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Abstract 39 

The gene PTCHD1 is mutated in patients with autism spectrum disorders (ASD) and intellectual 40 

disabilities (ID) and has been hypothesized to contribute to Sonic hedgehog (Shh) signaling and 41 

synapse formation. We identify a panel of Ptchd1 interacting proteins that include postsynaptic 42 

density proteins and the retromer complex, revealing a link to critical regulators of dendritic and 43 

postsynaptic trafficking. Ptchd1 knock-out male mice exhibit cognitive alterations, including defects in 44 

a novel object recognition task. To test whether Ptchd1 is required for Shh-dependent signaling, we 45 

examined two Shh-dependent cell populations that express high levels of Ptchd1 mRNA: cerebellar 46 

granule cell precursors and dentate granule cells in the hippocampus. We find that proliferation of 47 

these neuronal precursors is not significantly altered in Ptchd1 knock-out male mice. We used whole-48 

cell electrophysiology and anatomical methods to assess synaptic function in Ptchd1-deficient 49 

dentate granule cells. In the absence of Ptchd1, we observed profound disruption in 50 

excitatory/inhibitory balance despite normal dendritic spine density on dentate granule cells. These 51 

findings support a critical role of Ptchd1 protein in the dentate gyrus but indicate that it is not required 52 

for structural synapse formation in dentate granule cells or for Shh-dependent neuronal precursor 53 

proliferation.   54 

  55 

Significance  56 

The mechanisms underlying neuronal and cellular alterations resulting from Ptchd1 mutations are 57 

unknown. The results from this study support an association with dendritic trafficking complexes of 58 
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Ptchd1. Loss-of-function experiments do not support a role in sonic-hedgehog-dependent signaling 59 

but reveal a disruption of synaptic transmission in the mouse dentate gyrus. The findings will help 60 

guide ongoing efforts on understanding the etiology of neurodevelopmental disorders arising from 61 

Ptchd1-deficiency. 62 

 63 

Introduction  64 

Autism-spectrum disorders (ASDs) are a heterogeneous group of neurodevelopmental syndromes. 65 

Twin studies indicate high concordance rate in monozygotic twins but much lower concordance in 66 

dizygotic twins, highlighting a strong genetic contribution to autism risk. Human genetic studies have 67 

identified a large number of mutations and copy number variations that may result in an increased 68 

risk for ASD (de la Torre-Ubieta et al., 2016). In addition, there are environmental risk factors, 69 

including prenatal immune challenges that correlate with the incidence of ASD (Estes and McAllister, 70 

2015). 71 

Each individual mutation identified thus far appears to account for only a very small fraction of 72 

autism cases. One of the more frequently identified ASD risk factors are alterations in the patched 73 

domain containing 1 gene (PTCHD1) encoded on the X-chromosome. Studies in male probands with 74 

ASD identified multiple different microdeletions in PTCHD1 and missense mutations, which are 75 

thought to result in a loss of Ptchd1 protein function (Marshall et al., 2008; Noor et al., 2010).  76 

Subsequent studies confirmed an association of common and rare variants with ASD and intellectual 77 

disability in several additional patient populations (Filges et al., 2011; Torrico et al., 2015). A 78 

phenotypic survey of 23 individuals with PTCHD1 mutations reported variable degrees of intellectual 79 

disability and prominent behavioral alterations with more than 40% having ASD or ASD-like 80 

behaviors (Chaudhry et al., 2015). Moreover, most patients present mild motor incoordination.  81 

Recent studies in Ptchd1 mutant mice reported behavioral alterations, in particular ADHD-like 82 

behaviors, gait-abnormalities, hyperaggression, inhibitory avoidance, and defects in contextual fear 83 

conditioning (Ung et al., 2017; Wells et al., 2016). Moreover, conditional ablation of Ptchd1 from 84 

interneurons defined by somatostatin-cre expression recapitulated the ADHD-like phenotypes 85 

observed in global Ptchd1 knock-out mice (Wells et al., 2016). These alterations are accompanied by 86 
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a loss of burst-firing in neurons of the thalamic reticular nucleus, one site where Ptchd1 mRNA 87 

expression is particularly high (Wells et al., 2016). 88 

Despite these major advances, the function of the Ptchd1 protein and the molecular 89 

mechanisms underlying the phenotypes are unknown. Ptchd1 protein sequences share a sterol-90 

sensing domain with the Shh receptor Patched (Ptch1) and Nieman-Pick disease, type C1 (NPC1), a 91 

cholesterol transport protein. Based on this sequence similarity and transcriptional reporter assays in 92 

cell lines it has been hypothesized that Ptchd1 may contribute to Shh signaling (Noor et al., 2010). 93 

However, this hypothesis has not been tested with loss-of-function approaches. Heterozygous or 94 

conditional homozygous mutations of Ptch result in Shh-independent activation of the signaling 95 

molecule Smoothened. Hyperactivation of Smoothened regulation results in neuronal precursor over-96 

proliferation, enlargement of the external germinal layer of the cerebellum, and the development of 97 

medulloblastomas (Goodrich et al., 1997; Yang et al., 2008). Recent studies have identified Boc and 98 

Gas1 as obligate co-receptors for Shh signaling in the cerebellum. Their loss of function results in 99 

reduced Shh-dependent proliferation of precursors (Izzi et al., 2011) and cerebellar abnormalities. 100 

Given these well-documented functions of the Shh-Ptch1 pathway we examined whether neuronal 101 

precursor proliferation is altered in Ptchd1 knock-out mice.  102 

We found that Ptchd1 removal has no effect on neuronal precursor proliferation in the 103 

cerebellum or hippocampus of mice. Instead, an unbiased search for Ptchd1 interacting proteins 104 

suggests that Ptchd1 interacts with dendritic trafficking complexes. Supporting a role in regulating 105 

synaptic function, loss of Ptchd1 results in a disruption in excitatory/inhibitory balance in the dentate 106 

gyrus.   107 

 108 

Material and Methods 109 

Mice. Ptchd1 mutant mice were generated in C57BL/6N background in collaboration with the Mouse 110 

Biology Project at the University of California Davis. Targeting vector PRPGS00100_C_H03 (KOMP) 111 

was electroporated into JM8.N4 ES cell and colonies selected. The targeting cassette is based on 112 

the knock-out first vector design, replacing exon 2 of the Ptchd1 gene. Mice with germline 113 

transmission were mated with ROSA26-Flpe females (Jax stock no: 003946), backcrossed over ten 114 

generations with C57BL/6N mice, to remove FRT-flanked genetrap/LacZ sequences, yielding a 115 
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conditional allele. Germline ablation of exon 2 was created by crossing with CMV-cre mice (Jax stock 116 

no: 006054).  The “knock-out first” mice generated by the Mouse Biology Project were deposited at 117 

the MMRRC repository. Genotyping of the knock-out mice was done as follows: The Ptchd1-/y allele 118 

was detected by PCR using primers 5’-AACACCATGACTGAAGCAACTTGGG-3’(CSD-Ptchd1-F) 119 

with 5’-AGTGCTGAGGAGTTAGCTATGCAGG-3’(CSD-Ptchd1-R). The Ptchd1WT allele was detected 120 

using 5’-AACACCATGACTGAAGCAACTTGGG-3’(CSD-Ptchd1-F) with 5’-121 

TCCAGAACTGAGAAATCAGGTTCGC-3’(CSD-Ptchd1-ttR). Only male mice were used for all 122 

experiments. Procedures related to animal experimentation were reviewed and approved by the 123 

Kantonales Veterinäramt Basel-Stadt.  124 

 125 

In situ hybridization, PCR analysis. In situ hybridizations with chromogenic detection were done 126 

using digoxigenin labelled cRNA probes and were performed as previously described (Schaeren-127 

