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Abstract

Neocortical interactions with dorsal striatum support many motor and executive functions, and 

such underlying functional networks are particularly vulnerable to a variety of developmental, 

neurological, and psychiatric brain disorders, including autism spectrum disorders, Parkinson’s 

disease, and Huntington’s disease. Relatively little is known about the development of functional 

corticostriatal interactions, and in particular, virtually nothing is known of molecular mechanisms 

that control generation of prefrontal cortex-striatal circuits. Here, we used regional and cellular in 

situ hybridization techniques coupled with neuronal tract tracing to show that Cadherin 8 (Cdh8), 

a homophilic adhesion protein encoded by a gene associated with autism spectrum disorders and 

learning disability susceptibility, is enriched within striatal projection neurons in medial prefrontal 

cortex and in striatal medium spiny neurons forming the direct- or indirect-pathways. 

Developmental analysis of quantitative RTPCR and Western blot data show that Cdh8 expression 

peaks in prefrontal cortex and striatum at P10, when cortical projections start to form synapses in 

the striatum. High-resolution immunoelectron-microscopy shows Cdh8 is concentrated at 

excitatory synapses in dorsal striatum, and Cdh8 knockdown in cortical neurons impairs dendritic 

arborization and dendrite self-avoidance. Taken together our findings indicate that Cdh8 

delineates developing corticostriatal circuits where it is a strong candidate for regulating the 

generation of normal cortical projections, neuronal morphology, and corticostriatal synapses.
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Introduction

Neocortical projections to the striatum underlie a host of motor and executive functions. The 

dorsolateral striatum receives topographically organized projections from sensorimotor 

cortex and mediates habitual decision processes and learning (Yin et al., 2004). In contrast, 

the dorsomedial striatum receives projections from the medial prefrontal cortex (mPFC) that 

control complex goal-directed actions (Berendse et al., 1992, Corbit and Balleine, 2003, 

Reep et al., 2003, Gabbott et al., 2005, Yin et al., 2005), and other higher-order executive 

functions by integrating cognitive, sensorimotor, and limbic information (Corbit and 

Balleine, 2003, Gabbott et al., 2005).

The cortical neurons that furnish projections to the striatum (corticostriatal neurons) are 

differentially distributed across layers depending on cortical area. In primary motor cortex 

(M1), the vast majority of corticostriatal neurons reside in layer 5a (L5a) (Wise and Jones, 

1977, Sohur et al., 2014), while in the adjacent secondary motor cortex (M2), corticostriatal 

neurons also become prominent in superficial layers (L2/3) (Wall et al., 2013). In prefrontal 

cortex (PFC), there is a further shift in distribution, becoming evenly distributed across 

L2/3, L5a and L5b (Wall et al., 2013).

Corticostriatal projections from all cortical areas are received by two subpopulations of 

striatal medium spiny neurons (MSNs), which integrate excitatory inputs from cortex and 

thalamus and form functionally opposing output circuits, the so-called direct- and indirect-

pathways of the basal ganglia (Gerfen and Surmeier, 2011, Shepherd, 2013). Imbalances in 

excitatory drive onto direct- and indirect-pathway MSNs disturb movement and executive 

function, and the latter is thought to contribute to some neuropsychiatric disorders (Andre et 

al., 2011, Kravitz et al., 2012).

Excitatory synaptic inputs to the striatum are established in early postnatal life in rodents 

(Tepper et al., 1998, Christensen et al., 1999, Sohur et al., 2014). Despite the critical 

importance of thalamostriatal and corticostriatal inputs for balanced information flow 

through striatal output circuits, there is little known about the molecules that govern their 

development and targeting. Recent studies indicate that perturbing interactions between 

Sema3E and PlexinD1 disrupts normal establishment of thalamostriatal input onto direct-

pathway MSNs, but has no effect on corticostriatal inputs (Ding et al., 2012). The identity of 

molecules that regulate formation, targeting, and stability of corticostriatal neurons and their 

synapses onto direct- and indirect pathway MSNs is unknown.

In other systems, the classic cadherin family of adhesion molecules plays an important role 

in establishing precise synaptic connections within and between brain regions (Inoue and 

Sanes, 1997, Benson and Tanaka, 1998, Huntley and Benson, 1999, Poskanzer et al., 2003, 

Bekirov et al., 2008, Nern et al., 2008, Williams et al., 2011). Consistent with such a role, 

many cadherins, particularly type II cadherins, exhibit highly restricted expression patterns 

that are shared between interconnected regions (Suzuki et al., 1997, Miskevich et al., 1998, 

Bekirov et al., 2002, Gil et al., 2002, Patel et al., 2006), and through homophilic interactions, 

are thought to participate in a recognition code for establishing connectivity (Williams et al, 

2011; Bekirov et al, 2008). In line with this idea, previous studies have shown that 
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Cadherin-8 (Cdh8), which is a type II cadherin, is expressed broadly in cortex, striatum, and 

other structures during early postnatal development (Korematsu and Redies, 1997, 

Korematsu et al., 1998, Hertel et al., 2008). Based on such broad distribution patterns, it has 

been suggested that Cdh8 might function in corticostriatal synaptic development. However, 

it is not known from these regional surveys which particular cell types in cortex or striatum 

express Cdh8, whether striatally-localized Cdh8 is synaptic, or what the functional 

consequences of perturbing Cdh8 expression are to the neurons that compose the 

corticostriatal projections. Accordingly, we address these and related questions using a 

combination of high-resolution cellular Cdh8 mRNA localization methods applied to 

identified corticostriatal neurons and direct- or indirect-pathway MSNs, immunoelectron-

microscopy, and functional analysis following Cdh8 knockdown in cortical neurons.

Materials and Methods

Animals

Sprague-Dawley rats of either sex (Charles River Laboraties, Wilmington, MA; 

RRID:RGD_737891), ranging in age from embryonic day 18.5 (E18.5) to postnatal day 12 

(P12), and wild-type (WT) C57BL/6 male mice ranging in age from P0.5 to P60 (Jackson 

Labs, RRID:IMSR_JAX:000664), were used for this study. In all cases, the use and 

treatment of animals was in strict accordance with guidelines of the Institutional Animal 

Care and Use Committee of the Icahn School of Medicine at Mount Sinai and those of the 

National Institutes of Health.

Isotopic in situ hybridization histochemistry

Slide-mounted brain sections from perfused rats were processed for Cdh8 localization using 

a 35S-labeled complimentary RNA (cRNA) probe directed against Cdh8, as previously 

described (Gil et al., 2002). Briefly, frozen sections were pre-treated with Proteinase K (1µg/

ml), followed by treatment with 0.25% acetic anhydride in triethanolamine (0.1M). cRNA 

probe was diluted in hybridization buffer (50% deionized formamide, 50x Denhardt’s 

solution, 10% dextran sulfate, 0.15 mg/ml yeast tRNA, 0.33 mg/ml denatured salmon sperm 

DNA, and 40 mM dithiothreital) and hybridized overnight at 50°C in a humidified chamber. 

