012); ii)
pMaxcherry for Pcdh-yC4-mCherry expression (Thu et al., 2014); iii) pcDNA3.1(+) for
¢mycpedh-yC5 (V. Li et al., 2012) and Pcdh8. The Pcdh8 (GenBank accession number
BC053008) plasmid was subcloned from pY X-Ascp-Pcdh8 (from PlasmID repository, ID
MmCD00319448, Harvard Medical School, Boston, MA) in the EcoRI and Notl sites of
pcDNA3.1(+) and iv) the pEF6-mCherry vector was a gift from Dr. David Knecht,
University of Connecticut (Storrs, CT).

Brain fractionation and Immunoblots.—All steps were performed at 4°C.
Homogenates were prepared from pooled forebrains (telencephalon) of male and female rats
of the same age, by homogenization with a glass/Teflon homogenizer (1g of tissue) in10ml
of 10% sucrose, 50mM Tris-HCI pH 7.4, containing 1mM phenylmethylsulfonyl fluoride
and a cocktail of protease inhibitors (Roche, Indianapolis, IN). The homogenate was
centrifuged at 1,000xg for 10 min (to pellet nuclei and cell debris) and the supernatant
(cleared homogenate) was used for immunoblots. Additionally, brain membranes were
prepared from cleared homogenates from adult rats by centrifugation at 100,000xg for 1hr,
followed by pellet suspension in 5mM Tris-HCI pH 7.4, homogenization in a glass Dounce
homogenizer, centrifugation at 12,000xg for 30 min and suspension of the pellet in 50mM
Tris-HCI pH 7.4. Cleared homogenates from mouse brain were prepared as for rat brain
except that the whole brain was used. The protein concentrations of different brain fractions
were measured by using Micro BCA Protein Assay Reagent Kit (Pierce, Rockford, IL).

Immunoblots were a modification of the procedure previously described (De Blas &
Cherwinski, 1983), using IRDye 800CW- or 680LT-conjugated goat anti-rabbit or anti-
mouse IgG secondary antibodies from Li-Cor Biosciences (Lincoln, NE). Immunoblot
images were collected with a LI-COR Odyssey Infrared Imaging System (Li-Cor
Biosciences).

Cell culture immunofluorescence.—Rat hippocampal (HP) neuronal cultures were
prepared according to Higgins and Banker (1998) as described elsewhere (Chiou et al.,
2011; Christie & de Blas, 2002, 2003; Christie, Li, et al., 2002; Christie, Li, Miralles, Yang,
& De Blas, 2006; Jin et al., 2014). Briefly, dissociated neurons from embryonic day 18
(E18) rat hippocampi (from Sprague Dawley embryos of either sex) were plated (at a density
of 3000-8000 cells per 18 mm diameter poly-L-lysine coated glass coverslip) and
maintained in rat glial cell conditioned medium for 21 days. Mouse HP cultures were
prepared from E18 embryos of either sex as described above for rat, and maintained in rat
glial cell conditioned medium. Astrocyte cultures were prepared from the cerebral cortex of
postnatal day 0 (PO) Sprague Dawley (SD) rats according to Higgins and Banker (1998) as
described elsewhere (Y. Li et al., 2010) and plated on 18 mm diameter poly-L-lysine coated
glass coverslips. Cultured human embryonic kidney cell line 293 (HEK293) were
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transfected with 2 ug of plasmid using the CalPhos Mammalian Transfection Kit according
to the instructions provided by the manufacturer (BD Bioscience, San Jose, CA).
Immunofluorescence of HEK293 cells was performed 3 days after transfection.

Immunofluorescence of HP, glial or HEK293 cultures was performed as described elsewhere
(Christie, Li, et al., 2002; Christie et al., 2006; Christie, Miralles, & De Blas, 2002; Y. Li et
al., 2010). HEK293 cells were from ATCC (ATTC Cat# CRL-1573, RRID: CVCL_0045).
Briefly, cells on glass coverslips were fixed with 4% paraformaldehyde, 4% sucrose in 0.1

M phosphate buffered saline (PBS) for 15 minutes. The free aldehyde groups were quenched
with 50mM NH4CI in PBS for 10min. Permeabilization was done with 0.25% Triton X-100
in PBS (T-PBS) for 5 minutes, followed by incubation with 5% normal donkey serum (NDS)
in T-PBS for 30 min. Incubations with primary and secondary antibodies were done in T-
PBS containing 2% NDS. For surface labeling, live cells were incubated with the primary
antibody at 37°for 30 min followed by washes, fixation and permeabilization. The coverslips
were mounted on glass slides with Prolong Gold anti-fade mounting solution (Invitrogen,
Eugene, OR).

Immunocytochemistry of rat brain sections.—This procedure has been described
elsewhere (Charych, Yu, Li, et al., 2004; Charych, Yu, Miralles, et al., 2004; de Blas, 1984).
Briefly, 35-day old SD rats from either sex were deeply anesthetized with a mixture of
ketamine-HCl/xylazine (100/10 mg/kg) and perfused through the ascending aorta with
0.12M phosphate buffer (PB, 27mM NaH2PO4, 92mM NayHPOy4, pH 7.4) followed by 4%
PLP fixative (4% paraformaldehyde, 1.37% lysine, 0.21% sodium periodate in 0.12M
phosphate buffer, pH 7.4). Brains were cryoprotected, frozen and sectioned (25um thick)
with a freezing microtome.

Free-floating parasagittal sections were incubated with the anti-Pcdh-yC4 antibody in 0.3%
Triton X-100 in PB at 4°C overnight followed by incubation with biotinylated anti-rabbit
IgG and avidin-biotin-horseradish peroxidase complex (ABC procedure, Vectastain Elite
ABC Kit, Vector Laboratories, Burlingame, CA) in 1% normal goat serum. Sections were
then incubated with 3-3” diaminobenzidine tetrahydrochloride (DAB) in the presence of
0.03% cobalt chloride, 0.03% nickel ammonium sulfate and 0.01% H,0O, and mounted on
gelatin-coated glass slides. No tissue immunolabelling was detected when the primary
antibody was incubated with 25 pg/ml of antigenic peptide or when the primary antibody
was omitted.

Immunofluorescence of rat brain sections.—The procedure has been described
elsewhere (Fekete et al., 2015; Fekete et al., 2017; X. Li, Serwanski, Miralles, Nagata, & De
Blas, 2009; Y. Li et al., 2010). Briefly, free-floating brain sections, prepared as described
above from P35 SD rats, were incubated with 5% normal goat serum (NGS)/0.3% Triton
X-100/0.12M PB for 1 hour at RT, followed by incubation for 2 days at 4°C in a mixture of
primary antibodies raised in different species in 29%6NGS/0.3% Triton X-100 in 0.12M PB at
4°C. Sections were washed with PB and incubated in a mixture of fluorophore conjugated
secondary antibodies in 2%NGS/0.3%Triton in 0.12M PB for 1 hour at RT. Sections were
then washed again and mounted onto gelatin coated glass slides with Prolong Gold antifade
mounting solution and imaged with a laser scanning confocal microscope.
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In utero electroporation.—/n utero electroporation was performed as previously
described (Bai et al., 2003; F. Chen & LoTurco, 2012; Fekete et al., 2015; Frank et al., 2005;
Y. Li et al., 2010; Ramos, Bai, & LoTurco, 2006). Briefly, pregnant Wistar rats (14 days of
gestation) were deeply anesthetized as described above and laparotomy was performed. The
uterine horns were pulled out and 1-3 pl of a sterile mixture of 0.5 pg/pl of pLZRS-CA-
gapEGFP plasmid (gift from Drs. A. Okada and S. K. McConnell, Stanford University,
Stanford, CA) and Fast Green (2 mg/ml; Sigma, St. Louis) was microinjected by pressure
with a Picospritzer 11 (General Valve, Fairfield, NJ) through the uterine wall into a single
lateral ventricle of each embryo (male and female) with a sterile pulled glass microelectrode
(Drummond Scientific, Broomall, PA). Electroporation was accomplished with a BTX 8300-
pulse generator (BTX Harvard Apparatus, Holliston, MA) and sterile BTX tweezertrodes
applied to the embryo’s head. Electroporation was carried out by a brief (1-2 msec)
discharge of a 500-uF capacitor charged to 50-100 V. After electroporation, the uterus was
returned to the abdominal cavity, and the incision was closed by sewing it up with sterile
surgical suture. Metacam analgesic was administered daily at dosage of 1 mg/kg for 2 days
following surgery. The pups were sacrificed at 35 days after birth.

Image acquisition, analysis and quantification.—Immunofluorescence images of
cells in culture were collected with a Nikon Plan Apo 60x/1.40 oil immersion objective, in
an Eclipse T300 microscope (Nikon Instruments) with an Andor Zyla 4.2 USB3 Digital
camera (Oxford Instruments) driven by NIS Elements acquisition software (Nikon
Instruments, RRID: SCR_014329). Confocal images of brain sections were acquired using
an A1R laser scanning confocal microscope (Nikon Instruments) with a Plan Apo VC
60%/1.4 oil objective and a pinhole set at 1 Airy unit. Images were collected with NIS
Elements acquisition software (Nikon Instruments, RRID: SCR_014329). The two- or three-
color fluorescence images to be compared were merged for color co-localization in
Photoshop CS5 (Adobe, San Jose, CA) and puncta manually counted. A Pcdh-yC4 puncta
was considered co-localizing with another puncta or structure when 60-100% of the surface
of the Pcdh-yC4 puncta overlapped with the puncta in another fluorescence channel. A
Pcdh-yC4 puncta was considered to be adjacent to, or at the periphery of VGLUT1or VGAT
puncta, when the edges of the puncta were 0-0.2 pm distant. All confocal microscope
images presented in this study are from single optical sections. Statistical analysis was
performed with InStat 3 (GraphPad, San Diego, CA, RRID: nlx_156835). Values are given
as mean = standard error of the mean (SEM).

RESULTS

Generation, validation and characterization of anti-Pcdh-yC4 antibody

A novel anti-Pcdh-yC4 antibody was made in rabbit to a unique synthetic peptide localized
at the variable extracellular domain of Pcdh-yC4. Identical epitope amino acid sequence is
present in rat, mouse and human Pcdh-yC4. The antibody was affinity-purified on
immobilized peptide antigen.

To demonstrate specificity of the Ab for Pcdh--yC4 and not for the other Pcdh-yCs also
missing in the TCKO (Pcdh-yC3 and Pcdh-yC5), we showed that the Ab gave very strong
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immunofluorescence in HEK293 cells transfected with Pcdh-yC4-mCherry compared to the
background immunofluorescence shown by non-transfected or cells transfected with
mCherry, Pcdh-yC5-EGFP, cMyc-Pcdh-yC5 or Pcdh-yC3-EGFP (Fig. 1). These results
indicate that the antibody specifically reacts with Pcdh--yC4 but not with the two closest
relatives of the Pcdh-yC family (Pcdh-yC3 and Pcdh-yC5).