Wiemers and Gerfin-Moser, 1993). The DNA fragment encoding the Ptchd1 probe contained SP6 128 

and T7 promoters flanking the 5’- or 3’-end, respectively: 129 

Ptchd1:CCGCTCTGCTCTAGGATGCTGCGGCAGGTTCTGCACAGGGGCTTGAGGACGTGTTTCT130 

CCCGGCTTGGCCACTTCATTGCCAGTCACCCGGTCTTCTTTGCTTCGGCGCCGGTGCTCATCTC131 

CATCCTGCTCGGCGCCAGCTTCAGCCGCTACCAGGTCGAAGAGAGCGTGGAGCACCTGCTGG132 

CGCCCCAGCACAGCCTAGCCAAGATCGAGCGCAACCTAGTCAACAGCCTCTTCCCGGTCAACC133 

GCTCCAAGCACCGGCTCTACTCGGACCTGCAGACCCCTGGGCGCTACGGCCGGGTCATTGTCA134 

CCTCCTACCAGAAAGCCAACATGCTAGACCAACATCACACGGACCTGA 135 

Templates for in vitro transcription using SP6-polymerase (anti-sense probe) or T7-polymerase 136 

(sense probe) were amplified by PCR using ISP-SP6-5' (5’-137 

CTATCGATTTAGGTGACACTATAGAAG-3’) and ISP-T7-3' (5’-138 

GAATTGTAATACGACTCACTATAGGGA-3’) primers. 139 

Fluorescent in situ hybridization was performed following the RNAscope Multiplex Fluorescent 140 

Assay protocol (Wang et al., 2012). The assay was performed on 20μm snap frozen P21 brain 141 

cryostat sections. Sections were cut between Bregma -1.46 and -2.40 including the dorsal 142 

hippocampus.  Ptchd1 transcripts were detected with a commercial Ptchd1 probe (ACD, Cat No. 143 

489651). A negative control probe (ACD, Cat No. 320871) was used to assess the specificity of 144 
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hybridization signals observed. In situ images were acquired on a Widefield Axio Scan Z1 slide 145 

scanner. 146 

For qPCR analysis, brain tissues were dissected in ice cold PBS, microdissected 147 

hippocampal sub-regions were isolated according to the protocol of Hagihara (Hagihara et al., 2009). 148 

Tissue was homogenized in Trizol (Tri Reagent, SIGMA), followed by addition of Chloroform. After 149 

homogenization, sample were centrifuged for 15min at 16’000xg. The supernatant was used for RNA 150 

purification with the RNAeasy mini plus kit (Qiagen) following manufacturer’s instructions. 1μg of total 151 

RNA was reverse transcribed using random hexamers and ImProm-II Reverse Transcriptase 152 

(Promega). Quantitative RT-PCR was performed on a StepOne plus qPCR system (Applied 153 

Biosystems): Gene expression assays were done with the Power SYBR Green Master Mix (Applied 154 

Biosystems) and the comparative CT method. cDNA levels were normalized to the house keeping 155 

gene Gapdh cDNA. Primer sequences used with Power SYBR Green PCR Mastermix were as 156 

follows:  157 

Ptchd1: 5’-CAAGATCGAGCGCAACCTAG-3’ and 5’-ATGTTGGCTTTCTGGTAGGAG-3’ 158 

Gapdh : 5’-CTCGTGTGGATTTGGAGAG-3’ and 5’-AGTTCTCGAACTTCCTCCT-3’ 159 

Hprt: 5’-GATGAACCAGGTATGACCTAGATTTG-3’ and 5’-ATGGCCTCCCATCTCCTTCAT -3’ 160 

TDO2: 5'-ATGAGTGGGTGCCCGTTTG-3’ and 5'-GGCTCTGTTTACACCAGTTTGAG-3’ 161 

DSP: 5'-GCTGAAGAACACTCTAGCCCA-3’ and 5'-ACTGCTGTTTCCTCTGAGACA-3’ 162 

Mrg1b: 5'-CTGGCGAGATCACGATGACG-3’ and 5'-AAGCTACGCTGTTGTCTAACC-3’ 163 

Primers used to confirm Ptchd1 exon 2 deletion were:  164 

Forward primer in Exon1: 5’-CCAACATGCTAGACCAACATCACA-3’  165 

Reverse primer in Exon3: 5’-TTTATGGTTCCAGCCTTGTGTTCA-3’  166 

 167 

Antibodies, cDNA expression vectors, western blots. Polyclonal anti-Ptchd1 antibodies were 168 

raised in guinea pigs using synthetic peptides derived from the following Ptchd1 sequences: 169 

DFQKTSRVSERYLVT and VDIDSTRVVDQITTV. Peptides were conjugated to keyhole limpet 170 

hemocyanin (Eurogentec, Belgium). Anti-sera and affinity purified antibodies were tested on Western 171 

blot applications; immunohistochemical applications were inconclusive. For Western Blots the 172 

following commercial antibodies were used: mouse anti-actin (JLA20-S, DSHB) 1:3000, mouse anti-173 
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GFP (abcam, ab38689) 1:500 Mouse anti-PSD95(DLG4) (NeuroMab, 75-028) 1:3000, rabbit anti-174 

VPS35 (Bethyl, A304-727A) 1:200, mouse anti-vGlut1 (NeuroMab, 75-066) 1:3000. For 175 

immunohistochemistry assays the following antibodies were used: rat anti-BrdU (Abcam, ab6326) 176 

1:50 and rabbit anti-Phospho Histone 3 (PH3) (Millipore, 06-570) 1:1000 177 

Immunoblotting was done with HRP-conjugated secondary antibodies (Jackson immunoresearch) 178 

and Pierce ECL Western blotting substrate. Signals were acquired using a digital imager (Bio-Rad, 179 

ChemiDoc MP Imaging System). The pEGFP-C1-Ptchd1 vector used for overexpression assays was 180 

created with the following cDNA: MG219209 from OriGene. 181 

 182 

BrdU incorporation assays and diolistic labeling. Postnatal day 4 (P4) Ptchd1-/y males and 183 

littermate wild-type controls were weighed, then injected intraperitoneally with 100mg/kg 184 

Bromodeoxyuridine (BrdU). After 30 minutes, mice were sacrificed, brains were transferred to fixative 185 

(4% paraformaldehyde, 30% Sucrose in PBS) and incubated overnight at 4°C. On the next day, 186 

brains were frozen at -80°C and 30μm cryosections were cut for immunohistochemistry. For the adult 187 

neurogenesis assay, P60 Ptchd1-/y males and wild-type littermate controls were used and analyzed 4 188 

days after injection of BrdU. Sections underwent an antigen retrieval step before the standard 189 

immunostaining protocol: in brief, sections were wash 3 times in PBS, put 0.1% TritonX-100 in PBS 190 

for 20min, transferred to 2M HCl for 20min at 37°C, neutralized with borate buffer (0.1M, pH=8.5) 3 191 

times for 10 min and washed in PBS 3 times for 10 min. Then a standard immunostaining protocol 192 

was applied for BrdU and PH3 detection. Quantitative assessment of BrdU-positive cells was 193 

performed as previously described (Han et al., 2008; Li et al., 2013). Briefly, confocal image stacks 194 

were acquired from consecutive sagittal sections of cerebellum lobule VI and dorsal dentate gyrus. 195 

An anatomically equivalent block of 300 - 400 μm thickness was analyzed for each animal (10-15 196 

30μm anatomical sections per mouse, with each section imaged as a confocal image stack). For the 197 

adult neurogenesis experiment the neurogenic sub-granular zone of the dentate gyrus was analyzed 198 

for BrdU- and PH3-positive cells. For the P4 developmental hippocampus experiment the entire DG 199 

area was analyzed. 200 

The diolistic labeling (Gan et al., 2000) was performed according to a published protocol 201 

(Staffend and Meisel, 2011). Images were acquired on an inverted LSM700 confocal microscope 202 
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(Zeiss) using 10x, 20× or 63x Apochromat objectives and controlled by Zen 2010 software. For spine 203 

counting, confocal image stacks were acquired of granule cell dendritic segments in the distal 204 

molecular layer of the dorsal dentate gyrus. Spines were counted per 30μm dendritic segment by 205 

evaluating the three-dimensional information of the image stacks. Headed and non-headed spines 206 

were distinguished manually. Images for display were assembled using Adobe Photoshop and 207 

Illustrator software. All quantitative assessments were performed by an investigator blinded to the 208 

genotype. 209 

 210 

Sonic hedgehog binding assay. We modified a protocol from Cheng and Flanagan (Cheng and 211 