Following multiple washes in saline sodium citrate (SSC) of increasing stringencies, slides 

were exposed to autoradiographic film for 7 – 24 days. Controls consisted of sections 

hybridized to the sense-strand probe, which showed no specific hybridization signal as 

expected (Gil et al., 2002).

RNA isolation and cDNA reverse transcription

Prefrontal cortex (PFC) – including medial and lateral regions of the PFC – and striatum 

from P0.5, P10, P20, and P60 mice (n = 6 mice per age) were quickly dissected on dry ice 

and homogenized in Trizol reagent (Invitrogen). Total RNA was extracted and diluted in 

Nuclease-free water, and cDNA was synthesized by incubating 750 ng total RNA in a 20 µl 

reaction with random primers and SuperScript III Reverse Transcriptase (Invitrogen) 

according to the manufacturer’s instructions. cDNA was amplified by polymerase chain 

reaction (PCR) at an optimized annealing temperature (55°C) using the following primers to 

amplify Cdh8: 5’-TTCCAGAAATGGTCAACAACC-3’ (forward) and 5’-
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TTGCTACAGCCACAGACTCG-3’ (reverse). The amplification products were 

electrophoresed on a 1.5% agarose gel containing 0.5% ethidium bromide and a single band 

was detected for Cdh8 at the expected size (196 bp).

Quantitative RT-PCR

Quantitative real-time PCR (qRT-PCR) for Cdh8 and a reference gene, 18s ribosomal RNA 

(RNA18s), was carried out on an ABI Prism 7900HT thermal cycler (Applied Biosystems) 

by Mount Sinai's Quantitative PCR Shared Resource Facility using triplicate 10 µl reactions 

with Hotstart Taq Polymerase (KAPA Biosystem) and SYBR green detection. The 

following primers were used for RNA18s: 5’-GACTCAACACGGGAAACCTCAC-3’ 

(forward) and 5’-TCGCTCCACCAACTAAGAACG-3’ (reverse). No significant changes 

were detected in RNA18s cycle threshold (CT) values between age groups. Cdh8 gene 

expression for each animal was calculated by averaging triplicate values, and using the 

ΔΔCT method as described previously (Aujla and Huntley, 2014).

Antibody characterization

Details for antibodies used in this study are summarized in Table 1.

Cadherin-8 antibodies—Polyclonal goat anti-Cdh8 antibodies (Santa Cruz 

Biotechnology, RRID:AB_2078271), which were raised against an 18 amino acid sequence 

of the C-terminal region of human cadherin-8, detect a prominent band at the expected 

molecular mass of ~135 kDa in Western analysis of mouse hippocampus (Huntley et al., 

2012), and in adult mouse PFC and striatum (Fig 1A). The Cdh8 mouse monoclonal 

antibody supernatant (CAD8-1 mAb; Develomental Studies Hybridoma Bank, 

RRID:AB_2078272), which was made from a fusion protein consisting of the extracellular 

domain of Cdh8 and the Fc region of human immunoglobulin G1 (Suzuki et al., 2007) and 

obtained from the Developmental Studies Hybridoma Bank, created by the NICHD of the 

NIH and maintained at The University of Iowa, also detects a single band at the expected 

size of ~135 kDa in adult mouse PCF and striatum (Fig 1B). To confirm antibody 

specificity, WT mouse L-cell fibroblasts, which do not endogenously express cadherins 

(Nose et al., 1988, Shan et al., 2000) and L-cells stably transfected with Cdh8 (gift from Dr. 

S.T. Suzuki) were immunolabeled with CAD8-1 mAb. As expected, Cdh8-transfected L-

cells displayed a characteristic pattern of immunolocalization at cellular junctions formed 

along apposed cell-membranes (Fig. 1C), while untransfected L-cells were devoid of any 

immunolabeling (Fig 1D).

N-cadherin antibody—Mouse monoclonal N-cadherin antibody (BD Transduction, 

RRID:AB_2077527) was previously shown by us to label N-cadherin-overexpressing L-

cells, but not E-cadherin-transfected L-cells (Brock et al., 2004). This antibody recognizes a 

single band of the appropriate molecular mass (~125 kDa) in immunoblot analysis of brain 

lysates (Brock et al., 2004, Nikitczuk et al., 2014). Additionally, immunolabeling of 

hippocampal excitatory synapses is abolished in N-cadherin conditional knockout mice 

(Nikitczuk et al., 2014). Finally, human embryonic kidney (HEK) 293 cells immunolabeled 

with anti-N-cadherin antibody displayed the expected localization pattern at cellular 

junctions (Fig 2C).
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Actin antibody—Mouse monoclonal actin antibody (Millipore, RRID:AB_2223041) is 

well-characterized and recognizes a single band at the expected molecular weight of 42 kDa, 

as described previously by us and others using similar immunoblotting conditions 

(Nikitczuk et al., 2014).

vGlut antibodies—Guinea-pig polyclonal vesicular glutamate transporter (vGlut) 1, 2, 

and 3 antibodies (Millipore, RRID:AB_2301751; RRID:AB_1587626; RRID:AB_2187832) 

were used as an antibody cocktail to label glutamatergic presynaptic sites. Each of these 

antibodies has been vetted by numerous labs (JCN Antibody Table), and has been used 

previously by our lab (and others) to identify excitatory presynaptic terminals using 

preparations similar to those described here (Anderson et al., 2004, Hsiao et al., 2014).

synGAP antibody—Rabbit monclonal synaptic GTPase-activating protein (synGAP) 

antibody (Pierce, RRID:AB_2287113) recognizes a single band of the appropriate size by 

Western blot (Oh et al., 2004, Delint-Ramirez et al., 2010), and in our hands 

immunostaining produced the predicted punctate labeling pattern that colocalized with vGlut 

labeling as described by others in similar preparations (Harms and Craig, 2005).

c-myc antibody—Mouse monoclonal c-myc antibody (Cell Signaling, RRID: N/A) has 

been vetted by many other labs (JCN antibody database), and detects myc-tagged full-length 

Cdh8 at the expected molecular mass of ~135 kDa in Western analysis of transfected 

HEK293 cells, but is not detected in Western analysis of mouse striatal lysate (data not 

shown).

GFP antibody—Chicken polyclonal GFP antibodies (Millipore, RRID:AB_90890) are 

well-characterized and can be used to immunolabel transfected neurons as described 

previously by us (Mintz et al., 2008) and others (JCN antibody database). No 

immunolabeling is detected in untransfected cells.

MAP2 antibody—Rabbit polyclonal microtubule-associated protein 2 (MAP2) antibodies 

(Millipore, RRID:AB_44825) produced the expected somatodendritic labeling pattern (and 

was excluded from axons), as described previously by us and others using the same 

immunolabeling conditions (Sepulveda et al., 2013). (Sepulveda et al., 2013)

Western Blot analysis

PFC and striatum from P0.5, P10, P20, and P60 mice (n = 4 mice per age) were dissected on 

dry ice and homogenized in RIPA buffer (150 mM NaCl, 1.0% IGEPAL, 0.5% sodium 

deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, protease inhibitor cocktail (Roche)). 