Database search of the antigen peptide DHAPRFPRQQLDLE revealed sequence homology
with Pcdh8 (also called ARCADLIN and PAPC). The homologous sequence in Pcdh8 is
DHAPRFPRAQIPVE corresponding to amino acids 130-139. Nevertheless, our anti-Pcdh-
vC4 did not recognize overexpressed Pcdh8 in HEK293 cells (Fig. 2). A commercial Ms
mADb to anti-Pcdh8 did not recognized HEK?293 cells transfected with Pcdh-yC4-mCherry
(Fig 2). In rat brain, triple-label immunofluorescence experiments show that Rb anti-Pcdh-
vC4 and Ms anti-Pcdh8 show different labeling patterns (Fig. 3). While anti-Pcdh-yC4
labeling was frequently apposed to, but not co-localizing with, pre- or postsynaptic markers,
anti-Pcdh8 labeling was frequently synaptic. Others have reported that Pcdh8 concentrates at
excitatory synapses in cultured HP neurons (Keeler, Molumby, et al., 2015; Light & Jontes,
2017; Yamagata et al., 1999; Yasuda et al., 2007).

Additional demonstration of the specificity of the anti-Pcdh-yC4 Ab, shown below,
includes: i) in cultured rat hippocampal neurons, anti-Pcdh-yC4 labelled puncta that were
also co-labeled with a pan-Pcdh-y mADb:; ii) similar puncta were present in cultured
hippocampal neurons from wild type and heterozygous mice but they were absent in the
homozygous TCKO mice; iii) in rat and mouse brain immunoblots, the anti-Pcdh-yC4 Ab
recognized a 120kDa protein, which was blocked by the antigenic peptide and was absent in
the TCKO mouse; iv) the expression of the Pcdh-yC4 protein during brain development
matched that of the Pcdh-yC4 mRNA,; v) in immunocytochemistry of adult rat brain, the
regional expression pattern of the Pcdh-yC4 protein revealed with the anti-Pcdh-yC4 Ab
matched that of the Pcdh-yC4 mRNA expression (Allen Brain Atlas http://mouse.brain-
map.org/experiment/show/70784958) and vi) the antigenic peptide blocked the reaction of
the Pcdh-yC4 Ab with brain tissue.

Immunoblots from adult rat forebrain membranes showed three main protein bands
corresponding to ~120, 55 and 40 kD (Fig. 4a). The immunoreactivity of the three proteins
was displaced by peptide antigen (20 pg/ml, strip P). The 120,000 Mr protein band
corresponds to the mobility of the glycosylated Pcdh-yC4 (Frank et al., 2005). The 120 kD
protein was present in immunoblots of mouse and rat brain homogenates of various ages
(Fig. 4b—d). In mouse, it was present in the PO wild type (WT) but absent in the homozygous
(HZ) PO TCKO littermates (Fig. 4b and d). The TCKO mouse does not survive beyond PO.
The 55 and 40 kD protein bands were still present in the TCKO, indicating that these
proteins were not derived from Pcdh-yC4.

During development of the rat brain, the 120 kD Pcdh--yC4 were already expressed at E18
(earliest time tested, Fig. 4b). The levels of expression were relatively high at E18, PO, P7
and P14, then decreasing at P21 and maintaining similar lower level of expression at P30,
P45 and P90 (Fig. 4d). Although decreased, compared to earlier postnatal age (P0-P21),
there is a significant expression of Pcdh-yC4 protein in the adult rat brain.
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Pcdh-yC4 is highly enriched in rat brain membranes (P37) over the brain homogenates of
comparable age (P30 and P45), as shown in immunoblots (Fig. 4c). This enrichment in
membranes is expected for a cell-adhesion membrane protein.

Rat hippocampal neurons express Pcdh-yC4 at different levels.

In 21 DIV rat HP neuronal cultures, the Rb anti-Pcdh-yC4 reveals the presence of Pcdh-yC4
puncta in the soma and dendrites of pyramidal neurons and GABAergic interneurons (Fig.
5). Double-label immunofluorescence showed that 95+2% of Rb anti-Pcdh-yC4 puncta (620
puncta, n=4 neurons) were also labeled with the mouse anti-pan-Pcdh-y antibody (Fig. 5a—
c), validating the immunofluorescence signal obtained with the Rb anti-Pcdh-yC4 antibody.
Validation was also done with the TCKO mouse described below.

The rat hippocampal glutamatergic pyramidal neurons show a large variability in the levels
of expression of Pcdh-yC4. Some (39%, n=25, out of 64 pyramidal neurons) show large
Pcdh-yC4 puncta (20.25 pm?), some of these puncta being very large (=3 um?) and of high
fluorescence intensity, as shown by the pyramidal neuron in Fig. 5d (which is also GAD-).
Other pyramidal neurons (61%, n=39, out of 64 pyramidal neurons) show considerably
fewer and smaller (<0.25 um?) puncta with lower fluorescence intensity (Fig. 5e). Pyramidal
neurons are identified by their large size, shape and absence of GAD expression.

The large majority of interneurons (85%, n=29, out of 34 interneurons), identified by the
expression of GAD in their somas (Fig. 5f-i), have very large (as large as 5-20 um2, arrows)
Pcdh-yC4 puncta of very high fluorescence intensity (Fig. 5d—f). A small population of
interneurons (15%, n=>5, out of 34 interneurons) had fewer and smaller (<0.25 pm?) Pcdh-
vC4 puncta (Fig. 5i). As a general rule, interneurons had more and larger puncta of higher
fluorescence intensity than pyramidal neurons. The largest puncta in interneurons (Fig. 5f-h,
arrows) are larger than the largest puncta in pyramidal neurons (Fig. 5a and d). In both
pyramidal and interneurons, the largest puncta tend to be localized in the somas and
proximal dendrites, but large puncta are also present in the distal dendrites of some neurons
(Fig. 5d, fand g).

The results show that I) most, if not all, HP neurons express Pcdh-yC4; Il) there is a large
range of expression of Pcdh-yC4 among various pyramidal cells and among various
interneurons and 111) HP interneurons express higher levels of Pcdh-yC4 than pyramidal
neurons.

The relative levels of Pcdh-yC4 protein expression in HP pyramidal neurons and
interneurons are consistent with results using an antibody that recognizes all Pcdh-ys
(Phillips et al., 2003). Nevertheless, there is evidence showing that not all members of the
Pcdh-y family have similar relative levels of expression in HP neurons. For instance, Pcdh-
vC5 is highly expressed in pyramidal neurons (Y. Li et al., 2010) while Pcdh-yC4 is highly
expressed in interneurons.

When live neurons were surface-labeled with anti-Pcdh-yC4, the immunofluorescent puncta
were highly decreased in number and intensity (Fig. 5j, arrowheads) compared with those
observed in fixed and Triton X-100 permeabilized neurons (Fig. 5k). Arrows point to large
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Pcdh-yC4 puncta present in the somas. These results are consistent with those of another
group who has shown, by using a different antibody (a Rb pan-Pcdh-y), that these puncta
observed in cultured neurons largely correspond to trafficking organelles including
endoplasmic reticulum and various types of endosomes (Fernandez-Monreal, Kang, &
Phillips, 2009; Fernandez-Monreal et al., 2010).

The predominant localization of Pcdh-yC4 and other Pcdh-vys in intracellular organelles in
cultured neurons, and in the absence of contacting astrocytes, is consistent with the immuno-
EM studies in brain tissue. In a study using the aforementioned Rb pan Pcdh-y antibody to a
cytoplasmic epitope, the authors (Fernandez-Monreal et al., 2010) showed preferential
intracellular organelle labeling of Pcdh-+ys. The presence of Pcdh-yC4 in both the cell
surface and intracellular organelles of cultured neurons is consistent with another immuno-
EM study with a Rb antibody to a unique extracellular epitope Pcdh-yC5, which showed
strong intracellular organelle labeling but also significant amount of labeling of the plasma
membrane (Y. Li et al., 2010).

Below we are studying the expression of Pcdh--yC4 in brain by laser confocal microscopy
immunofluorescence, which requires the use of Triton X-100 for membrane
permeabilization and antibody penetration.

Pcdh-yC4 puncta are present in mouse hippocampal neurons from wild type but not Pcdh-
vC deficient mice.

The TCKO mice die shortly after birth at PO. However, healthy HP neurons from E18
mutant and wild type mouse embryos can be maintained in culture for at least 21DIV (Y. Li
etal., 2012), as for rat HP neuronal cultures.

Neurons from 21 DIV HP cultures of WT mouse showed Pcdh-yC4 puncta in soma and
dendrites (Fig. 6a and d), similar to those observed in rat neurons (Fig. 5). Also similar to
rat, there is a large variability in the levels of Pcdh-yC4 expression in mouse HP neurons. In
general, the Pcdh-yC4 puncta in HP mouse neurons (seldom larger than 2 pm?) did not
reach the very large size observed in some HP rat neurons.

In contrast, none of the cultured 21 DIV HP neurons from the TCKO littermate homozygous
showed Pcdh-yC4 puncta. They showed just a diffuse and low background fluorescence
(Fig. 6 g and J). These results also validate the Rb anti-Pcdh-yC4 antibody for
immunofluorescence.

In HP cultures of the WT mouse, the large majority of neurons also expressed Pcdh-yA as
shown by the presence of puncta with a pan-Pcdh-yA antibody (Fig. 6b and e). In individual
neurons, a large proportion of the Pcdh-yA puncta (58+4%, of 426 puncta, n=4 neurons,)
co-localized with Pcdh-yC4 puncta and 54+3% of Pcdh-yC4 puncta (of 449 puncta, n=4
neurons) co-localized with Pcdh-yA puncta (Fig. 6b, c, e and f, arrows). Filled arrowheads
point to some Pcdh-yC4 puncta that do not co-localize with Pcdh-yA puncta and empty
arrowheads point to some Pcdh-yA puncta that do not co-localize with Pcdh-yC4 puncta.
These results suggest that within the same neuron of the WT mouse, the composition of
Pcdh-y puncta is heterogeneous.
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The TCKO mutant neurons, which had no Pcdh-yC4 puncta (Fig. 6g and j), did have Pcdh-
YA puncta, as revealed by the pan-Pcdh-yA antibody (Fig. 6h and k). Thus, expression and
clustering of Pcdh-yCs is not essential for the clustering of Pcdh-yAs. These results agree
with mRNA expression studies in the TCKO mouse brain, which show no significant
changes in the expression of Pcdh-yAs in the mutants compared with the WT (W. V. Chen et
al., 2012).