Flanagan, 2001). In brief, 12 mm glass coverslips were coated with 100 μg/ml Poly-L-lysine (Sigma) 212 

for 2 h, and then washed twice with water. MEF or COS7 cells were plated on uncoated or PLL-213 

coated 12 mm glass coverslips respectively, in 24-well plates. Cells were transfected with either 214 

pEGFP-C1-Ptch1 + Casp9-DN-HA (HA-tagged dominant negative caspase 9, to prevent apoptosis) 215 

(Mille et al., 2009), pEGFP-C1-Ptchd1, or pEGFP-C1-NPC1, using Lipofectamine 3000 according to 216 

the manufacturer’s instructions. 48 h later, the media was removed and the cells washed twice with 217 

Binding Buffer A (BBA: DMEM + 10% FBS + 0.1% NaN2 + 50 mM HEPES). 500 nM Shh-Fc, diluted 218 

in BBA, was then added to the cells and incubated for 1 h at room temperature. Cells were then 219 

washed once in BBA, then three times in PBS (containing Ca2+ and Mg2+), followed by fixation with 220 

4% PFA for 10 minutes at room temperature. Shh-Fc was detected with standard immunostaining 221 

protocols using Cy3-conjugated donkey anti-human-Fc, diluted 1:1000 in PBS with 1% normal 222 

donkey serum and 0.1% Triton X-100, for 1.5 h at room temperature. The coverslips were imaged on 223 

a Leica DM6B microscope with a Hammamatsu Orca Flash 4.0 camera, using Leica LASX software. 224 

Shh-Fc binding to Ptch-expressing cells results in a distinct cell surface staining pattern. The 225 

percentage of cells exhibiting binding was scored by an investigator blinded to the identity of the 226 

transfected cDNA. The assay was conducted three times, twice with COS7 cells and once with 227 

mouse embryonic fibroblast cells yielding similar results. Surface expression of overexpressed 228 

proteins was confirmed by surface biotinylation and revealed similar surface levels of Ptch and 229 

Ptchd1 proteins. 230 

 231 



 

 9 

Biochemical interaction assays. cDNA encoding fusion peptide sequences used for pull-down 232 

analysis were inserted in frame in a pET9d-His6-GST vector. Plasmids were transformed in BL21 233 

Rosetta E. coli. Bacteria were grown to reach OD=0.8. Expression was induced with 200μM IPTG for 234 

2.5 hours at 25°C. Bacteria were pelleted at 5’000 x g at 4°C for 20 min, lysed and purified on Protino 235 

Ni-TED 2000 columns (Machery-Nagel). Purified proteins were dialyzed overnight at 4°C against 236 

storage buffer (PBS, 2mM EDTA, 10% Glycerol, 0.1mM AEBSF, 0.1mM TCEP). For affinity 237 

purification of binding partners, Ptchd1 peptides were bound to Glutathione Sepharose 4 fast flow 238 

beads (GE Healthcare, #17-5132-01) following the manufacturer’s instructions. For the input 239 

fractions: adult male mouse brains (n=3) were lysed and homogenized in ~1.5ml/gr in an ice cold 240 

glass homogenizer and centrifuged at 800 x g at 4°C for 10min. The supernatant was transferred to a 241 

new tube and centrifuged at 16’000 x g at 4°C for 15min. The resulting supernatant was used as 242 

“Soluble fraction input”, the pellet, re-suspended in lysis buffer was used as “Membrane fraction 243 

Input”. GST beads were washed three times with PBS before adding the Input fractions. Beads were 244 

incubated with protein extracts for 2 hours at room temperature, then washed again three times with 245 

0.1%TX-100 in PBS, followed by elution with 2% sodium deoxycolate in 130ul. Eluted samples were 246 

trypsin digested and prepared for mass spectrometry following standard protocol. 247 

 248 

Mass spectrometry analysis and label-free quantification.  Samples were subjected to LC–MS 249 

analysis in triplicates using a dual pressure LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher 250 

Scientific) connected to an electrospray ion source (Thermo Fisher Scientific) as described (Glatter et 251 

al., 2012). Peptide separation was carried out on an EASY nLC-1000 system (Thermo Fisher 252 

Scientific) equipped with a RP-HPLC column (75 μm × 30 cm) packed in-house with C18 resin 253 

(ReproSil-Pur C18–AQ, 1.9 μm resin, Dr. Maisch GmbH). A linear gradient from 95% solvent A 254 

(0.15% formic acid, 2% acetonitrile) and 5% solvent B (98% acetonitrile, 0.15% formic acid) to 28% 255 

solvent B over 90 min at a flow rate of 0.2 μl/min was used. Data acquisition mode was set to obtain 256 

one high resolution MS scan in the FT part of the mass spectrometer at a resolution of 240,000 full 257 

widths at half-maximum (at m/z 400) followed by 20 MS/MS scans in the linear ion trap of the most 258 

intense ions (TOP20) using rapid scan speed. Unassigned and singly charged ions were excluded 259 

from analysis and dynamic exclusion duration was set to 30 s. 260 
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MS1-based label-free quantification of MS data was performed using Progenesis QI software 261 

(Nonlinear Dynamics (Waters), version 2.0). 262 

MS raw files were imported into Progenesis QI software and analyzed using the default 263 

parameter settings. MS/MS-data were exported from the software in “mgf” format and searched with 264 

a target/decoy strategy against a database containing forward and reverse sequences of the 265 

proteome from Mus musculus (UniProt, 33,984 entries) using MASCOT (version 2.4.1). Search 266 

criteria required full tryptic specificity allowing for three missed cleavages. Carbamidomethylation of 267 

cysteine was specified in Mascot as a fixed modification. Oxidation of methionine and acetyl of the N-268 

terminus were specified in Mascot as variable modifications. Mass tolerance was set to 10 ppm for 269 

precursor ions and 0.6 Da for fragment ions. The peptide and protein false discovery rate (FDR) was 270 

set to 1%. Results from the database search were imported into Progenesis QI and the resulting 271 

peptide measurement list containing peak area values of identified peptides was exported. 272 

Processing and statistical evaluation of peptide and protein quantities between samples was 273 

performed using SafeQuant (Glatter et al., 2012). Normalized peptide and protein intensities from 274 

SafeQuant analysis were used to calculate intensity ratios, log2 ratios and q values between 275 

experimental conditions for identified proteins. 276 

 277 

Synaptosome preparation. Adult male mouse brain was homogenized with a glass homogenizer in 278 

20μl/mg tissue 0.32M Sucrose, 1mM NaHCO3, 1mM MgCl2, 0,5mM CaCl2 and complete EDTA-free 279 

protease inhibitor (Roche Applied Science). The homogenate was centrifuged at 1’400 x g for 10 min. 280 

The supernatant was further centrifuged at 16’000 x g for 20 min at 4°C resulting in the crude 281 

synaptosomal pellet and a cytosolic supernatant. The pellet was re-suspended in 1 mM NaHCO3, 282 

0.32 M sucrose and loaded on top of a sucrose step gradient (1 M, 1.2 M sucrose) and centrifuged at 283 

82’500 x g for 2 h. Synaptosomes were collected at the interface between the 1.0 M and 1.2 M 284 

sucrose layers. The synaptosome fraction was extracted for 15 min at 4 C in 25 mM Tris-HCl pH 285 

8.1, 0.32 M sucrose, 1 % Triton X-100 and centrifuged at 32,800 x g for 30 min to yield a Triton X-286 

100 soluble and insoluble (PSD) fraction. 287 

 288 
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Mouse behavior analysis. Behavioral testing was done as previously described  (Leger et al., 2013; 289 