Homogenates were centrifuged at 14,000 rpm for 15 minutes and the resulting supernatant 

was collected. Protein concentrations were determined by the Bradford method following 

the manufacturer’s protocol (Bio-Rad Laboratories). Equal amounts of protein were 

subjected to gel electrophoresis on an 8% polyacrylamide gradient gel and transferred onto 

polyvinylidene fluoride (PVDF) membranes. Membranes were blocked in 10% newborn calf 

serum and incubated in goat anti-Cdh8 antibody (1:200) or mouse anti-actin antibody 

(1:2000) overnight. Following incubation with fluorophore-conjugated secondary antibodies 
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(DyLight 800, Cell Signaling and DyLight 680, Pierce), membranes were visualized using 

the Li-Cor Odessey Clx detection system (Li-Cor Biosciences). In all cases, Cdh8 levels 

were normalized to actin loading control.

Single-molecule fluorescent in situ hybridization (smFISH) probes in cells

Multiple short (20-nucleotide) probes conjugated to a single fluorophore at the 3’ end were 

used to identify Cdh8 mRNA at the cellular level. A set of 48 different probes targeted to 

complimentary regions along the full-length Cdh8 mRNA transcript (GenBank; 

RRID:nif-0000-02873, accession NM_007667.2) were designed by the Stellaris Probe 

Designer Version 2.0 (Table 2; https://www.biosearchtech.com/stellarisdesigner) and 

purchased commercially (Biosearch Technologies). smFISH probes collectively bind along 

the length of an mRNA transcript and positive signal is only identified from the combined 

localized fluorescence of multiple probes (> 20 probes), thus providing higher specificity 

and limiting the detection of off-target transcripts (Raj et al., 2008).

To test the specificity of the Cdh8 probes, we hybridized Cdh8 probe-sets with untransfected 

L-cells, Cdh8-transfected L-cells, and HEK293 cells, which express N-cadherin, but not 

Cdh8 (Fig 2C, D)(Nollet et al., 2000). Cells were plated onto 25 mm round coverslips that 

were coated with poly-L-lysine (100 mg/ml), and maintained in DMEM and 10% fetal 

bovine serum (FBS). Cells were fixed in 4% formaldehyde in PBS for 10 minutes and 

permeabilized with 70% ethanol for 30 minutes at 4°C. Following equilibration in wash 

buffer (10% formamide, 2x SSC), probes were diluted in hybridization buffer (10% dextran, 

1 mg/ml E. coli tRNA, 200 µg/ml BSA, 2 mM vanadyl ribonucleosides, 10% formamide, 2x 

SSC) and hybridized overnight in a humidified chamber at 37°C. Following six washes in 

wash buffer over 2 hours, coverslips were mounted in oxygen-depleted mounting medium 

(Raj et al., 2008) to minimize photobleaching. All smFISH images were acquired on an 

Axioplan2 (Zeiss) with a 100×/1.4 N.A. oil-immersion objective. smFISH in L-cells 

confirms the specificity of the probe set for Cdh8 (Fig 2A, B). Additionally, smFISH in 

HEK293 cells confirms that Cdh8 smFISH probes do not detect other (off-target) cadherins 

that share significant sequence homology with Cdh8 (Fig 2E).

smFISH analysis in PFC and striatum

For in vivo smFISH studies, mice aged P10 and P30 were anesthetized with ketamine (100 

mg/kg) and xylazine (20 mg/kg) and sacrificed by cervical dislocation (n = 3 mice per age). 

Brains were dissected, quickly frozen in O.C.T. (Tissue Tek) on dry ice, and stored at −80°C 

until sectioning. Frozen sections (14 µm) were cut in the coronal plane through PFC and 

striatum on a cryostat and thaw mounted onto 25 mm round coverslips. Tissue-mounted 

coverslips were fixed and processed for smFISH as described above.

Retrograde tract tracing

Mice aged P30 were anesthetized with continuous delivery of isoflurane and placed in a 

stereotaxic frame (David Kopf Instruments). A 0.1% solution of Alexa 488-cholera toxin 

subunit B (CTB-488; Molecular Probes) diluted in 0.1 M phosphate buffered saline (PBS) 

was injected bilaterally into the dorsomedial striatum (AP +1.0 mm, ML ±1.2 mm, DV −2.3 

mm), globus pallidus external segment (GPe; AP −0.7 mm, ML ±2.0 mm, DV −3.3 mm), or 
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substantia nigra pars reticulata (SNr; AP −3.0 mm, ML ±1.4 mm, DV −4.3 mm) with a 

Neuros 32 gauge needle syringe (Hamilton Company) (n = 3 mice per injection site). The 

needle was left in place for 10 minutes. After recovery, mice were returned to their home 

cages for 7 days before intracardiac perfusion with 4% paraformaldehyde. Images of 

CTB-488 injection sites and target regions were acquired on an Axioplan 2 (Zeiss) with a 

10× objective. In some cases, we combined CTB-488 retrograde labeling with Cdh8 

smFISH. For this, brain tissue was processed for smFISH as described above. Images were 

acquired on an Axioplan 2 at 0.5 µm intervals with a 100×/1.4 N.A. oil-immersion objective 

and a maximum intensity projection was generated from a 10-image z-stack using ImageJ 

(NIH).

Dissociated cortical neuron culture

Cortical neurons were cultured from E18.5 Sprague-Dawley rats as described previously 

(Mintz et al., 2008). Neurons were plated onto 18 mm coverslips coated with 1 mg/ml poly-

L-lysine (6.0×104 cells per coverslip; 2.1×104 cells/cm2) and maintained in Neurobasal 

Media (Invitrogen) containing NS21 supplement (Chen et al., 2008).

Immunocytochemistry in fixed cultured neurons

Cultured neurons were fixed in 4% parafomaldehyde/4% sucrose for 15 minutes and 

permeabilized with 0.2% Triton X-100 for 5 min. Neurons were blocked in PBS 

supplemented with 10% bovine serum albumin (BSA), and then incubated overnight with 

one or more of the following primary antibodies diluted in 1% BSA: SynGAP (1:1000), 

vGlut antibody cocktail (1:2500), GFP (1:5000), and MAP2 (1:5000). Neurons were 

incubated in species-specific fluorophore-conjugated secondary antibodies and images were 

acquired on an LSM510 Meta confocal microscope (Zeiss).

Live-cell Cdh8 immunofluorescence

CAD8-1 mAb supernatant (1:10) was diluted in the culture media of live cultured cortical 

neurons for 15 minutes at 37°C, washed in PBS, then fixed in 4% parafomaldehyde/4% 

sucrose for 15 minutes. Neurons were incubated in species-specific fluorophore-conjugated 

secondary antibody and imaged as described above. To control for the possibility that 

antibody bound to surface proteins can induce internalization, the distribution of Cdh8 

labeling in neurons labeled at 37°C was compared to that labeled at 12°C—a temperature at 

which little to no internalization takes place. No differences in localization pattern were 

observed between these two conditions (data not shown).