HP neurons of the TCKO mouse are not deficient in their ability to form glutamatergic
synaptic contacts, as determined by immunofluorescence with VGLUT1 and PSD-95
antibodies (Fig. 7), nor in their ability to form GABAergic synaptic contacts (Y. Li et al.,
2012).

Some Pcdh-yC4 puncta localize at contact points between axons and neurons, near but
not on synapses.

Studying rat hippocampal cultures, we found that a subset of Pcdh-yC4 puncta (green) were
present at contact points between GABAergic axons (blue) and neuronal dendrites (Fig. 8a—
d). Fig. 8a and c show a pyramidal neuron at the left side, with small Pcdh--yC4 puncta, and
dendrites from GAD+ interneuron at the right side of the panel with larger Pcdh-yC4
puncta, both contacted by thin GAD+ GABAergic axons. Empty arrowheads indicate
dendritic Pcdh-yC4 puncta lined up with axons, while filled arrowheads show puncta
associated with GAD+ boutons. Fig. 8b and d show another example of a GABAergic axon
contacting a dendrite from a GAD+ neuron. These results are consistent with another study
with an antibody that recognizes all Pcdh-ys in HP cultures of an earlier age (8DIV)
(Fernandez-Monreal et al, 2009).

We investigated whether the Pcdh--yC4 puncta associated to contacts between axons and
neurons were at synapses (Fig. 8e—g). In cultured neurons 47+3% of GABAergic synapses
(gephyrin+ and GAD+) had Pcdh-yC4 puncta associated with them (249 synapses, n=4
neurons). The majority of these Pcdh-yC4 puncta (arrowheads) were near the synapse but
not at the synapse (/.e. they were at the periphery of, or adjacent to GAD+ boutons but they
did not co-localize with gephyrin clusters). Moreover, the large majority of gephyrin clusters
(synaptic or non-synaptic) did not co-localize with Pcdh-yC4; only a few (9+3%, 648
clusters, n=4 neurons) gephyrin clusters co-localized with Pcdh-yC4 (Fig. 8g, arrow).

We also studied the relationship of Pcdh-yC4 puncta with glutamatergic synapses. Fig. 8h—j
shows triple-label immunofluorescence with Pcdh-yC4 (green), VGLUT1 (blue) and
PSD-95 (magenta). Although 28+4% of the glutamatergic synapses (PSD-95+ and
VGLUT1+, 811 synapses, n=3 neurons) had associated Pcdh-yC4 puncta (Fig. 8h), only
12+4% of the VGLUT1 puncta (569, n=3 neurons) (Fig. 8i) and 11+3% of the PSD-95
clusters (328, n=3 neurons) (Fig. 8]) co-localized with Pcdh-yC4 puncta. More frequently,
the Pcdh-yC4 puncta were adjacent to, or at the periphery of VGLUT1 puncta or PSD-95
clusters rather than co-localizing with them.

The results indicate that I) the large majority of Pcdh-yC4 puncta are not associated with
synapses and I1) that the majority of Pcdh-yC4 puncta that are associated with GABAergic
or glutamatergic synapses are near but not co-localizing with synaptic contacts. Some of the
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Pcdh-yC4 puncta, even if not localized at the plasma membrane but rather in intracellular
organelles, could be involved in the regulation of adhesion between axons and contacting
dendrites and somas.

Pcdh-yC4 is also expressed by astrocytes

We prepared astrocyte cultures and identified them by the expression of GFAP. Double
immunofluorescence experiments show that the GFAP (magenta)-expressing astrocytes also
expressed Pcdh-yC4 (green), which formed puncta that concentrate in the cell body (Fig. 9a,
b, d and f). Pcdh-yC4 immunofluorescence was also present at the plasma membrane (Fig.
9e) and astrocyte processes (Fig. 9c and g). Thus, Pcdh-yC4 is expressed in cultured
neurons and astrocytes forming puncta. Many of the puncta likely correspond to labeling of
intracellular trafficking organelles, including endoplasmic reticulum and endosomes, as
shown in cultured neurons and in brain extracts containing neurons and astrocytes
(Fernandez-Monreal et al., 2009; Fernandez-Monreal et al., 2010; Phillips, LaMassa, & Nie,
2017).

Rat brain ICC with anti-Pcdh-yC4.

We have studied the expression of Pcdh-yC4 in the rat brain by both ICC and
immunofluorescence. Light microscopy immunocytochemistry of young adults (P35) shows
(Fig. 10a) that the highest expression of Pcdh-yC4 occurs in the olfactory bulb (OB,
particularly in the olfactory glomeruli, and less in the external plexiform layer), cerebellum
(CB), superior colliculus (SC), dentate gyrus (DG), hippocampus (HP), substantia nigra
(SN) and pontine nuclei (PN), with lower expression in the cerebral cortex (CC) and corpus
striatum (St). No immunolabelling was obtained by incubating the antibody with antigenic
peptide (20-100 ug/ml) or by omitting the primary antibody.

The distribution of anti-Pcdh-yC4 immunoreactivity in the rat brain is consistent with the
expression of the Pcdh-yC4 mRNA in the adult mouse, as shown by /n situ hybridization
(ISH) in the Allen Brain Atlas (http://mouse.brain-map.org/experiment/show/70784958).

The ISH data shows the highest Pcdh-yC4 mRNA expression in olfactory bulb

(periglomerular cells, mitral cell layer and granule cell layer), cerebellum (Purkinje cell
layer and granule layer), dentate gyrus and hippocampus. It also shows lower Pcdh-yC4
MRNA expression in the cerebral cortex and very low expression in the corpus striatum.

In the HP (Fig. 10b and c), the immunoreactivity was highest in the stratum pyramidale (SP)
and hilus (HL), showing a punctate appearance. In the DG (Fig. 10e and f), the
immunoreaction was highest in the boundary between the granule cell layer (GR) and the
plexiform layer (PL), also showing granular appearance. In CB (Fig. 10h—j), the granule cell
layer (GR) showed the highest immunoreaction; particularly in the boundary with the
Purkinje cell layer (PK) where the immunoreaction also had a punctate aspect.
Concentration of these puncta appeared in the GR layer (Fig. 10i and j, white arrowheads),
sometimes surrounding blood vessels (black arrow) and also in the boundary between PK
and the GR layers (black arrowheads). In the OB (Fig. 10d), high immunoreaction occurred
in the olfactory glomeruli (OG, white asterisks), particularly surrounding the glomeruli
(white arrowheads). Considerably less immunoreaction was observed in the cerebral cortex
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(Fig. 10g). It is worth noting that the areas where the Pcdh-yC4 immunoreactivity was
highest coincided with boundaries between anatomically defined layers or structures (OG
borders, boundary between GR and PL layers in DG, or between PK and GR layers in
cerebellum, or between blood vessels and neuropil). Although in the adult brain the
distribution of Pcdh-yC4 immunoreactivity shown above is quite different from that of
Pcdh-yC5, which we have reported elsewhere (Y. Li et al., 2012), in both cases, the
immunoreaction presents a similar punctate appearance.

Rat brain immunofluorescence with anti-Pcdh-yC4.

We performed immunofluorescence of P35 rat brain sections with the Rb anti-Pcdh-yC4.
There was very good agreement with the ICC results regarding the relative expression of
Pcdh-yC4 in various brain regions, including the high level of immunofluorescence in the
olfactory bulb (Fig. 11a—f, magenta), the granule layer of cerebellum (Fig. 11g and h,
magenta and Fig. 12a, green), and the dentate gyrus, particularly in the boundary between
plexiform layer and granule layer (Fig. 12b, green). Pcdh-yC4 immunofluorescence was
manifested in the form of bright puncta in the neuropil and around the neuronal somas.

Olfactory Bulb.—The olfactory bulb showed the highest level of Pcdh-yC4
immunofluorescence in rat brain (Fig. 11a—f, magenta). The olfactory glomeruli (OG) had
very large periglomerular Pcdh-yC4 puncta as well as smaller puncta inside the glomeruli
(Fig. 11a, c and e, magenta). VGLUT1 immunofluorescence (blue) revealed the presence of
glutamatergic presynaptic contacts at the edge of, and deep inside the OGs. Although many
Pcdh-yC4 puncta were not associated with VGLUT1 puncta, the large majority of the latter
had associated Pcdh-yC4 puncta deep inside the OG (Fig. 11c arrow) and at the edge of the
OG (Fig. 11e arrowheads). The olfactory glomeruli could be easily identified with diffuse
PSD-95 immunofluorescence, which was absent from the periglomerular strip. (Fig. 11a,
green).

Fig. 11b and d show immunofluorescence at the OB granule cell layer. There is frequent
grouping of granule cell somas into cell aggregates (i.e. cell aggregates 1-4). The Pcdh-yC4
puncta and VGLUT1 puncta are localized between the aggregates, but seldom inside these
aggregates. It has been shown that the granule cells of an aggregate are electrically coupled
to each other (Reyher et al., 1991). Fig. 11f is from the external plexiform layer, which also
shows postsynaptic PSD-95 immunofluorescence (green). The Pcdh-yC4 puncta are near
but do not co-localize with glutamatergic synapses. They are frequently adjacent to
VGLUT1 puncta. In the external plexiform layer 77.9+2% (of 322 puncta, n=3 images) of
the VGLUT1 puncta had one or more Pcdh-yC4 puncta at the periphery. This is not by
chance. By rotating one of the two overlaid images180 degrees, the values drop to 20.6+1%
(of 322 puncta, n=3 images). Note the larger size of the Pcdh-yC4 puncta in OG (Fig. 11e)
compared to the size of the Pcdh-yC4 puncta in the external plexiform layer of the OB (Fig.

11f).

Cerebellum.—Double-label immunofluorescence with anti-VGLUT1 and anti-Pcdh-yC4
revealed that Pcdh-yC4 puncta were more abundant in the granule cell layer (GR) than in
the molecular layer (ML) (Fig. 11g and h). In GR, Pcdh-yC4 puncta were particularly bright
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and large at the boundary between GR and Purkinje cell (PK) layer (Fig. 11g, arrow). In GR,
Pcdh-yC4 puncta were concentrating in the periphery of the VGLUT1-labeled synaptic
glomeruli, particularly between the glomeruli and granule cells (Fig. 11h, arrowheads).
Granule cells frequently formed rows (Fig. 11h asterisks). Pcdh-yC4 puncta were largely
absent from the contacts between granule cells within a row. Pcdh-yC4 puncta were
associated with the surface of PK somas (Fig. 11g, arrow). In the molecular layer, Pcdh-yC4
puncta frequently had a radial orientation (Fig. 11g, arrowheads).