Nguyen et al., 2016). We used wild-type littermate control and Ptchd1-/y male mice aged between 7 290 

and 9 weeks. Behavioral tests were done on three mouse cohorts (total n=10 Ptchd1-/y, n=8 wild-type 291 

littermate). Mice were first tested in an open field arena (50x50×25 cm) and then the object 292 

recognition test was initiated on the following day in the same arena.  Before each behavioral test, 293 

mice were allowed to habituate to the behavioral room for at least 30 min. After each testing, the 294 

arena and objects were cleaned with 70% ethanol. Explorative behavior in the open field was 295 

recorded for 7 mins with a BASLER Ethovision Camera (Noldus). The distance traveled and mobility 296 

state were quantified using Ethovision 10 software (Noldus). The user-defined thresholds for 297 

definition of the high mobility state was set to 60% of changed pixel area. The open field test served 298 

as a habituation phase for the novel object recognition test.  For the novel object recognition test, 299 

recordings were acquired with a Canon camera (LEGRIA HFG10). Animals were allowed to explore 300 

two identical small Falcon tissue culture flasks (50 ml volume) filled with sand for 5 min. Then mice 301 

were returned to their home cage. After a 1 hr inter-trial interval, one flask was replaced with a tower 302 

of Lego bricks and duration of interaction was assessed in a second 5 min trial. Exploration time for 303 

each object was measured manually by an investigator blinded to the genotype of the mouse. If a 304 

mouse exhibited less than 3 s exploring one object during the initial exposure, it was excluded from 305 

the analysis (this was the case for 2 KO animals). Object exploration was defined as the orientation 306 

of the mouse snout toward the object, sniffing or touching with the snout within 2 cm distance. 307 

Leaning, climbing, looking over or biting the objects were not considered as exploration time. The 308 

position of the objects in the test was counterbalanced between the animals in a group. 309 

 310 

Electrophysiology. Horizontal hippocampal slices (300 μm) were prepared from both hemispheres 311 

of age-matched mice (P21-24) anesthetized with intraperitoneal injection of ketamine/xylazine 312 

(100mg/kg and 10mg/kg, respectively). Mice were transcardially perfused with an ice-cold 313 

oxygenated (95% O2/5% CO2) NMDG-based dissection buffer (Ting et al., 2014) (in mM): 93 NMDG, 314 

93 HCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 25 Glucose, 20 HEPES, 5 Na-ascorbate, 3 Na-pyruvate, 315 

2 Thiourea, 10 MgSO4, and 0.5 CaCl2, pH 7.4, 310 mOsm.  Slices were cut with a vibratome 316 

(VT1200S, Leica, Buffalo Grove, IL) in oxygenated NMDG-dissection buffer. Slices were transferred 317 
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to NMDG-based oxygenated dissection buffer at 32°C for 15 min and then transferred to room 318 

temperature artificial cerebrospinal fluid (ACSF; in mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 2 CaCl2, 2 319 

MgSO4, 24 NaHCO3, 5 HEPES, and 13 glucose, pH 7.4, 310 mOsm. Slices incubated at room 320 

temperature at least one hour to allow for recovery, then transferred to the recording chamber and 321 

perfused (1.5–2.0 ml/min) with oxygenated ACSF at room temperature. Somatic whole-cell 322 

recordings were made from granule cells in the dentate gyrus, which were voltage clamped with a 323 

Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) and identified using infrared-324 

differential interference contrast video microscopy, digitized by Digidata 1440a (Molecular Devices). 325 

Patch pipettes (4–8 MΩ) were filled with voltage clamp (Vc) solution for paired-pulse facilitation, 326 

Excitation/Inhibition ratio, and sEPSC/sIPSC, experiments (in mM): Vc = 135 CsMeSO3, 10 HEPES, 327 

8 NaCl, 0.3 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 5 QX-314 and 0.1 spermine, 295 mOsm. We measured 328 

excitatory postsynaptic currents by voltage-clamping granule cells to -70 mV, near the reversal 329 

potential for inhibition. Inhibitory postsynaptic currents were measured by voltage-clamping granule 330 

cells to 0 mV, near the reversal potential for excitation. Data were filtered at 2 kHz, digitized at 10 331 

kHz, and analyzed with Clampfit 10.6 (Molecular Devices). Perforant path (pp) afferents were 332 

stimulated with a small glass bipolar electrode (Master-9 and ISO-Flex Stimulator, A.M.P.I., 333 

Jerusalem, Israel). Short-term facilitation was induced with five stimuli of equal intensity presented at 334 

variable interstimulus intervals, ranging from 25 ms to 200 ms. Peak amplitudes measured from the 335 

responses from stimulations delivered at various frequencies were quantified and normalized to the 336 

first peak amplitude in a train. Responses from at least ten sweeps for each stimulation frequency 337 

were quantified to generate the facilitation ratios. AMPAR/NMDAR ratios were recorded in the 338 

presence of 10 μM Bicuculline (Tocris). The average of the maximal peak from ten evoked EPSCs 339 

voltage clamped at -70mV and the average of the maximal peak of ten evoked EPSCs voltage-340 

clamped +40mV (50ms following the maximal peak recorded at -70mV) were used to quantify 341 

AMPAR/NMDAR ratios. 2.5 minutes of recorded granule cell neurons voltage-clamped at -70mV for 342 

sEPSC and 0 mV for sIPSC were analyzed with Axograph X software (version 1.5.4) to determine 343 

the amplitude and frequency of sEPSCs and sIPSCs. The average of the maximal peak from ten 344 

evoked EPSCs voltage clamped at -70mV and the average of the maximal peak of ten evoked 345 

EPSCs voltage-clamped at 0mV were used to quantify Excitation/Inhibition ratios.  346 
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 347 

Statistical analysis and experimental design. Statistical analysis was done with Prism software 348 

(GraphPad software). Images from immunohistochemical and dye labeling experiments were 349 

analyzed in Fiji (Image J) with manual cell or spine counting. Sample sizes are chosen based on 350 

previous examples from the literature, and variation observed in the experiment. Exclusion criteria 351 

were animal weight which differed from the population mean by at least 20% or severe behavioral 352 

alterations observed in single animals before the experiment. No animals were excluded in the 353 

present study. Blinding was applied as stated for each experimental procedure below. 354 

The qRT-PCR analysis was performed with n=3 mouse brain tissues for each time point and 355 

brain area. Data was analyzed with multiple comparison one-way ANOVA test. P values (Tukey’s 356 

multiple comparison test) are shown in Figure 1E. 357 

The FISH in situ quantification was done with N=3 WT mice; n=22 hippocampi (11 coronal 358 

sections with 6 to 8 hippocampi per animal). 359 

The developmental BrdU analysis was performed with N=5 mice per genotype (for EGL , n= 360 

65 Ptchd1-/y, 61 WT sections; for the hippocampal study  n= 61 Ptchd1-/y, 61 WT sections). Cells 361 

positive for either BrdU or PH3 were normalized to the EGL area. The P4 hippocampal analysis was 362 

normalized to the dentate gyrus area. Cell densities assessed per section were averaged per animal 363 

and genotype differences analyzed with an unpaired t-test using the number of animals as “N”. P-364 

values are shown in Figure 3 B and D. 365 

The adult neurogenesis analysis was done with N=5 mice per genotype (n=78 Ptchd1-/y sections; 366 

n=80 WT sections). All BrdU/PH3 scoring was done blinded to genotype. Cells in the sub-granular 367 

zone positive for either BrdU or PH3 were normalized to the length of the sub-granular zone. 368 

Sections were averaged per animal and genotype differences were analyzed with an unpaired t-test, 369 

p-values are shown in Figure 4B. 370 

 Shh-Fc binding quantification was analyzed on N≥103 COS7 cells and N≥40 MEF cells.   371 

 In the diolistic experiments, image acquisition and spine counting analysis was done by an 372 

investigator blinded to genotype, for P21 N=4 Ptchd1-/y and N=4 WT; n=44 anatomical sections per 373 

genotype, for P60 N=5 Ptchd1-/y and N=4 WT; Ptchd1-/y n=49, WT n=42 sections. Spine densities per 374 
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dendritic segment were averaged per animal and genotype differences were analyzed with an 375 

Unpaired t-test, p-values are shown on Figure 6B. 376 

The open field behavioral data was obtained with automated video tracking software Ethovision 10. 377 

The data was analyzed with an unpaired t-test; p-values are shown in Figure 7. 378 

All behavioral tests were analyzed by an investigator blinded to the genotype. For the novel 379 

object recognition test, the initial exploration time was analyzed with an unpaired t-test. Interaction 380 

times with objects A and B were analyzed with a repeated measure two-way ANOVA test. 381 