Immunogold labeling and electron microscopy

Sections through P30 mouse striatum were prepared for electron microscopy as previously 

described (Mortillo et al., 2012). Briefly, aldehyde-perfused brains were vibratome-

sectioned through the dorsal striatum at 200 µm. Trimmed sections were rapidly frozen in 

liquid propane and embedded and polymerized in Lowicryl (Electron Microscopy Sciences) 

by freeze-substitution. Ultrathin sections (70 nm) were collected on formvar-coated nickel 

grids, blocked with donkey serum, incubated overnight in CAD8-1 mAb supernatant (1:10) 

or goat polyclonal Cdh8 (1:100), and then incubated with colloidal gold-conjugated 

Friedman et al. Page 7

J Comp Neurol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



secondary antibody. Images were acquired on a Hitachi H7000 transmission electron 

microscope.

Cdh8 cDNA and shRNA constructs

Myc-tagged full-length mouse Cdh8 cDNA was subcloned from a mouse brain library (gift 

from Dr. Joseph Buxbaum) into a mammalian expression vector driven by the pCAGGs 

promoter that is also a lentiviral expression vector (assembled by K. Hsiao using pLenti 

CMVtight; Addgene). The expression vector also contains a Tet-ON system whereby 

expression is low without co-transfection of a tTA transactivator plasmid. Western blotting 

with goat polyclonal Cdh8 (1:200) antibodies confirmed that the full-length cDNA was 

correctly cloned and generated a protein of the expected size (~135kDa). SureSilencing 

shRNA plasmids (SABiosciences) directed against mouse Cdh8 were tested for Cdh8 

knockdown. The set included four shRNA and one scrambled negative control sequences 

under the control of a U1 promoter and GFP driven by a CMV promoter. HEK293 cells 

were transiently transfected with myc-tagged full-length mouse Cdh8, a tTa transactivator 

plasmid (Addgene), and one of the four shRNAs or scrambled negative control plasmids 

using Lipofectamine 2000 (Invitrogen). After 48 hours, cells were lysed in RIPA buffer and 

analyzed for Cdh8 expression by Western blotting with mouse monoclonal c-myc antibody 

(1:2000) using ECL Chemiluminescence detection (Pierce). Dissociated rat neurons were 

nucleofected before plating with shRNA constructs and eGFP driven by pCAGGs (a 

mammalian expression vector under the control of chicken β-actin promoter; gift of Jun-ichi 

Miyazaki, Osaka University Medical School) at 0 days in vitro (DIV) using the Rat Neuron 

Nucleofection Kit (Lonza). Transfected neurons were identified by GFP immunolabeling.

Image analysis

For smFISH puncta quantifications in direct- and indirect-pathway CTB-488-labeled 

neurons and co-localization studies in cultured cortical neurons, puncta fluorescence was 

thresholded using MetaMorph (Molecular Devices, RRID:SciRes_000136), and co-

localization was determined from binary images that displayed overlapping fluorescence. 

Cdh8 knockdown in neurons was measured by average Cdh8 immunofluorescence intensity. 

Line intensity scans from 3 segments (100 µm) were acquired by MetaMorph and averaged 

for each neuron. Dendritic processes of transfected neurons were traced in Neurolucida 

(MBF Bioscience, RRID:nif-0000-10294) and analyzed using the NeuroExplorer module 

(MBF Bioscience).

Statistics

All data are presented as mean ± SEM and p-value for significance was set at p < 0.05. 

Significance between groups was determined using one-way ANOVA and post-hoc 

Dunnett’s multiple comparison test. Significance for Cdh8 fluorescence intensity and 

dendritic self-crossing was determined by Mann-Whitney test. All other comparisons were 

determined by unpaired Student’s t test, with Welch’s correction where indicated. Levene's 

test for homogeneity of variance was used for inclusion in parametric tests (p > 0.05 for 

Levene's tests). Statistical analyses and graphing were performed with GraphPad Prism v5.0 

(GraphPad Software, RRID:rid_000081).
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Results

Cdh8 is highly enriched in rodent mPFC and striatum when corticostriatal circuits are 
forming

Corticostriatal projections first reach the striatum at P3-4 (Sohur et al., 2012). Between P10 

and P21, MSNs undergo a major wave of excitatory synaptogenesis (Sharpe and Tepper, 

1998, Tepper et al., 1998). To more precisely define Cdh8 expression in relationship to 

developing corticostriatal circuitry, we performed in situ hybridization using Cdh8-specific 

probes in rat brain. Cdh8 mRNA was highly enriched in the PFC at P12 (Fig 3A), and was 

most abundantly expressed in two heavily labeled bands corresponding to L2/3 and L5 in 

anterior midline cortex, which includes anterior cingulate (AC), prelimbic (PL), and 

infralimibic (IL) areas of the mPFC (Fig 3A, B). The two bands of intense Cdh8 probe 

hybridization correspond to the laminar location of corticostriatal projection neurons in these 

mPFC regions (Krettek and Price, 1977, Wall et al., 2013). Probe hybridization also 

extended laterally, through secondary motor area M2, but diminished in intensity in 

comparison with midline prefrontal cortical areas (Fig 3A). Within primary motor (M1) and 

somatosensory cortex (S1), Cdh8 probe hybridization was concentrated in L5a, as reported 

previously (Gil et al., 2002), where the vast majority of corticostriatal projection neurons are 

localized in these regions (Wise and Jones, 1977, Wall et al., 2013, Sohur et al., 2014)(Fig 

3A, D). A similar expression pattern persisted in more caudal AC and sensorimotor cortex 

(Fig 3C). Cdh8 mRNA was also highly expressed throughout striatum, including the 

dorsomedial striatum (Fig. 3C), which receives input from the mPFC (Berendse et al., 1992, 

Gabbott et al., 2005). Within the striatum, Cdh8 mRNA labeling was somewhat 

heterogenous, consistent with previous work in rodents supporting an enrichment of Cdh8 

within the matrix compartment (Fig 3C) (Gerfen, 1992, Heyers et al., 2003, Hertel et al., 

2008).

We next examined the time course of Cdh8 gene expression in PFC and striatum during 

early postnatal development. Our qRT-PCR data revealed that in PFC, Cdh8 gene 

expression peaked between P10 and P20 (one-way ANOVA, n = 6, p < 0.0001; Fig 3E), 

declining thereafter by P60. Similarly, in striatum Cdh8 expression peaked at P10 (one-way 

ANOVA, n = 6, p = 0.0072; Fig 3E), when corticostriatal projection neurons are first 

starting to form synaptic connections with MSNs, but declined by P20, when most MSNs 

have formed synapses with excitatory cortical afferents, and remained at low levels into 

early adulthood (P60). Likewise, western blot analyses showed that Cdh8 protein levels, 

normalized to actin loading control, peaked at P10 in both PFC (one-way ANOVA, n = 4, p 

= 0.0076; Fig 3F) and striatum (one-way ANOVA, n = 4, p = 0.0074; Fig 3G). While Cdh8 

protein levels in the PFC remained high at P20, striatal Cdh8 protein levels decreased at P20 

and P60. The matched mRNA and protein expression profiles of these two interconnected 

regions suggest that Cdh8 is transcriptionally controlled and expressed in regions and layers 

contributing to corticostriatal pathways when such pathways are forming and refining.