We have also studied the relationship between Pcdh-yC4 puncta and GABAergic synapses.
In the cerebellum, the Pcdh-yC4 puncta (green) were often associated with VGAT-labeled
(blue) presynaptic terminals present at the periphery of the synaptic glomeruli (Fig. 12a,
crossed arrows) and the soma of PK cells (Fig. 12a, arrowheads). Moreover, VGAT
immunofluorescence (blue) revealed the pinceaux of the basket cell axons synapsing onto
the axon initial segment of PK cells (i.e. PK cell 2 and partially in PK cell 1 in Fig. 12a).
These pinceaux had a high number of associated Pcdh-yC4 puncta (Fig. 12a, arrows).

Cerebral cortex.—Pcdh-yC4 puncta (green) were associated with the surface of the
neuronal somas and at the neuropil (Fig. 12c—h). Numbers 37 identify the soma of some
neurons. There were also Pcdh-yC4 puncta associated with the wall of blood vessels (Fig.
12c, # symbol). A subset of Pcdh-yC4 puncta were associated with VGAT puncta (blue),
both at the surface of the neuronal soma and at the neuropil, although the large majority of
the Pcdh-yC4 puncta were not associated with VGAT. When there was association, Pcdh-
vC4 puncta were often localized at the edges of VGAT puncta, as can be observed at high
magnification (Fig. 12d, e, g and h, arrowheads). In fact, 41.8+3% (of 254 puncta, n=3
images) of VGAT puncta had Pcdh-yC4 puncta at the periphery. When one of the two
overlaid images was rotated 180 degrees, the values dropped to 18.7+1% (of 254 puncta,
n=3 images). The results suggest a frequent perisynaptic localization of the associated Pcdh-
vC4 puncta. The Pcdh-yC4 puncta did not co-localize with gephyrin clusters (magenta, Fig.
12i and j), although they frequently were apposed to them (Fig. 12i and j, arrowheads).

We also performed double-label immunofluorescence of Pcdh-yC4 with the astrocyte
marker S-100pB. Fig. 12k—m shows that in the cerebral cortex, Pcdh-yC4 puncta (magenta)
were frequently associated with the surface of both the astrocyte (green) cell bodies and
processes (Fig. 12k—-m, arrowheads). Prominent and frequently large Pcdh-yC4 puncta were
found on astrocyte processes associated with blood vessels (Fig. 12k, # symbol), which
agrees with the granular aspect of the reaction on the wall of the capillaries observed by ICC
(7.e. Fig. 10j, arrow).

Pcdh-yC4 forms puncta frequently associated with contact points between neurons and

astrocytes.

Figs. 11 and 12 indicate that Pcdh--yC4 puncta are frequently associated with the surface of
neuronal somas and apposed to synapses (both glutamatergic and GABAergic synapses) in
various brain regions. Fig. 12k—-m indicates that Pcdh-yC4 puncta are frequently associated
with the surface of astrocytes in the cerebral cortex. We have investigated whether Pcdh-yC4
puncta associate with the contact points between astrocytes and neurons. For this purpose,
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we /n utero electroporated rats with EGFP, aiming to EGFP-label a limited number of
cortical neurons. This allowed us to visualize individual neurons and processes, which
cannot easily be accomplished by using an antibody to a neuronal marker that labels most
neurons. Fig. 13 shows that in the cerebral cortex of the P35 IUEP rat, many individual
Pcdh-yC4 puncta (magenta) localize with both astrocyte processes revealed with anti-S1008
(blue) and transfected neurons (soma or dendrites, green) as shown by arrowheads. Thus,
89% of all Pcdh-yC4 puncta (672 puncta on 11 transfected neurons, including somas and 15
dendrites, from 3 different images) localized on or in contact with the dendrites and soma of
EGFP-fluorescent neurons also co-localized with astrocyte processes, revealed with anti-
S100p labeling. After rotating one of the overlaid images 180 degrees (Pcdh-yC4 red), the
co-localization values dropped to 29% (of 315 puncta on 11 transfected neurons, including
somas and 15 dendrites, from 3 different images co-localized with astrocyte processes). The
frequent association of individual Pcdh--yC4 puncta with both neurons and astrocyte
processes strongly suggest an association of many Pcdh--yC4 puncta with neurons and
astrocyte contacts. This interpretation is consistent with: 1) the observed expression of Pcdh-
vC4 in neurons and astrocytes; I1) the proposed Pcdh--y trans-homophilic interactions and
[11) the enrichment of the120 kD Pcdh-yC4 protein band in immunoblots of brain
membranes compared to the homogenates (Fig. 4c and d).

We have also investigated in other brain regions the relationship between Pcdh-yC4 puncta
and astrocyte processes. In the OB (Fig. 14a—c), Pcdh-yC4 puncta (green) are frequently
associated with the interface (arrowheads) between astrocytes (blue) and the somas (ghosts)
of periglomerular neurons (asterisks) surrounding an olfactory glomerulus (GL), as shown in
Fig. 14a. There are also Pcdh-yC4 puncta in the glomerulus (GL) associated with astroglial
processes (from periglomerular astroglial cells). In the granule layer of the OB (Fig. 14b),
Pcdh-yC4 puncta are present throughout the layer, associated with astrocyte somas and
processes, frequently apposed to synapses (arrowheads) as shown by VGAT
immunofluorescence (magenta). Pcdh-yC4 puncta are largely absent from granule cell to
granule cell contacts, in the aforementioned granule cell aggregates (Fig. 14b asterisks). The
association with astrocyte processes and the frequent apposition of the Pcdh-yC4 puncta to
synapses is also found in the external plexiform layer of the OB (Fig. 14c, arrowheads).

In the cerebellum (Fig. 14d—g), Pcdh-yC4 puncta (green) are associated with the surface of
Bergmann glia cell bodies (blue), which localized at PK (Fig. 14d, arrow) and Bergmann
glia processes, which are located in ML (Fig. 14d, arrowheads). Fig. 14f shows the
association between Pcdh-yC4 puncta with Bergmann glia radial fibers (arrowheads) and the
network of fine glial processes between the thicker fibers. Some of these puncta are apposed
to VGAT terminals. Fig. 14e shows the wrapping of a Purkinje cell soma by Bergmann glia
(blue) and the presence of Pcdh-yC4 puncta between the two cell types (arrowheads). Fig.
14e also shows that Pcdh-yC4 puncta (green) associated with the pinceaux (VGAT+,
magenta, asterisk) and glial cell processes (blue). In the granule cell layer (Fig. 14g), the
Pcdh-yC4 puncta are localized at the interface (likely contacts) between astrocyte processes
and the somas of granule cells (arrowheads) and also at the boundary between the synaptic
glomeruli (rich in GABAergic contacts, magenta) and the astrocyte processes wrapping
them (arrows).
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DISCUSSION

Much of our knowledge on the function of clustered Pcdhs in the brain is derived from
studying mouse mutants in which a whole family or subfamily of clustered Pcdhs have been
deleted (or tagged for tracing). Nevertheless, considerably less is known on the functional
roles of individual Pcdhs within a family or subfamily. The GKO mouse, in which the whole
Pcdh-y family has been deleted, and the TCKO mouse, in which only the three the C-type
members of the Pcdh-y family are missing, show similar phenotypes such as perinatal death
at PO and interneuron losses in spinal cord and retina (W. V. Chen et al., 2012). These results
indicate that one or more of the three C-type Pcdh-vys are essential for postnatal animal
survival and prevention of apoptosis in a subset of interneurons. It has not yet been
determined which of the three C-type Pcdh-ys is/are essential for neuronal and mouse
survival, since no individual C-type Pcdh-y mouse KOs are available. The reason why the
C-type Pcdh-vys are essential for these functions, but not the other Pcdh-ys or the members
of the Pcdh-B or Pcdh-a families, is not understood. One possibility might be derived from
the reported constitutive expression of the C-type Pcdh-ys in most neurons vs. the stochastic
(non-essential) expression of the other members of the Pcdh--ys family (Esumi et al., 2005;
Frank et al., 2005; Hirano et al., 2012; Hirayama & Yagi, 2017; Kaneko et al., 2006;
Mountoufaris et al., 2017). Nevertheless, some neurons, like olfactory sensory neurons
(OSN), do not express C-type Pcdh-ys (Mountoufaris et al., 2017).

In an effort to elucidate the role of individual C-type Pcdh-ys, we have previously studied
the spatial-temporal and cellular expression of Pcdh-yC5 in the rat brain, using an antibody
developed in our laboratory (Y. Li et al., 2010). These studies showed that Pcdh-yC5 is
involved in i) the regulation of the surface expression of GABAaRS and ii) in the
stabilization and maintenance of a subset of GABAergic synapses (Y. Li et al., 2012). More
recently, it has been proposed that during Alzheimer’s disease there is aberrant Pcdh-yC5
expression and GABAergic synaptic dysfunction (Y. Li et al., 2017).

In the present communication, we have studied Pcdh-yC4 protein expression in the rat brain
with a novel anti-Pcdh-yC4 antibody, which we have developed in our laboratory. To the
best our knowledge, this is the first report of the Pcdh-yC4 protein expression in brain and
brain cells. The expression of Pcdh-yC4 mRNA in adult P56 mouse brain has been revealed
by /in situhybridization (Allen Brain Atlas http://mouse.brain-map.org/experiment/show/
70784958). Northern blot analysis of the developmental expression of Pcdh-yC4 mRNA in
the mouse brain has also been reported (Frank et al., 2005). Our Pcdh-yC4 protein data in
rat brain agrees very well with the reported regional mMRNA expression in mouse. Both
reveal the highest levels of expression of Pcdh-yC4 in olfactory bulb, cerebellum and
dentate gyrus of HP. Regarding developmental expression, the highest level of Pcdh-yC4
protein expression occurs in embryos and the first two weeks after birth. Although
downregulated, there is a significant level of Pcdh-yC4 protein expression in adult rat brain,
which agrees with Pcdh-yC4 mRNA developmental studies in mouse (Frank et al., 2005).
We have also found that HP interneurons have larger and brighter Pcdh-yC4 puncta than
pyramidal neurons, and that Pcdh-yC4 is also expressed in astrocytes. These results are also
in agreement with recent single-cell RNA-seq data in the visual cortex of P56 adult mouse
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https://portals.broadinstitute.org/single_cell/study/a-transcriptomic-taxonomy-of-adult-
mouse-visual-cortex-visp

Unique properties of Pcdh-yC4 with respect to the other two Pcdh-yCs

The two specific Abs revealed clear differences between Pcdh-yC4 and Pcdh-yC5. We have
previously shown (. Li et al., 2012) that Pcdh-yC5 directly cis-interacts with the -y2 subunit
of the GABAARS (via their cytoplasmic domain of Pcdh-yC5 and the large cytoplasmic loop
of the y2 subunit). Moreover, anti-Pcdh-yC5 co-precipitated 23% of solubilized GABAARS
from brain membranes. In contrast, no GABAARS could be co-precipitated with anti-Pcdh-
yC4. This result is consistent with Pcdh-yC4 lacking the critical residues which are found in
Pcdh-yC5 to be responsible for the interaction with GABAARS (Y. Li et al., 2012).