Discrimination ratios were analyzed with an unpaired t-test. The habituation time to object A was 382 

analyzed with a repeated measure two-way ANOVA test (Figure 7G).  383 

The electrophysiological characterization was performed with n≥10 cells and N=3 mice per 384 

genotype by an investigator blinded to genotype. An unpaired t test was used to assess significance 385 

in excitation/inhibition ratios, sEPSC, and sIPSC data. A two-way repeated measures ANOVA with a 386 

Sidak’s multiple comparisons test was used to assess significance in short-term plasticity 387 

experiments.  388 

 389 

Results 390 

Developmental regulation of Ptchd1 expression in the mouse brain 391 

To identify cell populations in the mouse brain with high Ptchd1 expression we used in situ 392 

hybridization with a probe directed against the 5’ UTR (exon 1) of mouse Ptchd1. In developing 393 

mouse brain (postnatal day 12), we observed significant hybridization signals across the entire brain 394 

with high signals in the thalamic reticular nucleus and the cerebellum. In the cerebellum, there was 395 

significant expression in the external germinal layer, a site where granule cell precursors proliferate 396 

before they initiate their migration towards the internal granular layer (Figure 1A). In adult mice 397 

(postnatal day 60) we found highest hybridization signals in the internal granular layer of the 398 

cerebellum, the reticular nucleus of the thalamus, and in the dentate gyrus of the hippocampus, 399 

consistent with a previous report (Wells et al., 2016) (Figure 1B). Previous work reported synaptic 400 

deficits in the hippocampus of Ptchd1 mutant mice (Ung et al., 2017). Thus, we sought to obtain 401 

additional, more quantitative insights into Ptchd1 expression in this brain area.  Fluorescent in situ 402 

hybridization with Ptchd1-specific probes revealed high Ptchd1 mRNA expression in dentate granule 403 
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cells of 21 day old mice whereas expression in the CA1-3 pyramidal cells was very low (Figure 404 

1C,E,F). Similarly, high hybridization signals were observed in the dentate gyrus of adult (P60) mice 405 

(Figure 1D).  406 

Quantitative PCR measurements for Ptchd1 mRNA across multiple brain areas confirmed 407 

broad expression and developmental regulation of the Ptchd1 transcript (Figure 1G). In the 408 

cerebellum, there was a 2-3 fold up-regulation of Ptchd1 relative to Gapdh from postnatal day 15-30 409 

(Figure 1G, a similar up-regulation was observed when Hprt was used as a normalizer).To further 410 

confirm differential expression of Ptchd1 mRNA across the principal cell types of the hippocampal 411 

circuit we microdissected dentate gyrus and Ammon’s Horn from P21 mice and performed 412 

quantitative PCR analyses (Figure 1H). Again, we observed high expression of Ptchd1 mRNA in 413 

dentate gyrus and low expression in Ammon’s horn preparations. Together, these observations 414 

support significant expression of Ptchd1 mRNAs in the developing and adult brain, and particularly 415 

prominent expression in the thalamic reticular nucleus, hippocampal dentate granule cells, and 416 

cerebellar granule neurons. 417 

To examine essential functions of Ptchd1 we generated a conditional knock-out allele where 418 

exon 2 is flanked by loxP sites (Figure 2A). We then generated a germline Ptchd1 mutant (Ptchd1-/y) 419 

by crossing with cre-deleter mice. Using RT-PCR we observed a loss of exon 2 containing 420 

sequences and detected transcripts containing exon 1 sequences joined to exon 3 (Figure 2B). Due 421 

to a frame-shift, these transcripts carry a translational stop codon 93 amino acids into exon 3, 422 

resulting in the loss of 9 of the 12 transmembrane-domains and disruption of the sterol-sensing 423 

domain of the Ptchd1 protein. To examine the impact of exon 2 deletion on Ptchd1 protein 424 

expression we raised polyconal antibodies and probed Ptchd1 protein levels in Western blots. In 425 

transfected HEK293 cells, Ptchd1 antibodies specifically recognized EGFP-tagged Ptchd1 protein of 426 

120 kDa (Figure 2C). In mice, we detected a 95kDa protein in lysates from adult mouse wild-type 427 

hippocampus and cerebellum that was absent in male Ptchd1-/y mice (Figure 2D). Using the same 428 

antibody, we further confirmed broad Ptchd1 protein expression as well as high expression in the 429 

mouse cerebellum (Figure 2D). 430 

 431 

Proliferation of neuronal precursors in Ptchd1-/y mice 432 
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Ptchd1 has been suggested to act as a Shh receptor (Noor et al., 2010). During early postnatal 433 

development, cerebellar granule cell precursors proliferate in response to Purkinje cell-derived Shh 434 

(Wechsler-Reya and Scott, 1999) and homo- or heterozygous knock-out of the Shh receptor Patched 435 

1 (Ptch1) results in granule cell precursor over-proliferation (Goodrich et al., 1997; Yang et al., 2008). 436 

Given the high expression of Ptchd1 in granule cell precursors during early postnatal development 437 

we tested whether precursor proliferation was altered in Ptchd1-/y mice. We injected mice at postnatal 438 

day 4 (P4, a time where Shh-dependent proliferation is high) with 100mg/kg BrdU and then probed 439 

the number of BrdU-positive cells 30 mins after injection. Using this protocol, the density of BrdU-440 

positive cells as well as the density of cells immuno-positive for the proliferation marker phospho-441 

histone 3 (PH3) were unchanged in Ptchd1-/y mice (Figure 3A,B).  442 

A second neuronal precursor population that is dependent on Shh signaling during 443 

development are granule cells in the dentate gyrus of the hippocampus (Han et al., 2008; Li et al., 444 

2013). Thus, we quantified BrdU- and PH3-positive cells in wild-type and Ptchd1-/y mice. Similar, to 445 

the cerebellum, BrdU-incorporation and density of PH3-positive cells was not significantly changed 446 

(Figure 3C, D).  We then tested BrdU incorporation in adult (P60) dentate gyrus since Shh has also 447 

been implicated in the maintenance of adult neural stem cells in this area (Lai et al., 2003).  However, 448 

in Ptchd1-/y mice we did not detect a significant change in the density of PH3 or BrdU-positive cells 4 449 

days after BrdU injection (Figure 4A, B).  450 

Our results thus far suggest that the absence of Ptchd1 has no dramatic effect on neuronal 451 

precursor proliferation in vivo in cell populations that undergo Shh-dependent proliferation. To directly 452 

determine if Ptchd1 may interact with Shh, we tested whether Shh can bind in vitro to cells 453 

expressing Ptchd1 protein. We observed robust binding of Shh to COS7 and mouse embryonic 454 

fibroblast (MEF) cells expressing Ptch1 but no binding to cells expressing Ptchd1 nor NPC1 under 455 

identical experimental conditions (Figure 4C). Thus, 50% of COS7 cells and 78% of MEFs 456 

expressing Ptch1 exhibited clearly recognizable Shh surface binding whereas none of the cells 457 

expressing Ptchd1, GFP or NPC1 did (Figure 4D). In aggregate, these experiments suggest that 458 

expression of Ptchd1 is not essential for the Shh-dependent proliferation or maintenance of neuronal 459 

precursors in the developing cerebellum or the postnatal dentate gyrus. 460 

 461 
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The Ptchd1 cytoplasmic tail interacts with scaffolding proteins and the retromer complex 462 

Ptchd1 is predicted to form a twelve pass transmembrane protein with a PDZ-binding motif at the C-463 

terminal tail (Figure 5A). To identify proteins that may contribute to Ptchd1 localization or function we 464 

performed affinity-purifications from whole brain extracts with the 43 amino acid cytoplasmic C-465 

terminus of Ptchd1 either constitute (WT) or lacking ( PDZ) the last 4 residues that contain the PDZ-466 

binding motif. As a negative control, we used a protein containing an extracellular sequence of 467 