To assess the cellular distribution pattern of Cdh8, we used a single-molecule fluorescent in 

situ hybridization (smFISH) approach (Raj et al., 2008). At P10, during peak mRNA and 

protein expression, multiple small discrete puncta, corresponding to individual Cdh8 
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transcripts, were detected in the mPFC (Fig 4A) and dorsal striatum (Fig 4B). A smaller 

number of large puncta was also observed. All puncta were restricted to cell bodies, and we 

saw little evidence for extrasomal transcripts. As expected, smFISH revealed fewer 

fluorescent puncta at P30 (Fig 4C, D). However, puncta were typically larger in size (Fig 

4A, B vs. C, D). Whether these large puncta represent translationally dormant RNA-

containing granules (Kiebler and Bassell, 2006) has yet to be determined.

Cdh8 is expressed in corticostriatal neurons

While our data above show that Cdh8 is strongly expressed in mPFC layers that furnish 

corticostriatal connections, these cortical layers contain multiple populations of projection 

neurons that target different structures in addition to striatum. To identify if corticostriatal 

neurons in particular express Cdh8, we used smFISH in combination with tract tracing 

methods. The retrograde tracer CTB-488 was injected into the dorsomedial striatum 

(dmSTR) of P30 mice (Fig 5A, B), which resulted in back-labeled corticostriatal projection 

neurons (Fig. 5C). In combination with smFISH, we found that Cdh8 mRNA was expressed 

by the vast majority of CTB-488-labeled corticostriatal projecting neurons (arrow, Fig 5D), 

although, there were other neurons that were Cdh8-positive, but were not back-filled from 

the striatal injection (arrowhead, Fig. 5D).

Cdh8 expression in direct- and indirect-pathway MSNs

MSNs composing the direct (striatonigral) or indirect (striatopallidal) pathways have distinct 

molecular profiles, different electrophysiological and synaptic properties (Gerfen and 

Surmeier, 2011, Shepherd, 2013), and play different roles in information flow through the 

basal ganglia (Alexander and Crutcher, 1990) Therefore, we next asked if Cdh8 is 

selectively expressed by MSNs forming one or the other output pathways. To determine this, 

we combined Cdh8 smFISH with retrograde labeling of direct- or indirect-pathway MSNs 

following CTB-488 injection into the SNr or GPe, which are the target structures of the 

direct- or indirect-pathways, respectively (Fig 6A-C). We found that Cdh8 mRNA was 

expressed in nearly all of the direct-and indirect-pathway MSNs (Fig 6D-G). Quantification 

of the average number of mRNA puncta per CTB-488-labeled neuron confirmed that direct- 

and indirect-pathway MSNs expressed similar levels of Cdh8 (puncta per direct MSN: 10.47 

± 1.43, n = 44; puncta per indirect MSN: 10.40 ± 0.99, n = 74; t-test, p = 0.9). These results 

indicate that Cdh8 is expressed equally by both classes of MSNs.

Cdh8 is enriched at glutamatergic synapses on cortical neurons and in striatum

We next investigated the subcellular localization of Cdh8 by first examining Cdh8 

immunolocalization in primary cortical neurons at 14 DIV, which is the peak period of 

synaptogenesis (de Lima et al., 1997). Cdh8 immunofluorescence was visualized using a 

live staining protocol (see Materials and Methods), which proved to be much more sensitive 

than light-level immunolocalization following aldehyde fixation. Live neurons were 

incubated with CAD8-1 mAb, and subsequently fixed and stained with fluorescent 

secondary antibody. With this method, we found that Cdh8 immunolocalization was 

punctate and distributed along the surface of cell bodies and dendrites (Fig 7A). To assess 

whether such Cdh8 puncta corresponded to synapses, we co-labeled neurons with a cocktail 
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of vGlut antibodies (vGlut1, vGlut2, vGlut3) to mark excitatory presynaptic terminals, or 

synGAP to label glutamatergic postsynaptic sites.

We found that Cdh8 co-localized with ~35% of excitatory presynaptic vGlut+ terminals and 

~40% of synGAP+ postsynaptic sites (n = 10 neurons). Triple-labeled preparations showed 

that many of the Cdh8 immunopositive puncta corresponded to vGlut/synGAP appositions, 

but non-synaptic puncta were also observed (Fig 7B). These data indicate that Cdh8 is likely 

present on both sides of many developing excitatory synapses.

To determine if Cdh8 localized to excitatory synapses in the striatum, we examined the 

ultrastructural localization of Cdh8 by postembedding immunogold labeling of P30 striatal 

slices following aldehyde-perfusion. We found that clusters of Cdh8 immunogold particles 

were concentrated within active zones on pre- and postsynaptic membranes at asymmetric 

synaptic junctions, consistent with homophilic binding across synaptic clefts (Fig 7C). This 

synaptic localization pattern of Cdh8 immunogold labeling was duplicated using a different 

Cdh8 antibody (Fig 7D-F). We did not attempt to quantify the percentage of Cdh8 labeling 

in striatum that was found at synapses, nor did we attempt to determine how much of the 

total Cdh8 label was found pre- or postsynaptically. However, while both antibodies showed 

that Cdh8 gold particles were primarily found clustered on both sides of asymmetric 

synaptic junctions, we also observed Cdh8 gold particles within presynaptic terminals along 

membrane-bound vesicles (Fig 7D) and perisynaptically (Fig 7E). Additionally, qualitative 

observations suggested that Cdh8 was not localized to symmetric (inhibitory) synapses. 

Together, these data suggest that Cdh8 participates in synapse adhesion in dorsal striatum 

and may play a role in regulating the function, plasticity and/or targeting of excitatory 

synapses on MSNs.

Cdh8 knockdown impairs dendritic arborization

Classic cadherins can regulate dendritic growth during development (Riehl et al., 1996, Esch 

et al., 2000, Zhu and Luo, 2004, Bekirov et al., 2008). To test whether Cdh8 functions in this 

way, we examined dendritic growth and arborization in primary cortical neurons following 

Cdh8 knockdown using a shRNA directed against Cdh8. To test knockdown efficiency, one 

of four shRNAs directed against Cdh8 or a scrambled negative control plasmid was 

expressed in HEK293 cells along with myc-tagged-Cdh8 (see methods for details). Western 

blot with anti-c-myc antibody revealed that two shRNAs – shRNA1 and shRNA4 – 

produced nearly 100% and 70% knockdown of Cdh8, respectively (Fig 8A).