Another difference is that in rat and mouse, Pcdh-yC5 protein is not expressed until after the
second postnatal week (Y. Li et al., 2012), while Pcdh-yC4 protein is expressed at highest
levels in the embryo and during the first two postnatal weeks, decreasing its expression in
the adult (Fig 4). Pcdh-yC3 mRNA is expressed in the embryo and the adult brain (Frank et
al., 2005). The relative expression of Pcdh-yC3, Pcdh-yC4 and Pcdh-yC5 mRNA varies not
only during development but also through various brain regions in the adult mouse (http://
mouse.brain-map.org), indicating distinct roles for each Pcdh-yC.

In terms of protein, comparison of the Pcdh-yC4 immunofluorescence data of this study
with that of Pcdh-yC5 (Y. Li et al., 2010), shows that there are differences in the relative
expression levels of Pcdh-yC4 and Pcdh-yC5 in various brain regions. Thus, corpus
striatum and hippocampal CA1 show high Pcdh-yC5 but low Pcdh-yC4 levels of protein
expression. In cerebellum, Pcdh-yC4 is preferentially expressed in the granule layer while
Pcdh-yC5 expression is higher in the molecular layer. Thus, even though Pcdh-yC4 and
Pcdh-yC5 are thought to be constitutively expressed in most neurons, there is a large
variability in the relative levels of expression across brain regions and cell types. Another
difference is the higher relative expression of Pcdh-yC4 in GABAergic interneurons and of
Pcdh-yC5 in pyramidal neurons of the HP.

Another difference is that Pcdh-yC5 (Y. Li et al., 2012; Thu et al., 2014) or Pcdh-yC3
(Frank et al., 2005; Schreiner & Weiner, 2010; Thu et al., 2014), when expressed alone,
induce trans-homophilic cell adhesion. However, Pcdh-yC4 does not (Fernandez-Monreal et
al., 2009; Thu et al., 2014), apparently because in host cells, Pcdh-yC4 by itself cannot
translocate from internal stores to the cell surface (Fernandez-Monreal et al., 2009; Shonubi,
Roman, & Phillips, 2015). Likewise, Pcdh-as do not translocate to the cell surface by
themselves (Thu et al., 2014). Nevertheless, Pcdh-yC4 and Pcdh-as do translocate to the
cell surface when they are co-expressed with other Pcdh-+ys or Pcdh-ps, forming cis-
heterodimers, which are thought to be the units for trans-homophilic Pcdh cell-adhesion
(Brasch et al., 2019; Thu et al., 2014). Therefore, in neurons, which normally co-express
multiple Pcdh-ys and Pcdh-Bs (Frank et al., 2005; Hirano et al., 2012; Mountoufaris et al.,
2017), Pcdh-yC4 is expected to form heterodimers with them and translocate to the cell
surface. This notion is consistent with i) the enrichment of Pcdh-yC4 in brain membranes
over homogenates (Fig 4) and ii) the Pcdh--yC4 immunofluorescence of rat brain sections,
which shows that most of the labeling is associated with the cell surface of neurons and
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astrocytes (Figs 12-14). Note that the term “association” does not imply that Pcdh-yC4
puncta correspond to molecules localized at the plasma membrane. They could also be
cytoplasmic organelles localized near the plasma membrane of neurons and astrocytes.

Additional functional differences have been recently reported in that Pcdh-yC3
downregulates, Pcdh-yC4 has no effect and Pcdh-yC5 upregulates Wnt signaling,
respectively (Mah, Houston, & Weiner, 2016).

Role of Pcdh-yC4 in synapses

In HP cultures, a subset of Pcdh-yC4 puncta were associated with synapses. Moreover, 47%
of GABAergic synapses and 28% of glutamatergic synapses had associated Pcdh-yC4
puncta. However, the majority of Pcdh-yC4 puncta associated with synapses were not
localized at the synaptic contacts themselves. Only 9% of gephyrin clusters and 11% of
PSD-95 clusters co-localized with Pcdh--yC4 puncta. We and others have previously shown
that other Pcdh-vys are associated with synapses but not exclusively (Blank, Triana-Baltzer,
Richards, & Berg, 2004; Frank et al., 2005; Y. Li et al., 2010; Y. Li et al., 2012; Phillips et
al., 2003; Wang et al., 2002).

We also found that cultured HP neurons from the TCKO mouse had many glutamatergic
(Fig. 7) and GABAergic synapses (Y. Li et al., 2012), indicating that C-type Pcdh-ys are not
essential for the formation or maintenance of excitatory or inhibitory synapses. Nevertheless,
in the TCKO neuronal cultures there was a decreased number (20-25%) of GABAergic
synapses (Y. Li et al., 2012), which could also be due to apoptosis of some interneurons
resulting in decreased number of GABAergic axon making synapses (Y. Li et al., 2012).
Therefore, although not essential, Pcdh-ys might still play a role in the normal development
of synapses in these HP cultures. This notion is consistent with studies on the GKO mouse
showing that Pcdh-+ys play a role in the normal development of synapses in spinal cord and
retina (Garrett & Weiner, 2009; Wang et al., 2002; Weiner et al., 2005). We have found that
in the rat brain, Pcdh-yC4 puncta are frequently associated with neuron-astrocyte contacts
and apposed to synapses, suggesting a synaptic supporting role, as discussed below.

Possible role of Pcdh-yC4 in preventing apoptosis of some interneurons.

Both GKO (Lefebvre et al., 2008; Prasad et al., 2008; Wang et al., 2002; Weiner et al., 2005)
and TCKO mice (W. V. Chen et al., 2012) die at PO and show similar loss of a subset of
interneurons in spinal cord and retina (and also retinal ganglion cells) due to apoptosis,
indicating that interneuron death results from the loss of the C-type Pcdh-ys. Apoptosis in
the GKO mouse retina can occur in the absence of major synaptic defects (Lefebvre et al.,
2008) while in the spinal cord, synapses can be lost in the absence of apoptosis (Weiner et
al., 2005), suggesting that apoptosis and synaptic defects result from disruption of different
signaling pathways mediated by Pcdh-ys. Nevertheless, some reductions in the number of
synapses (not in the synaptic organization of the circuits) might also result from a reduced
number of interneurons (Lefebvre et al., 2008).

Pcdh-yC5 is not expressed until after the second postnatal week, indicating that the deletion
of Pcdh-yC5 in the TCKO plays no role in the phenotype of the TCKO mouse (perinatal
animal death and apoptosis of a subset interneurons in spinal cord and retina). In contrast,
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Pcdh-yC4 is expressed at highest levels in the embryo and during the first two postnatal
weeks making the Pcdh-yC4 a strong candidate for preventing interneuron apoptosis and
allowing perinatal survival. This notion is also supported by the high level of Pcdh-yC4
protein expression in interneurons. Pcdh-yC3, the third deleted C-type Pcdh in the TCKO
mouse, is also a candidate for the phenotype, since Pcdh-yC3 mRNA is expressed in both
the embryo and the adult brain (Frank et al., 2005).

Interestingly, the role of Pcdh-y in neuronal survival in the spinal cord is not cell-
autonomous (Prasad et al., 2008), although in the retina, neuronal survival also has a cell
autonomous component (Lefebvre et al., 2008). In the spinal cord, Pcdh-y-deficient
interneurons can survive if surrounded by normal neurons and normal interneurons can
undergo apoptosis if they are surrounded by Pcdh-y-deficient motor neurons (Prasad et al.,
2008). These results suggest that the role of Pcdh-yC in preventing apoptosis of these
interneurons in the spinal cord might involve the release of trophic factors that require the
expression of Pcdh-yCs (Prasad et al., 2008).

Role of Pcdh-yC4 in astrocytes.

It has been proposed that Pcdh-+ys are involved in perisynaptic neuron-astrocyte interactions
promoting synaptogenesis in the embryonic spinal cord (Garrett & Weiner, 2009). More
recent studies show that Pcdh homophilic interactions between neurons and glia regulate
dendritic arborization (Molumby et al., 2016). Nevertheless, the identification of the
individual Pcdh-y(s) involved in the perisynaptic and other neuron-glia contacts has not
been addressed. We found that astrocytes express Pcdh-yC4, as do neurons. Moreover, in the
brain, Pcdh-yC4 puncta frequently associate with contacts between neurons and astrocyte
processes and are apposed to synapses. Robust Pcdh-yC4 puncta are also found at the
contact point between astrocyte end-feet and the wall of capillaries, suggesting a recognition
role between capillaries and astrocytes. We have previously shown that Pcdh-yC5 was also
expressed in neurons and astrocytes forming puncta that concentrate at neuron-astrocyte
contacts and at astrocyte end-feet (Y. Li et al., 2010). However, Pcdh-yC4 and Pcdh-yC5 are
differentially expressed in various neuronal and glial cells and brain regions, as discussed
above.

The presence of Pcdh-yC4 in astrocyte-neuron contacts is not essential for synapse
formation. Fig. 7 shows that there are many excitatory and inhibitory synapses in HP
cultures of the TCKO Pcdh-yC-null mouse (. Li et al., 2012). We and others have also
found that neuronal cultures from Pcdh-y-null GKO mouse had many synapses (Wang et al.,
2002; Weiner et al., 2005). Moreover, our neuronal cultures are fed with culture medium
conditioned by astrocytes, but are devoid of contacting astrocytes since only 6% of the
neurons in these cultures have a contacting astrocyte (Y. Li et al., 2010). The results indicate
that neither the presence of contacting astrocytes nor expression of Pcdh-yC (or other Pcdh-
vys) are essential for neuronal synaptogenesis.

Nevertheless, the frequent apposition of Pcdh-yC4 and Pcdh-yC5 puncta to synapses
suggests a synaptic supportive role. This interpretation is consistent with those in which the
selective deletion of the Pcdh-y family in astrocytes delays, but does not prevent, the
formation of both excitatory and inhibitory synapses in spinal cord neurons (Garrett &
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Weiner, 2009). It has also recently been reported that homophilic neuron-astrocyte Pcdh
interactions promote dendritic arborization complexity in a non-autonomous way (Molumby
et al., 2016). The possible involvement of homophilic Pcdh-yC4 (and/or the other two Pcdh-
vCs) neuron/astrocyte trans-interactions in dendritic complexity has not been studied to this
date.