Ptchd1 (ECD, see Figure 5A, B). Proteins retained on hexa-histidine-GST-fusions of these baits were 468 

identified by shot-gun mass-spectrometry and specificity of the interaction was assessed by 469 

comparison to the ECD control protein (Figure 5C, D; complete mass-spec data in Figure 5-1). 470 

Quantitative analysis identified a number of proteins that were enriched on the wild-type C-terminus 471 

whereas other candidate binding partners were enriched on both, wild-type and PDZ tails. Twelve 472 

out of thirteen proteins preferentially recovered on the wild-type Ptchd1 tail compared to the PDZ 473 

mutant contained PDZ-domains, including common components of the postsynaptic density 474 

(Dlg1,2,3,4, Magi1,3, Lin7). Interestingly, we recovered three components of the retromer complex 475 

involved in regulating dendritic protein trafficking between endosomal compartments and the plasma 476 

membrane (Choy et al., 2014): Sorting-nexin 27 (which contains a PDZ domain) was recovered 477 

selectively on the wild-type Ptchd1 tail and VPS26B and VPS35 which interacted with both the wild-478 

type and the PDZ tail.  In addition, there was a notable number of ribosomal proteins recovered 479 

both on wild-type and PDZ bait proteins (RL5, 7, 8, 18A, 27, 31, 32,37, Rpl31). Whether these 480 

ribosomal proteins represent physiological binding partners or whether they are non-specifically 481 

recruited through the stretch of highly charged amino acids in the Ptchd1 cytoplasmic tail remains to 482 

be explored. Using Western blotting, we validated our mass spectrometry approach confirming the 483 

binding of Dgl4 (also known as PSD95) and VPS35 to the recombinant Ptchd1 C-terminus. Thus, 484 

endogenous DLG4 and VPS35 from membrane and soluble mouse brain fractions were specifically 485 

recovered on the GST-fusion proteins containing the cytoplasmic but not the extracellular, negative 486 

control sequences of Ptchd1 (Figure 5E). Notably, binding of DLG4 was dependent on the PDZ-487 

binding motif in Ptchd1 whereas VPS35 binding was not (Figure 5E). 488 

 Considering the association with post-synaptic density proteins and retromer, we tested 489 

whether endogenous Ptchd1 protein is concentrated in postsynaptic density-preparations from 490 
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mouse brain. Synaptosome fractionations revealed an enrichment of Ptchd1 in the PSD obtained 491 

from adult mouse brain (Figure 5F, Ptchd1-/y brains were analyzed to control for antibody specificity). 492 

These results demonstrate a biochemical interaction of Ptchd1 with postsynaptic trafficking proteins 493 

in the mouse brain. 494 

 495 

Loss of Ptchd1 disrupts synaptic transmission in the dentate gyrus 496 

Given the high expression of Ptchd1 in dentate granule cells and its association with the post-497 

synaptic density proteins we tested whether the density and differentiation of glutamatergic spine 498 

synapses might be altered in the hippocampus of Ptchd1-/y mice. Dentate granule cells in perfusion-499 

fixed tissue from adult and P21 Ptchd1-/y mice were labeled by diolistics (Gan et al., 2000), then spine 500 

density and morphology were assessed (Figure 6A, B). Using this approach, we did not detect any 501 

difference in the overall density of dendritic protrusions in Ptchd1-/y neurons (Figure 6B). Further, the 502 

fraction of headed, spine-like protrusions was unaltered (Figure 6B). Thus, Ptchd1 is dispensable for 503 

the formation of dendritic spines in dentate granule cells at P21 and in adult mice.  504 

 To determine if Ptchd1 enrichment in dentate granule cells is associated with synaptic 505 

dysfunction, we examined synaptic transmission using whole-cell recordings in acute hippocampal 506 

slices from P21-24 mice. Excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) were 507 

evoked by stimulation of the perforant pathway (Figure 6C). Interestingly, Ptchd1-/y dentate granule 508 

cells exhibited a profound reduction in the excitation/inhibition ratio (Figure 6D). AMPAR:NMDAR 509 

ratios and paired-pulse ratios of evoked glutamatergic transmission were unchanged (Figure 6E,F). 510 

We hypothesized that the reduced excitation/inhibition ratio may be caused by an increase in 511 

inhibition or a decrease in excitation, thus we examined basal activity by measuring spontaneous 512 

EPSCs or IPSCs. Surprisingly, we observed a significant increase in the frequency of both 513 

spontaneous excitatory and inhibitory events in Ptchd1-/y dentate granule cells (Figure 6G,H). 514 

Together, these data suggest that loss of Ptchd1 results in severe alterations in synaptic function in 515 

the dentate gyrus. 516 

 517 

Ptchd1-/y mice show deficits in hippocampus-related behavioral tasks  518 
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Considering the alterations in synaptic transmission we further explored behavioral phenotypes in our 519 

new line of Ptchd1 knock-out mice. In open field tests, Ptchd1-/y mice covered the same distance as 520 

littermate controls, however, the mutants frequently exhibited bouts of high mobility, largely due to 521 

jumping behaviors (Figure 7B). We then used an object recognition test, which in part depends on 522 

hippocampal function (Cohen and Stackman, 2015). Animals are exposed to novel and familiar 523 

objects in a test arena. The time exploring the objects is scored 1hr and 24 hrs after the initial 524 

exposure. While wild-type mice showed a clear preference for novel over familiar objects we 525 

observed a marked loss of short term (1hr) and long-term (24hr) memory in Ptchd1-/y mice (Figure 526 

7C). Notably, the mean object interaction time during the first (acquisition) trial was the same for wild-527 

type and mutant mice (Figure 7D). During the re-test, wild-type mice showed decreased interaction 528 

with the familiar object and preference for the novel object. By contrast, Ptchd1-/y mice did not exhibit 529 

significant habituation to the familiar object in the 1 hr or 24 hr re-test (Figure 7D), thus, resulting in a 530 

lack of discrimination of novel and familiar stimuli. These results indicate a cognitive deficit in this line 531 

of Ptchd1-/y mice. 532 

 533 

Discussion  534 

In this study, we generated and characterized a new Ptchd1 knock-out mouse line to explore the 535 

cellular and molecular functions of the Ptchd1 protein. Previous work reported a specific impairment 536 

in the thalamic reticular nucleus of Ptchd1-/y mice and ADHD-like behavioral deficits (Wells et al., 537 

2016). These deficits are linked to an impairment in SK-channel conductance and a function of 538 

Ptchd1 in somatostatin-positive interneurons. However, it remains unknown whether Ptchd1 loss-of-539 

function results in these changes due to a modification of neuronal cell fate, precursor proliferation, or 540 

other cellular functions in postmitotic neurons.  541 

An important goal of our work was testing whether loss of Ptchd1 results in Shh signaling-542 

related phenotypes in vivo. The hypothesis that Ptchd1 acts as a Shh receptor is based on the 543 

presence of a sterol-sensing domain and reporter assays where exogenous Ptchd1 was 544 

overexpressed (Noor et al., 2010). A major function for Shh - Ptch1 signaling in the postnatal brain is 545 

the control of neuronal precursor proliferation in the developing cerebellum, in developing dentate 546 

granule cells and in adult neural precursors in the dentate gyrus.  Thus, we tested precursor 547 
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proliferation and maintenance in the hippocampal dentate gyrus and the external germinal layer of 548 

the cerebellum. However, we did not observe significant changes in Ptchd1 mutants. It is possible 549 

that the presence of Ptch1 compensates for a loss of Ptchd1, thus, obscuring a potential phenotype. 550 

We consider this unlikely for the following reasons: (1) Heterozygous deletion of Ptch1 results in 551 

precursor overproliferation and medulloblastomas in the mouse cerebellum, indicating that even 552 

partial loss of Ptch1-signaling results in severe Shh-related phenotypes. (2) We did not observe 553 

binding of recombinant Shh to Ptchd1 under conditions where an interaction with Ptch1 was readily 554 

detectable. Notably, Ptchd1-like proteins are also found in non-mammalian species, including 555 

C.elegans which do not encode recognizable Shh orthologues in their genomes (Consortium, 1998). 556 

Thus, we favor the interpretation that Ptchd1 has different, Shh-independent functions in the 557 

developing and adult mouse brain.  558 

Our unbiased proteomic approach to identify Ptchd1 interacting proteins confirmed binding to 559 