Rat primary neurons consistently produce higher transfection efficiencies than mouse 

neurons, so we used shRNA4, which shows 100% sequence homology with rat mRNA to 

knockdown Cdh8 in cultured rat cortical neurons. Transfected neurons were identified by 

GFP fluorescence and levels of endogenous Cdh8 were assessed by immunolabeling 

intensity using the live-cell staining protocol (see Materials and Methods). Cdh8 

immunofluorescence was reduced by ~50% in shRNA - transfected neurons at 3 DIV, and 

knockdown was sustained as neurons developed through 7 and 14 DIV, compared with 

those transfected with scrambled plasmid at the same time points (Mann-Whitney, % of 

control - 3 DIV: 48.8±9.43, n = 39-40, p = 0.019; 7 DIV: 19.1±5.23, n = 18, p < 0.0001; 14 

DIV: 14.3±4.35, n = 15-20, p < 0.0001; Fig 8B).
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To evaluate how the loss of Cdh8 affects dendritic morphology in cultured neurons, we 

screened Cdh8-deficient neurons at 5 DIV for abnormal outgrowth phenotypes. GFP-

expressing neurons were immunolabeled with the somatodendritic marker MAP2 (Fig 8C), 

and confocal images of MAP2 labeling were traced using Neurolucida. Cdh8 knockdown 

significantly increased the total number of dendritic branches per neuron (n = 14, p = 0.003; 

Fig 8D). This was driven, in part, by an increase in the number of primary dendrites (defined 

as those emanating directly from the soma) (n = 14, p = 0.018; Fig 8G), as well as by a 

significant reduction in the mean length of dendritic segments (Welch’s corrected t-test, n 

=14, p = 0.0001; Fig 8F). There was no change in overall dendritic length (n = 14, p = 0.697; 

Fig 8E) or in the number of dendritic branch endpoints compared with control neurons (n= 

14, p = 0.114; Fig 8H). While an increase in branch number with no change in endpoints 

seems puzzling, Cdh8-deficient neurons consistently showed a population of dendrites that 

looped back on their sister dendrites with no obvious branch endpoint (Fig. 8C, arrows). 

This is abnormal, as sister neurites from the same neuron typically avoid each other (Kramer 

et al., 1985). To quantify the degree of dendritic self-crossings, we subtracted the total 

number of branches by the number of branch endpoints. This analysis showed a significantly 

greater number of dendrite self-crossing in Cdh8 shRNA knockdown neurons in comparison 

with controls (Mann Whitney, n = 14, p < 0.0001; Fig 8I), indicating a defect in dendritic 

self-avoidance. Taken together, our results show that the loss of Cdh8 impairs normal 

dendritic outgrowth and self-avoidance, and suggests that such early loss of Cdh8 could lead 

to abnormal synaptic connections.

Discussion

We show here that Cdh8 is highly expressed by corticostriatal projection neurons in mPFC 

and by MSNs in dorsal striatum, with levels of Cdh8 mRNA and protein peaking in both 

structures at the beginning (~P10) of an early postnatal period of rapid synaptogenesis in 

striatum (Sharpe and Tepper, 1998, Tepper et al., 1998). Further, we find that Cdh8 is highly 

concentrated at asymmetric (excitatory) synaptic junctions within striatum, and is expressed 

equally by MSNs that form the direct- or the indirect-pathways. Functional analyses 

demonstrated that Cdh8 contributes to the generation of cortical neuron dendritic arbors and 

dendrite self-recognition. Together, our findings suggest multifaceted roles for Cdh8 in the 

molecular control of developing neurons and circuits that comprise corticostriatal pathways.

Our data showing that Cdh8 is synaptically localized in striatum is consistent with previous 

studies showing synaptic localization of Cdh8 in S1 (Gil et al., 2002) and hippocampus 

(Huntley et al., 2012), and suggest that Cdh8 participates in the assembly and maturation of 

corticostriatal synapses. It is well known that N-cadherin, a type I cadherin, plays an 

important role in the initial assembly of synapses (Togashi et al., 2002, Bozdagi et al., 

2004), and can confer laminar identity (Yamagata et al., 1995, Poskanzer et al., 2003). 

However, its very broad distribution at nearly all excitatory synapses makes it unlikely to 

contribute extensively to synapse specificity. The type II subfamily of cadherins, of which 

Cdh8 is a member, shows more restricted distribution patterns than type I cadherins (Suzuki 

et al., 1997), making them more likely candidates to confer elements of a multi-component 

recognition/adhesive code. Consistent with this role, another type II cadherin, Cdh9, is 

expressed in presynaptic dentate gyrus granule cells and postsynaptic CA3 hippocampal 
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neurons and is required for the normal development of mossy fiber synapses (Williams et 

al., 2011), while Cdh8 expression in presynaptic dorsal root ganglia and postsynaptic spinal 

cord is required for normal transmission of cold-sensation sensory input (Suzuki et al., 

2007). Alternatively, Cdh8 may be responsive to, and/or enable, forms of activity-dependent 

synaptic plasticity such as long-term potentiation (LTP) displayed by corticostriatal 

synapses (Di Filippo et al., 2009). In rat hippocampus, for example, LTP of synapses 

between perforant path axons and dentate gyrus granule neurons results in a rapid 

redistribution of synaptic Cdh8 which may facilitate structural spine remodeling at 

potentiated synapses (Huntley et al., 2012). In any event, Cdh8 adhesion would be 

anticipated to recruit F-actin to sites of adhesion and promote differentiation, stabilization, 

and normal synapse function (Zhang and Benson, 2001, Togashi et al., 2002, Jungling et al., 

2006). In the future, functional studies will be required to determine definitively if Cdh8 

contributes to synaptogenesis and striatal synaptic plasticity.

Recent work suggests a modest bias in the extent to which particular cortical areas target 

direct- or indirect-pathway MSNs (Wall et al., 2013). While Cdh8 may help to specify 

interactions between cortex and striatum, it appears unlikely that it encodes selective 

targeting of cortical input to direct- or indirect-MSN populations, as we found that Cdh8 is 

expressed equally by both direct- and indirect-MSNs. On the other hand, MSNs receive 

afferent input from two distinct classes of corticostriatal projection neurons – 

intratelencephalic (IT-type) and pyramidal tract (PT-type) neurons (Reiner et al., 2010) – 

which are distinguished by the projections of their axon collaterals and are differentially 

vulnerable to Parkinson’s disease and autism spectrum disorder (ASD)-related pathogenesis 

(Ballion et al., 2008, Shepherd, 2013). It will be important in future studies to determine 

whether Cdh8 is differentially expressed by either of these cortical types.