The apposition of Pcdh-yC4 puncta to GABAergic and glutamatergic synapses and the
association of a subpopulation of Pcdh-yC4 puncta with neuron-astrocyte contacts suggest
an important role of Pcdh-yC4 in the tri-partite synapse, a functional unit comprising the pre
and post-synaptic neuronal elements and a surrounding astrocytic process (Araque, Parpura,
Sanzgiri, & Haydon, 1999). This arrangement in the cerebral cortex (Fig. 12k-m and Fig.
13) and hippocampus functionally separates individual synapses by the astrocyte process,
efficiently removing released GABA and glutamate from the synapse. In the granule cell
layer of the cerebellum, astrocyte processes separate synaptic glomeruli from each other and
from the soma of granule cells. Moreover, the contacts between astrocyte processes and
synaptic glomeruli or granule cell somas show many Pcdh-yC4 puncta (Fig. 14g). This
arrangement functionally separates individual synaptic glomeruli and glomeruli from
granule cell somas.

Another structure heavily surrounded by astrocytic processes and enriched in Pcdh-yC4 is
the “pinceau” of the basket cell axon synapsing onto the AIS of Purkinje cell (Figs. 12a and
14d and E). This arrangement functionally separates not only the pinceau of a Purkinje cell
from the pinceau of a neighboring Purkinje cell, but also from the nearby synaptic glomeruli
of the granule cell layer (Fig. 12a and 14d and e). Also, note that the radial Bergmann glia
processes of the molecular layer of the cerebellum (Fig. 14 d and f), show Pcdh-yC4 puncta
apposed to GABAergic synapses, similar to astrocytes in other brain regions.

Astrocytes and astrocyte processes not only functionally separate individual synapses or
synaptic glomeruli, but they also surround and presumably functionally separate individual
olfactory glomeruli from each other. Astrocytes and their processes that are present in the
periglomerular space show large Pcdh-yC4 puncta in their interface with periglomerular
neurons (Fig. 11a, ¢ and e and Fig. 14a). Moreover, astrocyte processes and Pcdh-yC4
puncta are also apposed to synapses inside the glomerulus (Fig. 11a, ¢ and e and Fig. 14a).

An interesting feature of the granule cells of the olfactory bulb (Fig. 11b and d and Fig. 14b)
and the granule cells of the cerebellum (Fig. 11h and Fig. 149) is the formation of cell
clusters (Fig. 11b and d) or cell rows (Fig. 11h). The somas of these neurons are in contact
with each other without astrocyte processes separating them and with no Pcdh-yC4 puncta
between these neurons. It has been shown that these neurons in the olfactory bulb are
electrically coupled (Reyher et al., 1991).

It seems that that the presence of astrocyte processes and the presence of Pcdh-yC4 puncta
delineate a functional separation not only of individual synapses and synaptic glomeruli, but
also of other structures. Pcdh--yC4 concentrates at the boundary between morphologically
and functionally different layers in some brain regions. Above we have shown that Pcdh-
C4 concentrates around olfactory glomeruli, separating them (Fig. 10d, Fig. 11a, c and e,
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Fig. 14a). Pcdh-yC4 also concentrates between the plexiform and granule layers of the
dentate gyrus (Fig. 10e and f, Fig. 12b). Additionally, Pcdh--yC4 concentrates at the
boundary between the granule cell layer and molecular layers of the cerebellum (Fig. 10h, i
and j, Fig. 11g). Thus, the anti-Pcdh-yC4 Ab can be used as a tool to reveal the organization
of functional units defined by neuron-glia interaction at the synaptic level and the
identification of clusters of neurons that are synaptically coupled.

Possible roles of Pcdh-yC4 in cell-cell recognition

Different members of the Pcdh-a., Pcdh-p and Pcdh-y families expressed by a single cell
show promiscuous heterophilic cis-interactions with each other, forming cis-heterodimers
and/or cis-heterotetramers (Biswas et al., 2012; J. Chen et al., 2009; Han, Lin, Meng, &
Wang, 2010; Murata, Hamada, Morishita, Mutoh, & Yagi, 2004; Schalm, Ballif, Buchanan,
Phillips, & Maniatis, 2010; Schreiner & Weiner, 2010). In contrast, Pcdh trans-interactions
are homophilic. It has been proposed that neuronal diversity results from stochastic
expression of Pcdhs and dimeric or tetrameric random combinations of all the cis-interacting
Pcdhs expressed by single neurons (Hasegawa et al., 2017; Schreiner & Weiner, 2010; Thu
et al., 2014; Yagi, 2012; Zipursky & Sanes, 2010). It has also been proposed that the
heterodimers expressed by a single cell would show homophilic antiparallel trans-interaction
with identical heterodimers expressed by a contacting cell (Hasegawa et al., 2017; Nicoludis
et al., 2015; Nicoludis et al., 2016; Schreiner & Weiner, 2010; Thu et al., 2014; Yagi, 2012;
Zipursky & Sanes, 2010). Another model proposes a zipper-like trans-interaction of
heterodimers and that this mechanism is involved in self-recognition and self-avoidance of
dendrites or axons from the same neuron (Brasch et al., 2019; Goodman et al., 2017;
Goodman et al., 2016; Rubinstein, Goodman, Maniatis, Shapiro, & Honig, 2017; Rubinstein
etal., 2015).

The probabilistic and combinatorial models (Rubinstein et al., 2017; Schreiner & Weiner,
2010; Thu et al., 2014; Yagi, 2012; Zipursky & Sanes, 2010) of cis-heterodimers that have
been proposed to be involved in these trans-homophilic interactions, are based on a random
cis-dimeric combinations of all the Pcdhs expressed by a single cell. Some models assume a
more restricted number of permissive cis-dimeric combinations involved in homophilic
trans-interactions (Thu et al., 2014).

There are other possibilities not considered in the current models: Are changes in the relative
level of expression of individual Pcdhs in a neuron, a way to regulate the composition of the
cis-heterodimers and trans-interactions? Do cis-heterodimers of different Pcdh composition
made by a single neuron segregate into different neuronal compartments such as soma, axon
or dendrites? Do the cis-heterodimers expressed by a neuron that are involved in self-
avoidance have the same Pcdh composition as the ones involved in trans-homophilic cell-
cell adhesion? Moreover, regulation of Pcdh trafficking between the plasma membrane and
internal membranes is likely involved in regulating Pcdhs at the cell surface and their trans-
interactions (Phillips et al., 2017).

Some of our results provide some insights into these questions. The Pcdh recognition code is
likely affected not only by the number of Pcdh-y mRNA species present in the cytoplasm of
a single cell but also by the level of protein expression of individual Pcdhs in that particular
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cell relative to other cells. We have found that although all HP neurons show Pcdh-yC4
puncta, the level of expression varies widely even among the same type of neurons
(pyramidal cell vs. pyramidal cell or interneuron vs. interneuron). In general, the Pcdh-yC4
expression in interneurons was higher than in pyramidal cells. Therefore, the probabilistic
and combinatorial models need to be refined taking into consideration spatial-temporal
variations in the levels of protein expression of individual Pcdhs, which would affect the
relative number of cis-homo and heterodimers and therefore the repertory of homophilic
trans-interactions. The current models do not take into consideration the documented
changes in relative expression levels of some Pcdhs during development (Frank et al., 2005;
Y. Li et al., 2010). Moreover, the functional role of the Pcdh homophilic trans-interactions
between neurons and glia is seldom considered in these models, which mostly addresses
neuron-to-neuron recognition or neuron self-recognition.

Our IF results in HP cultures are consistent with the notion, based on mRNA analysis, that
the C-type Pcdh-ys are constitutively expressed by most neurons (Esumi et al., 2005; Frank
et al., 2005; Hirayama & Yagi, 2017; Kaneko et al., 2006; Wang et al., 2002). We found that
in the WT mouse, most neurons showed both Pcdh-yC4 and Pcdh-yA puncta. However, not
all but 54-58% of the puncta had both Pcdh-yC4 and Pcdh-yA (Fig. 6). The results are
consistent with the notion that i) in neurons that express both Pcdh-yC4 and Pcdh-yA(s),
there is heterogeneity in the Pcdh-y composition of the puncta present in an individual
neuron and ii) there is segregation of cis-heterodimers with different Pcdh--y composition.

Pcdh-yC4 and Pcdh-yC5 are constitutively expressed by most neurons and astrocytes and
are concentrated at neuron-astrocyte contact points throughout the brain. It is unlikely that
the derived cis-homomers or cis-heteromers involved in promiscuous homophilic trans-
interactions would be also specifying neuronal or astrocyte diversity. An astrocyte, which
expresses a defined set of Pcdhs, interacts with multiple neurons and could wrap up to
several thousand of synapses (Halassa, Fellin, Takano, Dong, & Haydon, 2007; Stogsdill &
Eroglu, 2017). Thus, the constitutively expressed Pcdh-yC4 and Pcdh-yC5 in neurons and
astrocytes are likely to be involved in general neuronal-astrocyte interactions and not in
specifying cell or synaptic identity. In contrast, the non-C-type Pcdh-ys are stochastically
expressed (Hirano et al., 2012; Hirayama & Yagi, 2017; Mountoufaris et al., 2017). They
might be involved in cell-recognition events where individual neuron identity plays a major
role in trans-interactions (i.e. self-avoidance or formation of neuronal circuits).

The distal (C-terminal) part of the cytoplasmic domain of Pcdh-ys is common to all
members of the family. In contrast, the part of the cytoplasmic domain that is proximal to the
membrane is unique for each Pcdh-y. Therefore, the extracellular trans-interactions of Pcdh-
v heterodimers made by a cell have the potential for both specific and common signal
transduction pathways in the cytoplasmic domain, via protein interactions that are specific
for individual Pcdh-ys and/or common to all cis-heterodimers. Intracellular signaling
pathways common to many Pcdhs include the focal adhesion kinases PYK2 and FAK,
programmed cell death protein 10, PKC, MARCKS, SCG10 and Rho GTPases, among
others (J. Chen et al., 2009; Garrett, Schreiner, Lobas, & Weiner, 2012; Gayet, Labella,
Henderson, & Kallenbach, 2004; Han et al., 2010; Keeler, Schreiner, & Weiner, 2015; Lin,
Meng, Zhu, & Wang, 2010; Suo, Lu, Ying, Capecchi, & Wu, 2012). But there are also Pcdh-
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specific cytoplasmic interactions, such as the aforementioned specific interaction between
Pcdh-yC5 and GABAARS (Y. Li et al., 2012).