PDZ-domain containing scaffolding molecules (Ung et al., 2017). This was expected due to the C-560 

terminal consensus sequence –ITTV for PDZ domain interactions. In addition, we discovered an 561 

unexpected interaction with the retromer complex consisting of VPS35, VPS26B and SNX27. 562 

Notably, SNX27 contains a PDZ-domain and its interaction depends on the C-terminal PDZ-binding 563 

motif of Ptchd1. However, VPS35 and VPS26B were also recovered on the PDZ bait protein, 564 

highlighting multiple interactions sites for Ptchd1 and the retromer complex. SNX27 as well as VPS35 565 

have been implicated in membrane protein trafficking between dendritic endosomes and the plasma 566 

membrane, in particular postsynaptic glutamate receptors and -adrenergic receptors (Choy et al., 567 

2014; Wang et al., 2013). Thus, retromer may be involved in trafficking of Ptchd1 between 568 

endosomal and cell surface compartments including the postsynaptic compartment.  569 

Supporting a link to synaptic trafficking proteins, we observed a critical role of Ptchd1 to the 570 

excitatory/inhibitory balance in dentate granule cells. The frequency of spontaneous excitatory as 571 

well as inhibitory events in dentate granule cells was increased. Previous work demonstrated 572 

alterations in SK channel activity in somatostatin-positive interneurons in the thalamus (Wells et al., 573 

2016). Thus, the alterations in spontaneous excitatory and inhibitory events in the dentate gyrus may 574 

result from Ptchd1-dependent phenotypes in glutamatergic as well as GABAergic interneurons. 575 
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Dissecting the cellular and/or synaptic source of this electrophysiological phenotype will require 576 

conditional ablation of Ptchd1 from specific cell populations in the dentate gyrus.  577 

In  Ptchd1-/y dentate gyrus we did not observe alterations in facilitation ratios at glutamatergic 578 

synapses or loss of postsynaptic spine structures. This was surprising, as a recent report indicated a 579 

33% reduction in excitatory synapse density in Ptchd1-/y hippocampus (Ung et al., 2017). One 580 

difference in our study is the focus on dentate granule cells which express the highest level of Ptchd1 581 

mRNA in the hippocampus. By contrast Ung et al. focused on the CA region which according to our 582 

expression analysis expresses only very low levels of Ptchd1 transcripts. Another difference between 583 

the studies is the mutant allele employed. Similar to Wells et al. (Wells et al., 2016) we used a 584 

germline deletion of exon 2. Ung et al. used a mutant allele where exon 2 is replaced with a gene 585 

trap cassette (Ung et al., 2017). However, we consider it more likely that there is a differential 586 

requirement for Ptchd1 in synapse development across cell types with high and low Ptchd1 587 

expression levels such as dentate granule and CA1 cells. Moreover, some phenotypes may emerge 588 

as secondary effects due to functional alterations in upstream circuit elements. Analysis of 589 

conditional mutants may resolve this in the future. 590 

A survey of 23 subjects with PTCHD1 mutations reported intellectual disability, ASD, and 591 

motor alterations as phenotypes that are shared across significant sub-groups of these patients 592 

(Chaudhry et al., 2015). Moreover, several patients exhibit ADHD and hyperactivity. The increase in 593 

high mobility bouts and jumping of our Ptchd1-/y mice observed in open field assays is reminiscent of 594 

the hyperactivity phenotype reported previously for additional mouse models (Ung et al., 2017; Wells 595 

et al., 2016). Conditional ablation of Ptchd1 in somatostatin-positive interneurons replicates the 596 

hyperactivity phenotype of the mice but did not replicate learning deficits seen for global knock-out 597 

mice in an inhibitory avoidance task (Wells et al., 2016). The defect in objection recognition memory 598 

identified in our mouse line highlights a further cognitive deficit in this rodent model. Future work is 599 

aimed to illuminate whether this defect is due to hippocampal dysfunction.     600 

 601 
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 705 

Figure Legends 706 

Figure 1. Ptchd1 mRNA distribution in the mouse brain 707 

A, Ptchd1 in situ hybridization on mouse brain sagittal sections at post-natal day 12 (P12) with 708 

antisense (up) and sense probes (down). High magnification view of the developing cerebellum 709 

(right; EGL: external granule cell layer; ML: molecular layer; PCL: Purkinje cell layer; IGL: Internal cell 710 

layer). B, Ptchd1 in situ hybridization at P60 with with antisense (up) and sense probes (down). High 711 

magnification view of the dentate gyrus (right). C, Fluorescent in situ hybridization of mouse P21 712 

hippocampus with negative control probe set (left) and Ptchd1 probe set (right). DAPI in blue; Ptchd1 713 

mRNA in magenta.  D, Fluorescent in situ hybridization of mouse P60 hippocampus with Ptchd1 714 

probe set; nuclei stained with DAPI in blue; Ptchd1 mRNA in magenta. E, High magnification view of 715 

the dentate gyrus (DG), CA1 and CA3 of the hippocampus (P21 WT mouse coronal section). F, 716 

Quantification of fluorescent signal, measured as number of dots in whole DG, CA1 and CA3 area. 717 
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(N=3 P21 mice, n=22 coronal sections both hemispheres analyzed; mean and SEM; student t-test). 718 

G, Quantitative RT-PCR assay of Ptchd1 mRNA expression levels during brain development and 719 

across different brain regions (N=3 mice per age, mean and SEM, one way ANOVA, Tukey's multiple 720 

comparisons test). H, Quantitative RT-PCR assay of Ptchd1 mRNA expression levels in micro-721 

dissected dentate gyrus (DG) and Ammon’s horn (AH). TDO2 and DSP serve as control to confirm 722 

DG tissue enrichment. Mrg1b serves as control to confirm isolation of Ammon’s horn tissue (AH). 723 

(N=3 P21 mice, mean and SEM; Student t-test).  724 

 725 

Figure 2. Ptchd1 knock-out mouse generation and validation. 726 

A, Ptchd1 knock-out strategy, the Ptchd1 gene was modified by replacing exon 2 with cassette 727 

containing a gene trap lacZ-Neo cassette (engrailed 2 splicing acceptor) flanked by Frt sites and 728 

additional loxP sites flanking Exon 2. Conditional Ptchd1 floxed animals were obtained by breeding to 729 

Flip deleter mice, resulting in an excision of the trap cassette. The Ptchd1 knock-out allele was 730 

generated by crossing Ptchd1 floxed animals with CMVcre deleter mice. B, RT-PCR of WT and 731 

Ptchd1-/y cDNA; shows successful removal of Exon 2 and splicing of exon 1 into exon 3, resulting into 732 

a frame-shift. Splice junctions were confirmed by DNA sequencing.  C, Specificity of a Ptchd1-733 

specific antibody was confirmed by Western blot analysis of HEK293T cells overexpressing a 734 

Ptchd1-EGFP fusion protein. D, Successful ablation of Ptchd1 protein in knock-out animals was 735 

verified by Western blot analysis of hippocampal tissue lysate (left) and cerebellar tissue lysate 736 

(middle). Right, Ptchd1 protein relative expression levels across brain regions in adult P60 mouse. 737 

Similar results were obtained in 3 independent experiments. 738 

 739 

Figure 3. Proliferation of neuronal precursors in developing Ptchd1-/y mice 740 

 A, Wild-type (WT) and Ptchd1-/y (KO) mice were injected with 100mg/kg  BrdU at postnatal day 4 741 

(P4) and analyzed 30 mins later. Cerebellar sections were stained for BrdU, PH3 and DAPI. B, 742 

Quantification of BrdU- and PH3-positive cell density in the EGL. Cell counts are normalized to the 743 

EGL area. Mean and standard deviation from N=5 mice per genotype; n= 65 Ptchd1-/y, 61 WT 744 

sections (light dots); solid dots are means of cell density per animal; unpaired t-test. C, Hippocampal 745 

sections of P4 WT and Ptchd1-/y (KO) mice stained for BrdU, DAPI. Insets show enlargements of the 746 
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area marked with a dashed box. D, Quantification of BrdU and PH3-positive cell density in the DG. 747 