Our loss-of-function studies in primary cortical neurons show that Cdh8 knockdown leads to 

significant dendritic abnormalities. Strikingly, Cdh8-deficient neurons display self-crossing 

dendrites, suggesting a defect in dendrite self-avoidance, a property that maximizes 

coverage of the neuropil and interaction with incoming axons (Kramer and Kuwada, 1983, 

Montague and Friedlander, 1989, Grueber and Sagasti, 2010). While the mechanisms by 

which homophilic cadherin-based adhesive interactions can mediate repulsion are not 

known, several lines of research show that the protein families mediating self-recognition in 

dendrites all participate in homophilic adhesion. Deletion or loss-of-function mutations of 

Down’s syndrome cell adhesion molecule (DsCAM) genes in a variety of neurons in 

Drosophila or in mouse retina (Hughes et al., 2007, Matthews et al., 2007, Soba et al., 2007) 

or the entire family of γ-protocadherins in mouse amacrine or Purkinje cells (Lefebvre et al., 

2012) promotes excessive dendritic bundling or overlap. These effects are cell-autonomous 

and can be rescued by the introduction of any single family member (Matthews et al., 2007, 

Lefebvre et al., 2012). However, different cell adhesion families appear to confer this 

property in different cell types, as the loss of either DSCAM or γ-protocadherins in mouse 

cortical neurons does not enhance interactions between sister dendrites (Garrett et al., 2012, 

Maynard and Stein, 2012). It is possible that Cdh8 acts collaboratively to generate dendrite 

repulsion. Classic cadherins and protocadherins can interact in cis and can both positively 

(Emond et al., 2011) or negatively (Yasuda et al., 2007) regulate adhesive interactions 

Friedman et al. Page 13

J Comp Neurol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



generated by either family. Moreover, overexpression and mis-localization of the normally 

axonally restricted Nectin 1, an Ig superfamily member that partners with cadherins via 

shared intracellular binding partners, promotes interactions between sister dendrites as well 

as excessive interactions between axons and dendrites (Togashi et al., 2006). It will be 

important for future studies to identify the molecular details that enable Cdh8-mediated 

dendrite self-avoidance, as well as to pursue effects of Cdh8 on dendrite self-avoidance in 

vivo in cortical and striatal neurons. Finally, while there are multiple adhesion systems 

operative at synapses, the present study adds to the growing recognition that each has unique 

roles in development and/or maintenance of synaptic structure and function, which bears 

importantly on their contribution to disorders of brain circuitry (Dalva et al., 2007, Friedman 

et al., 2014).

Recently, CDH8 has been identified as an ASD and learning disability susceptibility gene. 

Data from the Autism Genome Project Consortium shows a rare familial microdeletion on 

chromosome 16q21, containing only the gene that encodes Cdh8. In one family, individuals 

harboring the 16q21 deletion had autism and learning disabilities, while their siblings were 

unaffected. In a second family, an overlapping deletion transmitted from a parent exhibiting 

moderate learning disability was observed in an individual with severe learning disability 

(Pagnamenta et al., 2011). Another study found that two patients harboring deletions 

immediately upstream of CDH8 have autism (Walker and Scherer, 2013). Our data showing 

that Cdh8 controls cortical dendritic organization and is enriched in developing 

corticostriatal neurons and MSN synapses suggest that such cognitive abnormalities in 

humans reflect defects in Cdh8-mediated molecular control over developing corticostriatal 

neurons and circuits. This is further supported by numerous studies implicating abnormal 

development of PFC and PFCstriatal projections in the underlying neurobiology of ASDs 

(Rinaldi et al., 2008, Courchesne et al., 2011, Peca et al., 2011).

Taken together our studies have provided novel insight into the molecular constituents of 

corticostriatal circuits – pathways that are essential for high-order executive function and 

implicated in cognitive deficits associated with ASDs, as well as in Parkinson’s and 

Huntington’s disease. These studies provide the framework for future loss-of-function 

studies associated with disrupted corticostriatal circuit development in ASD-related 

pathologies and provide a means by which to target approaches to particular circuits 

disrupted in neurodegenerative disease.
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Figure 1. Monoclonal Cdh8 antibody specificity
(A, B) Western blots of adult mouse prefrontal cortex (PFC) and striatum (STR) using (A) 

polyclonal goat Cdh8 antibodies or (B) CAD8-1 mAb, both of which show a single 

prominent band at the predicted size of 135 kDa. (C) CAD8-1 mAb immunolabeling in L-

cells stably transfected with Cdh8. (D) No immunolabeling is evident in untransfected WT 

L-cells. Scale bar, 5 µm.
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Figure 2. Single-molecule fluorescence in situ hybridization (smFISH) Cdh8 probe specificity
(A, B) Hybridization of Cdh8 mRNA probes in mouse L-cell fibroblasts. (A) untransfected 

WT L-cells, which lack endogenous cadherins, do not hybridize Cdh8 probes. (B) L-cells 

stably transfected with Cdh8 show probe hybridization, revealed by multiple, discrete 

fluorescent puncta (arrows) (C) HEK293 cells, which endogenously express N-cadherin, 

show typical N-cadherin immunolocalization pattern of labeled cell-cell membrane 

appositions. (D-E) HEK293 cells, which do not express endogenous Cdh8, show neither 

Cdh8 immunolocalization (D) nor Cdh8 smFISH (E). Scale bars, 10 µm.
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Figure 3. Developmental changes in Cdh8 mRNA in prefrontal cortex (PFC) and striatum
Film autoradiograms showing isotopic in situ hybridization and semi-adjacent Nissl-stained 

sections in P12 rat brain in (A) PFC and (C) striatum. Cdh8 mRNA labeling is shown as 

white signal. Line scans of film autoradiograms taken perpendicular through PL (B) and M1 

(D) illustrate discrete intensity peaks in cortical layers projecting to striatum. The white 

boxes in the film autoradiograms indicate the approximate positions of the line-scans 

through PL and M1, and correspond to the higher-power insets shown in B, D. Orientation 

of both insets: pia is to the right, WM is to the left. (E) Relative transcript levels of Cdh8 
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normalized to housekeeping gene, RNA18s, in mouse PFC and STR during postnatal 

development (n = 6 per group). (F, G) Western analysis of Cdh8 protein levels in mouse 

PFC and striatum during postnatal development using polyclonal goat Cdh8 antibodies. 

Actin was used as a loading control. The relative levels of Cdh8 normalized to actin are 

shown in the graphs below (n = 4 per group). Abbreviations: AC, anterior cingulate; PL, 

prelimbic; IL, infralimbic; M1, primary motor area; M2, secondary motor area. Error bars 

represent S.E.M. *p < 0.05, ** p < 0.001, *** p < 0.0001
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Figure 4. Cdh8 smFISH in neurons during postnatal development
Single molecule FISH (smFISH) showing Cdh8 mRNA expression in (A, C) medial PFC 

(mPFC) and (B, D) dorsomedial striatum. High magnification images are shown in inset. 