Possible Role of Pcdh-yC4 in axon targeting

Olfactory sensory neurons (OSN) require the expression of the three Pcdh families (Pcdh-a,
Pcdh-g and Pcdh-v) for convergence into olfactory glomeruli (Hasegawa et al., 2008;
Hasegawa et al., 2012; Hasegawa et al., 2016; Mountoufaris et al., 2017). Individual OSN
express unique repertoires of Pcdhs resulting from combinatorial and stochastic expression
of members of each of the three families (Mountoufaris et al., 2017). It has been shown that
the variability in Pcdh expression prevents axon repulsion, allowing the convergence of
axons from different OSN having the same olfactory receptor, into a specific glomerulus
(Mountoufaris et al., 2017). In contrast to Purkinje cells and other types of neurons, the OSN
do not express Pcdh-yC4, Pcdh-yC5 or any other C-type Pcdh (Goodman et al., 2017;
Mountoufaris et al., 2017). We have shown that Pcdh-yC4 (and Pcdh-yC5) are highly
expressed in the olfactory bulb, particularly in the olfactory glomeruli (Figs. 10, 11 and 14).
The absence of expression of Pcdh-yC4 (and Pcdh-yC5) in OSN and the stochastic
expression of other Pcdhs would allow OSN axons to innervate the glomeruli specifically,
avoiding the interaction with Pcdh--yC4, which is highly expressed inside and around all of
the olfactory glomeruli. This arrangement would allow the specific interaction of the OSN
axons with the target glomerulus.

On the other hand, serotonergic neurons project their axon to many regions of the brain. In
addition, the same axon makes synapses “en passant’ to several neurons. The large majority
of the serotonergic neurons express Pcdh-a.C2 (the only a isoform expressed in these
neurons) at high levels, and Pcdh-yC3 and Pcdh-yC4 at lower levels (W. V. Chen et al.,
2017). The selective expression of these constitutively expressed C-type Pcdhs by
serotonergic neurons could be involved in both axonal tiling and promoting interactions with
other neurons and astrocytes throughout the brain (W. V. Chen et al., 2017; Katori et al.,
2017).
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ABBREVIATIONS:
AA amino acids
GABA y-aminobutyric acid
EGFP enhanced green fluorescent protein
GABAAR y-aminobutyric acid type A receptor
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GAD glutamic acid decarboxylase
GFAP glial fibrillary acidic protein
GKO protocadherin-y KO mouse

GP guinea pig

HP hippocampal or hippocampus
IUEP in utero electroporation

KO knockout

mAb monoclonal antibody

Ms mouse

NGS normal goat serum

Pcdh protocadherin

Pcdh-yC4 protocadherin -yC4

Rb rabbit

Sh sheep

TCKO triple protocadherin-y C-type KO mouse
VGAT vesicular GABA transporter
VGLUT1 vesicular glutamate transporter 1
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Fig. 1. The anti-Pcdh-yC4 antibody recognizes Pcdh-yC4 but not the other Pcdh-yCs.
(a-1) triple-label immunofluorescence of HEK293 cells transfected with Pcdh-yC4-mCherry

(a-c); mCherry (d-f); Pcdh-yC3-EGFP (g-i) or Pcdh-yC5-EGFP (j-1). Panels a and d show
mCherry fluorescence (magenta). Panels g and j show EGFP fluorescence (green). The Rb
anti-Pcdh-yC4 antibody (green in b and e or magenta in h and k) recognizes Pcdh-yC4-
mCherry (b) but not mCherry (e), Pcdh-yC3-EGFP (h) or Pcdh-yC5-EGFP (k). A Ms anti-
Pan -y mAb recognizes the thee C-type Pcdh-ys (blue c, i and I) but not mCherry (f). Scale
bar = 20 pm.
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(C) Ab to Pcdh8

Ab to PcdhyC4

(e) AbtoPcdhyC4 Ab to Pcdh8

Fig. 2. The anti-Pcdh-yC4 antibody does not recognize Pcdh8.
(a-d) HEK293 cells cotransfected with Pcdh8 and mCherry (magenta). Panels a and b (same

cells) show that anti-Pcdh-yC4 Ab (green) does not recognize cells co-transfected with
Pcdh8 and mCherry (arrowhead). In contrast, co-transfected cells are recognized by the anti-
Pcdh8 antibody (c, green). Panel d shows the absence of green Pcdh8 immunofluorescence
in a non-transfected cell (not expressing mCherry). (e-h) HEK293 cells transfected with
Pcdh-yC4-mCherry. Panels e and f show that the anti-Pcdh-yC4 antibody (e, green) reacts
with the transfected cell (f, mCherry magenta). However, the anti-Pcdh8 Ab (green) does not
react (g and h) with the transfected cell (arrowhead). Scale bar = 20 um.
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Fig. 3. Double-label Immunofluorescencein brain sections show that anti-Pcdh-yC4 and anti-
Pcdh8 labeling do not co-localize.

Triple-label immunofluorescence with Rb anti-Pcdh-yC4 (green), Ms anti-Pcah8 (blue) and
GP anti-VGAT (magenta). (a and b) are the same field of Purkinje cell layer (PK),
molecular layer (ML) and granule cell layer (GR) of the cerebellum. The asterisk marks a
Purkinje cell and the arrow the corresponding GABAergic pinceaux in the AIS (magenta).
(c) ML layer of the cerebellum. While Pcdh-yC4 immunofluorescence concentrates in the
Bergmann glia processes (green, vertical alignments), Pcdh8 immunofluorescence (blue)
profusely labels the neuropil of the ML. (d-e) olfactory bulb. GL indicates an olfactory
glomerulus. Asterisks indicate some periglomerular neurons. Arrowheads point to co-
localization of VGAT-terminals (magenta) with Pcdh8 (blue). Pcdh-yC4 puncta (green) are
adjacent to VGAT-terminals. There is little co-localization between Pcdh-yC4 and Pcdh8.
Scale bar = 10 um.
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Fig. 4. Immunoblots of rat and mouse brain tissue with anti-Pcdh-yC4.
(a) Rat forebrain membranes from P37 show three main protein bands of 120, 55 and 40 kD.

The immunoreaction with the three proteins is blocked with 20 ug/ml of peptide antigen
(strip P). They are two nitrocellulose strips from the same transfer processed in parallel,
under the same conditions. The mobility of Mw markers (in kD) is shown at the left. (b)
Comparative expression of the 120 kD Pcdh-yC4 protein as revealed with anti-Pcdh-yC4
(green). The left lane shows the mobility of Mw protein markers (150 and 100 kD,
magenta). Next two left lanes show PO cleared brain homogenates of wild type (WT) and
homozygous (HZ) mutant TCKO mouse. Right side lanes show cleared homogenates of E18
and PO rat brains. Underneath (magenta) shows the immunoblot of the same lanes with anti-
[B-actin antibody, revealing a 42 kD p-actin protein band that migrates between the 50 and 37
kD protein markers, (left lane). (c) The 120 kD Pcdh-yC4 protein (green) is expressed in the
P30 and P45 rat brain cleared homogenates. Also, note the enrichment of the 120 kD Pcdh-
vC4 protein in the membranes of the P37 rat brain. (d) Developmental expression of the 120
kD Pcdh-yC4 protein in the rat brain. The left lanes show the WT and HZ TCKO mice, for
protein band identification. Underneath, in magenta, are the same lanes with anti-p-actin.
Same amount of total protein was added in each lane (40 pg).
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YC4 Surface

Fig. 5. Pcdh-yC4 isexpressed in cultured rat HP neurons forming puncta.
(a-c) Double-label immunofluorescence with the Rb anti-Pcdh-yC4 (yC4, magenta) and Ms

anti-pan-Pcdh-y (Pan-y, green). Panel ¢ shows the overlay (Over). (d-i) Double-label
immunofluorescence with the Rb anti-Pcdh-yC4 (green) and sheep anti-GAD (blue). Panels
d and e show GAD-glutamatergic pyramidal neurons. Panels f-i show GAD+ GABAergic
interneurons. Arrows point to very large Pcdh-yC4 puncta present in some interneurons. (j-
k) Immunofluorescence with Rb anti-Pcdh-yC4 (yC4, green) of non-permeabilized surface-
labelled (j) and permeabilized (k) neurons from the same experiment. Arrowheads point to
Pcdh-yC4 puncta in surface-labeled neurons. Arrows point to large Pcdh-yC4 puncta. Scale
bar = 20 pm for a-i and 10 pm for j-k.
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Fig. 6. Pcdh-yC4 expression in cultured HP neuronsfrom WT and the TCKO mouse.
Double-label immunofluorescence. Boxed areas are shown at higher magnification

underneath the corresponding panel. (a-f) double-label immunofluorescence of WT mouse
neurons with the Rb anti-Pcdh-yC4 (green) and Ms pan-Pcdh-yA mAb (magenta). Panels ¢
and f show the corresponding overlays (Over). Arrows show co-localization of Pcdh-yC4
and pan-Pcdh-yA puncta. Filled arrowheads point to Pcdh--yC4 puncta with no
corresponding pan-Pcdh-yA puncta. Empty arrowheads show pan-Pcdh-yA puncta with no
corresponding Pcdh-yC4 puncta. (g-1) TCKO mouse neurons do not have Pcdh-yC4 puncta
(green) but have pan-Pcdh-yA puncta (magenta). Panels i and | show the corresponding
overlays (Over). The scale bar represents 20 um for a-c and g-i; and 8 um for d-f and j-I.
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Fig. 7. The HP neurons of the TCKO mouse have many glutamatergic synaptic contacts
compar abletothe WT.