Cell density was normalized to the DG area. Mean and standard deviation, from N=5 mice per 748 

genotype; n= 61 Ptchd1-/y, 61 WT sections (light dots); solid dots are means of cell density per 749 

animal; unpaired t-test. 750 

 751 

Figure 4. Adult neurogenesis in Ptchd1-/y mice and Shh binding to Ptchd1 752 

A, Wild-type (WT) and Ptchd1-/y (KO) mice were injected with 100mg/kg BrdU at postnatal day 60 753 

(P60) and analyzed 4 days later (P64). Hippocampal sections of WT and Ptchd1-/y (KO) mice were 754 

stained for the DAPI (blue), BrdU (green) and PH3 (red). Insets show enlargements of the area 755 

marked with a dashed box. B, Quantification of BrdU- and PH3-positive cell density in the sub-756 

granular zone (SGZ) of the dentate gyrus. Cell numbers were normalized to SGZ length. Mean and 757 

standard deviation. n=156 Ptchd1-/y, 160 WT dentate gyrus regions analyzed (light dots) from N=5 758 

mice per genotype (solid dots are means of cell density per animal), unpaired t-test. C, Sonic 759 

hedgehog (Shh) binding assay on COS cells over-expressing either Ptch1-GFP, NPC1-GFP or 760 

Ptchd1-GFP fusions. GFP expression, Shh-Fc immunostaining and DAPI. D, Quantification of Shh-761 

Fc binding to COS7 cells (N≥103 cells) and to MEF cells (N≥40 cells). 762 

 763 

Figure 5. Ptchd1 cytoplasmic tail interacts with scaffolding proteins and retromer complex 764 

A, Schematic representation of predicted Ptchd1 protein topology. B, Three recombinant 765 

hexahistidin-glutathion-S-transferase (GST) fusion proteins used for the pull-down analysis: WT: 766 

Ptchd1 C-terminal sequence (green), ΔPDZ: C-terminal lacking the predicted PDZ binding motif 767 

(orange), and ECD: negative control sequence from the first extracellular loop of the Ptchd1 (blue). 768 

C, Quantitative shotgun mass spectrometry data of proteins recovered in Ptchd1 pull-down assays 769 

using a soluble brain membrane fraction as input. D, Quantitative shotgun mass spectrometry data of 770 

proteins recovered in Ptchd1 pull-down assays using a soluble brain protein fraction as input. All 771 

proteins identified with at least 3 peptides, 400 spectra counts, and enriched at least 4-fold on the 772 

wild-type Ptchd1 bait as compared to the negative control (His-GST-ECD) are displayed. The graphs 773 

show enrichment (log2 ratio) compared to the ECD fraction (n=3 purifications, each measured in 774 

duplicate). The complete data from the mass-spec analysis is shown in the extended data Figure 5-775 
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1. E,F Validation of Ptchd1-DLG4 (PSD95) and Ptchd1-VPS35 interaction by western blotting. 776 

Ptchd1 interacting proteins were isolated by GST pull-down with ECD, WT and ΔPDZ baits from adult 777 

mouse membrane fractions or soluble brain protein extracts. The lower panel shows the respective 778 

protein fractions of the pull-down assay labeled with Coomassie dye. G, Synaptosome preparation 779 

from WT and Ptchd1-/y brains probed with Ptchd1, Dlg4/PSD95, and vGlut1 antibodies. 20 μg of total 780 

protein analyzed from total lysate, cytosolic, synaptosome, TritonX-100 soluble synaptosome and 781 

TritonX-100 insoluble synaptosome (PSD) fractions. Molecular weight markers are indicated in kDa.   782 

 783 

Figure 6. Morphology and physiology of dentate gyrus granule cells in Ptchd1-/y mice 784 

A, Diolistic labeling (red) of a hippocampal dentate granule cell in a P21 Ptchd1-/y (KO) mouse (DAPI 785 

labeling of nuclei in blue). The lower panels show an example of a P21 WT and KO DG granule cell 786 

distal dendrite. B, Spine density (per 30 μm dendrite segment) and morphology (headed versus non-787 

headed spines) were quantified for P21 and adult (P60) wild-type and Ptchd1-/y (KO) mice. Means of 788 

4 WT and 4 Ptchd1-/y (P21) and 4 WT and 5 Ptchd1-/y (P60) mice are displayed (lines and solid dots); 789 

mean and unpaired Student t-test. The light dots represent values for individual dendritic segments 790 

scored (P21: Ptchd1-/y n=44, WT n=44; P60: Ptchd1-/y n=49, WT n=42). C, The schematic shows the 791 

configuration of whole-cell voltage-clamp recordings made from acute hippocampal slices of P21-P24 792 

mice. Postsynaptic responses in granule cell (GC) neurons were measured following stimulation of 793 

the perforant pathway (pp). D, Representative traces of evoked EPSCs and IPSCs recorded from 794 

granule cells in acute hippocampal slices show disrupted excitation/inhibition balance in Ptchd1-/y 795 

(KO), granule cells (WT, n=10; KO, n=17; N=3 animals for each genotype; mean and SEM, unpaired 796 

t test). E Representative traces of evoked EPSCs used to calculate AMPAR/NMDAR ratios (WT, 797 

n=17; KO, n=18; N=3 animals for each genotype, unpaired t test) F, Normalized evoked postsynaptic 798 

responses of WT or Ptchd1-/y GC neurons to five stimuli delivered to the pp with a 50 inter-stimulus 799 

interval, The facilitation ratio of the 2nd EPSC amplitude normalized to the 1st EPSC amplitude shows 800 

normal facilitation across various inter-stimulus intervals in Ptchd1-/y (KO) GC neurons (Stimulus: 801 

3rd/1st, p=0.18; 4th/1st, p=0.43; 5th/1st, p=0.64; WT, n=8; KO, n=16; N=3 animals for each genotype, 802 

two-way repeated measures ANOVA with multiple comparisons).  G, Representative traces of 803 

spontaneous EPSCs from wild-type or Ptchd1-/y GC neurons which were voltage-clamped at –70 mV, 804 
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sEPSC frequency (WT, 0.22±0.04 Hz; KO, 0.39±0.04 Hz) but not sEPSC amplitude (WT, 0.22±0.04 805 

Hz; KO, 0.39±0.04 Hz) is increased in Ptchd1-/y GC neurons (WT, n=10; KO, n=16; N=3 animals for 806 

each genotype, unpaired t test). H, Representative traces of spontaneous IPSCs from wild-type or 807 

Ptchd1-/y GC neurons which were voltage-clamped at 0 mV., sIPSC frequency (WT, 0.53±0.09 Hz; 808 

KO, 1.56±0.3 Hz) but not sIPSC amplitudes (WT, 14.72±0.67 pA; KO, 18.35±1.57) is significantly 809 

increased in Ptchd1-/y GC neurons (WT, n=10; KO, n=15; N=3 animals for each genotype, unpaired t 810 

test).  811 

 812 

Figure 7. Ptchd1-/y  mouse behavioral analysis  813 

 A, Open field track visualization of a KO and a WT mouse. B, Distance traveled in the open field 814 

arena and high mobility state (n=9 Ptchd1-/y, n=5 WT), mean, unpaired t-test. C, Interaction time and 815 

discrimination ratio between familiar object and novel object presented 1hr and 24h after initial 816 

exposure (N=10 Ptchd1-/y mice N=8 WT mice), paired t-test. D, Habituation curve to familiar object 817 

over time (n=10 Ptchd1-/y, n=8 WT), mean and SEM, two-way ANOVA. 818 

 819 

Figure 5-1 (Extended Data related to Figure 5C, D): Excel tables with complete dataset from mass-820 

spectrometric analysis of Ptchd1-binding proteins. Sheet 1 contains data for pull-downs from 821 

cytosolic protein fraction. Sheet 2 contains data for pull-down from solubilized membrane fraction. 822 

Log2 ratios, q and p values shown for GST_WT and GST_deltaPDZ peptides are calculated over the 823 

control peptide form the extracellular domain of Ptchd1 (GST_ECD). 824 
