Scale bar, 10 µm or 5 µm (inset). (A, B) Top panels show multiple discreet punctate 

structures indicating high levels of Cdh8 mRNA in mPFC (A) and STR (B) at postnatal day 

10 (P10). (C, D) mRNA fluorescent puncta decrease in numbers, but increase in size at P30.
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Figure 5. PFC-striatal projection neurons express Cdh8
(A) Schematic of retrograde tracer, Alexa 488 cholera toxin-B (CTB-488), injected into 

dorsomedial striatum (dmSTR) and retrogradely transported to mPFC. (B) CTB-488 

injection site (asterisk) in the dmSTR. LV = lateral ventricle, ctx = cortex. (C) CTB-488 

retrogradely labeled L5 cell bodies in AC, PL, and M2 regions of the mPFC (abbreviations 

as in Figure 3). L1, L2/3, L5, and L6a labels delineate cortical layers. Scale bar, 200 µm. (D) 

Cdh8 mRNA (magenta) detected in CTB-488-labeled corticostriatal projection neurons 
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(green) in the mPFC (arrows). Arrowhead indicates unlabeled neuron expressing Cdh8. 

Scale bar, 10 µm.
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Figure 6. Similar expression levels of Cdh8 mRNA in direct- and indirect-pathway MSNs
(A) Schematic of CTB-488 injections at target sites that label direct- and indirect-pathway 

MSNs. Ctx = cerebral cortex, Str = striatum, TH = thalamus, GP = globus pallidus, SNr = 

substantia nigra pars reticulata. (B) CTB-488 injected into SNr (asterisk) and (C) globus 

pallidus external segment (GPe; asterisk). Scale bar, 200 µm. (D-G) High-resolution images 

of Cdh8 mRNA in CTB-488-labeled MSNs. Cdh8 mRNA in (D) direct pathway MSNs and 

(E) indirect pathway MSNs. (F, G) Merged images show Cdh8 mRNA (magenta) in 
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CTB-488-labeled (F) direct- and (G) indirect-labeled MSNs (green) in striatum (indicated by 

arrows). Arrowheads indicate unlabeled neurons expressing Cdh8. Scale bar, 10 µm.
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Figure 7. Cdh8 is synaptically localized in cultured cortical neurons and striatum
(A) Immunofluorescence labeling with monoclonal Cdh8 antibody in primary cortical 

neurons at 14 DIV visualized using a live staining protocol. Scale bar, 20 µm. (B) High 

magnification image of dendrite (boxed area in (A)) shows immunofluorescence labeling of 

Cdh8, glutamatergic presynaptic marker vGluts (green), and glutamatergic postsynaptic 

marker synGAP (blue). Merged image shown in bottom panel. Scale bar, 5 µm. (C-F) 

Electron micrographs of sections through the dorsal striatum at P30. (C) Immunogold 

labeling with mAb CAD8-1 antibody. Scale bar, 200 nm. (D-F) Immunogold labeling with 
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goat polyclonal anti-Cdh8 antibodies. (D, E) Scale bar, 250 nm. (F) Scale bar, 100 nm. 

Arrows indicate postsynaptic densities and arrowhead points to membrane-bound vesicles in 

presynaptic terminal.
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Figure 8. Cdh8 knockdown impairs dendritic outgrowth and self-avoidance in cortical neurons
(A) Western analysis of HEK293 cells co-expressing myc-tagged-Cdh8, tTa transactivator, 

and either shRNA plasmids (sh1-4) or a scrambled negative control (shCtrl). Representative 

immunoblots using anti-c-myc antibody detect Cdh8 at the predicted size of ~135 kDa. 

Actin was used as a loading control. Densitometric quantification of anti-c-myc antibody 

shown to the right (n = 3). (B) Knockdown of endogenous Cdh8 in cultured cortical neurons 

at 14 DIV. Neurons co-transfected with pCAGGs-GFP and scrambled shRNA (scrambled) 

or Cdh8-shRNA (shCdh8) plasmids were immunolabeled for GFP (green) and Cdh8 
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(magenta). Cdh8 was visualized using a live staining protocol. (C) GFP-transfected neurons 

(green) labeled with somatodendritic marker, MAP2 (magenta) in cortical neurons at 5 DIV. 

Neurolucida reconstructions of dendrites shown in the right panels. Arrows indicate dendrite 

self-crossings. Scale bar, 20 µm. (D-I) Quantitative comparisons of dendrites in Ctrl and 

shCdh8 cultured cortical neurons. (D) The total number of dendritic branches, (E) total 

dendritic length, and (F) mean dendritic length (n = 14). (G) The number of primary 

branches and (H) branch endpoints (n = 14). (I) Scatter plot of dendritic self-crossings (n = 

14). Error bars represent S.E.M. * p < 0.05, ** p < 0.001, *** p < 0.0001
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Table 2

Sequences for single-molecule fluorescent in situ hybridization (smFISH) probes directed against Cdh8

Probe # Probe (5’→3’) Probe position*

1 gccgtgtatacacaagaagg 70

2 aaaacgtgagcctgattcat 94

3 gcttagttccaaaggggatc 122

4 cggttcaggtccagaaaatt 218

5 aggatccagatctgtgtgta 254

6 cctctcggtcaagtcttttg 363

7 tttgtctcaaagtccactgc 412

8 caggtgcattgtcgttgata 477

9 tggacatctctggaacagta 522

10 gtttccataaactgggtcgt 584

11 tgtttcaggctcaatggaaa 647

12 ggcttctctgtccatgttag 689

13 cacccatatctttggcttgt 732

14 taacatcagtcagggtcact 789

15 accacatcttctggtactga 850

16 ggcatcagaagtgatttcga 971

17 cttataacaccatcctgggc 994

18 ctcaaagtccagaggctttc 1019

19 atgtggatattggctgcttc 1066

20 gctgtatccttaaagggtcc 1108

21 acagagttcaaagcagcatt 1207

22 aagtgatatcagggtcacga 1245

23 gttgaactgtctttccaggt 1301

24 gccagtgttatcttcccatc 1333

25 tgttgtgccaaacacttagt 1371

26 tgtggttcctgatctcagta 1404

27 aacaggcactcgagatatct 1427

28 gtcattgacatccagcactt 1454

29 tattcggatgcgaattcagg 1480

30 ctttgtccatggcacttact 1548

31 ttgggttgttgaccatttct 1611

32 ctggcggttgaatccattat 1682

33 gcagaaggtagacttcttgc 1704

34 ggtttccactgtcactgatc 1731

35 taagcttcaacattgcacga 1819

36 actgagtccaataggaagga 1841
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Probe # Probe (5’→3’) Probe position*

37 atatagcaattaaggcgccc 1863

38 agggtaacaaacagaaccac 1912

39 gtggttcatttttgtgcctc 1935

40 cgaacgtcttcgtcatcttt 1963

41 cgtcgtagcgaatgatgttt 1986

42 gttgcaatgtcaaaagcctc 2032

43 aacaccatttggaactggag 2138

44 gggtcattatctgcctcatg 2188

45 cggccttcatagccataaat 2236

46 ttctggtctgagtctgatgt 2296

47 gttcgcccagtctcttaaag 2346

48 gtcactttcaccaacagagt 2369

*
Position of first nucleotide of probe corresponding to target sequence
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