(a-d) Double-label immunofluorescence with Ms anti- PSD-95 (magenta) and GP anti-
VGLUT1 (blue) in cultured hippocampal neurons from WT mouse (a and c¢) and TCKO
mouse (b and d). Boxed areas in a and b are shown at higher magnification in ¢ and d. Scale
bar = 20 um for a and b and 10 um for ¢ and d.
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Fig. 8. Some Pcdh-yC4 punctalocalize at contact points between axons and neurons, near
synapses but not at synapses.
Rat hippocampal cultures. (a-d) Double-label immunofluorescence with Rb anti-Pcdh-yC4

(yC4, green) and sheep anti-GAD (blue). Arrowheads show Pcdh-yC4 puncta at contact
points between an incoming axon and dendrites. Filled arrowheads show Pcdh-yC4 puncta
associated with GAD+ boutons. Empty arrowheads show Pcdh-yC4 puncta associated with
axon-neuron contacts but not boutons. Panels a and b show the overlays. Note than in a and
c the GABAergic axon (blue) contacts a dendrite of a GABAergic interneuron (blue, right
side of the panel) and a pyramidal neuron (left side of the panel). Panels b and d show an
axon (blue) contacting a dendrite of a GABAergic interneuron (blue). Note that Pcdh-yC4
puncta associated or not associated with the axon are larger in the contacts with interneurons
inaand b, than in the contacts with the pyramidal neuron in a. (e-g) Triple label
immunofluorescence with Rb anti-Pcdh-yC4 (green), sheep anti-GAD (blue) and Ms anti-
gephyrin (magenta). Some Pcdh-yC4 puncta are localized at contact points between the
axon and neuron (arrowheads), however, the majority of these Pcdh-yC4 puncta are adjacent
to, but seldom co-localize with (arrow), gephyrin clusters. (h-j) Triple label
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immunofluorescence with Rb anti-Pcdh-yC4 (green), GP anti-VGLUT1 (blue) and Ms anti-
PSD-95 mAb (magenta). Some Pcdh-yC4 puncta are associated with glutamatergic synapses
(arrowheads) but the majority of Pcdh-yC4 puncta are adjacent to, but do not co-localize
with VGLUTL1 puncta or PSD-95 clusters. Scale bar = 10 pm.
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Fig. 9. Pcdh-yC4 is expressed by astrocytes forming puncta.
Triple-label immunofluorescence with Rb anti-Pcdh-yC4 (green), Ms anti-GFAP mAb

(magenta) and DAPI (blue). Astrocytes with different morphologies are identified by anti-
GFAP immunofluorescence. (a-g) Pcdh-yC4 puncta concentrate around the nucleus (a, b, d
and f). Boxed areas in b, d and f are shown at higher magnification in c, e, and f respectively.
Pcdh-yC4 immunofluorescence also associates with the plasma membrane (e) and with
astrocyte processes (c and g). Scale bar represents 20 um for a, b, d and f; and 10 um for c, e
and g.
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Fig. 10. Immunocytochemical localization of Pcdh-yC4 in therat brain.
(a) Immunocytochemistry with anti-Pcdh-yC4 of a parasagittal section. (b) CA3 region of

the HP. (c) Higher magnification of the boundary between the stratum pyramidale (SP) and
stratum radiatum (SR) of the CA3 region of the HP. Note the granular aspect of the
immunoreaction in the SP layer. (d) Olfactory glomeruli (OG) of the olfactory bulb.
Asterisks indicate individual olfactory glomeruli. Arrowheads point to strong
immunoreaction at the boundary surrounding the glomeruli (€) Dentate gyrus. (f) Higher
magnification of the boundary between granule cell layer (GR) and the plexiform layer (PL)
of the dentate gyrus. Note the granular aspect of the concentration of immunoreaction in the
boundary. (g) Cerebral cortex, layers 11-1V. (h) Cerebellum. (I and j) Higher magnification
of the boundary between the Granule cell layer (GR) and Purkinje cell layer (PK). Granular
accumulations of the immunoreaction occur in the GR layer (white arrowheads), in the
boundary between Purkinje cells and the GR layer (black arrowheads) and surrounding
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blood vessels (black arrow). Abbreviations: CB, cerebellum; CC, cerebral cortex; St, corpus
striatum; DG, dentate gyrus; GR, granule cell layer; HL, hilus; HP, hippocampus; ML,
molecular layer; OB, olfactory bulb; OG, olfactory glomerulus; Pn, pontine nuclei; PL,
plexiform layer; PK, Purkinje cell layer; SO, stratum oriens; SP, stratum pyramidale; SR,
stratum radiatum; SN, substantia nigra. Scale bar =5 mm in a; 1 mm in b, e and h; 400 ym
in g; 200 um in d; and 100 yminc, f, I and j.
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Fig. 11. In therat olfactory bulb and cerebellum, Pcdh-yC4 forms puncta that are frequently
localized adjacent to glutamater gic synapses.

(a, cand e) glomerular layer of olfactory bulb. (b and d) granule cell layer of olfactory bulb.
(f) External plexiform layer of olfactory bulb. (g and h) cerebellum. All panels show
immunofluorescence with Rb anti-Pcdh-yC4 (magenta) and GP anti-VGLUTL1 (blue).
Panels a, b and f also show Ms PSD-95 immunofluorescence (green). Boxed areas in a, b
and c are shown at higher magnification in c, d and e respectively. Panel a is mostly
occupied by an olfactory glomerulus labeled OG in the center. The asterisk in a and c are
placed in the same position inside the OG to serve as a reference. The arrows inaand ¢
point to the same VGLUT1 puncta inside the glomerulus, which are also associated with
Pcdh-yC4 puncta. Arrowheads in e point to Pcdh-yC4 puncta associated with VGLUT1
terminals. Numbers in b and d indicate some granule cell aggregates in the olfactory granule
layer. (g) In the cerebellum, the arrow indicates the region with the highest concentration of
bright Pcdh-yC4 puncta, which is at the boundary between Purkinje cell layer (PK) and
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granule cell layer (GR). Arrowheads point to a row of Pcdh-yC4 puncta in the molecular
layer (ML). (h) Granule cell layer of the cerebellum. Asterisks indicate rows of granule
cells. Note the absence of Pcdh-yC4 puncta in-between granule cells of the same row and
the presence of Pcdh-yC4 puncta (arrowheads) separating VGLUT1 labeled synaptic
glomeruli (blue) and granule cells. Scale bar represents 20 um for a and b; 10 um for ¢ and
d; 5 um for e and f; and 12 um for g and h.

J Comp Neurol. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miralles et al.

Page 44

Fig. 12. Pcdh-yC4 puncta and are also frequently localized adjacent to GABAer gic synapses.
(a-h) Double-label immunofluorescence with Rb anti-Pcdh-yC4 (green) and GP anti-VGAT

(blue) in cerebellum (a), dentate gyrus (b) and layer 111 of cerebral cortex (c-h). Numbers
indicate somas of some individual neurons. In a and b, the abbreviations for the layers are as
defined in the legend to Fig 10. Arrowheads in a point to Pcdh-yC4 puncta associated with
the soma of PK cells. Arrows in a point to Pcdh-yC4 puncta associated with the VGAT-
containing pinceaux contacting the AIS of Purkinje cells. Crossed arrowheads in a point to
Pcdh-yC4 puncta associated with VGAT-enriched synaptic glomeruli in the granule cell
layer. Arrowheads in a, d, e, g and h point to Pcdh-yC4 puncta that are adjacent to VGAT
terminals. (i and j) Triple-label immunofluorescence with Rb anti-Pcdh-yC4 (green) and
GP anti-VGAT (blue) and Ms Geph (magenta) in layer 111 of the rat cerebral cortex.
Arrowheads in i and j point to Pcdh-yC4 puncta that are adjacent to GABAergic synapses.
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(k-m) Double-label immunofluorescence with Rb anti-Pcdh-yC4 (magenta) and Ms anti-
S100p (green). Arrowheads in | and m point to Pcdh-yC4 puncta associated with S-100p-
labeled astrocyte processes. The symbol # indicates blood vessels in ¢ and k. Boxed areas in
d, g and | are shown at higher magnification in e, h and the left side of m respectively. Scale
bar represents 10 um for a, b, d, g and I; 20 um for ¢, f and k; 5 pm for e, h and m; and 4.4
um for i and j.
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Fig. 13. Pcdh-yC4 puncta frequently are associated with contacts between neurons and astrocyte
processesin the cerebral cortex.

(aand c) triple-label immunofluorescence with Rb anti-Pcdh-yC4 (magenta), Ms anti-
S100B (blue) and Chicken anti-GFP (green) of the cerebral cortex of a P35 rat that had been
in utero electroporated with EGFP. The EGFP immunofluorescence (green) reveals two
transfected pyramidal neurons of layer Il expressing EGFP. Astrocyte processes are
identified by S100p immunofluorescence (blue). (b and d) correspond to a and ¢
respectively, in which the magenta channel has been eliminated to better appreciate the
localization of the Pcdh-yC4 puncta (arrowheads) at contacts between astrocyte processes
(blue) and pyramidal neurons (green). Scale bar = 10 um.
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Fig. 14. Pcdh-yC4 puncta frequently are associated with contacts between astrocytes (or
Bergmann glia) and neuronsin the olfactory bulb and cerebellum, frequently apposed to

synapses.
Triple-label immunofluorescence with Rb anti-Pcdh-yC4 (green), GP anti-VGAT (magenta)

and Ms anti-S100p8 (blue). (a) Glomerular layer of the olfactory bulb. Pcdh-yC4 puncta are
present at the contacts (arrowheads) between periglomerular astrocytes (blue) and
periglomerular neurons (asterisks). Pcdh-yC4 puncta are also present inside the glomerulus.
(b) Granule cell layer of the olfactory bulb. Pcdh-yC4 puncta concentrate on contacts
(arrowheads) between astrocytes (soma and processes) and neurons, frequently apposed to
VVGAT-containing terminals. Note the row of granule neurons (asterisks). Pcdh-yC4 puncta
are largely absent from the contacts granule cell to granule cell. (c) External plexiform layer
of the olfactory bulb. Pcdh-yC4 puncta are frequently associated with astrocyte processes
and VGAT puncta (arrowheads). (d) Cerebellum. The abbreviations for the layers are as
defined in the legend to Fig 10. Note the presence of Bergmann glia cell bodies on the PK
layer (arrow), their radial fibers in the ML and the associated Pcdh-yC4 puncta
(arrowheads). (e) Purkinje cells, also shown in d, are extensively surrounded by Bergmann
glia (blue). There are Pcdh-yC4 puncta in the contacts between these Purkinje cells and
Bergmann glia (arrowheads). Pcdh-yC4 puncta also associate with the VGAT-containing
pinceaux (magenta, asterisk) and astrocyte processes in the AIS of the Purkinje cell. (f)
Radial Bergmann glia fibers in the ML of the cerebellum have associated Pcdh-yC4 puncta,
often associated with VGAT terminals. (g) Granule cell layer of the cerebellum. Note the
astrocytic processes (blue) surrounding the VGAT-containing synaptic glomeruli (magenta)
and the Pcdh-yC4 puncta (green) associated with the synaptic glomeruli (arrows). Pcdh-yC4
puncta are also present in the contacts between astrocyte processes and granule cells

J Comp Neurol. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Miralles et al.

Page 48

(arrowheads). Scale bar = 10 ymin a; 11.5 umin b; 5.5 umin ¢; 20 pmin d; 13 um in e and
f;and 17 umin g.
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