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Abstract  58 

 Dendritic spines in the developing mammalian neocortex are initially overproduced then 59 

eliminated during adolescence to achieve appropriate levels of excitation in mature networks. 60 

We show here that the L1 family cell adhesion molecule Close Homolog of L1 (CHL1) and 61 

secreted repellent ligand Semaphorin 3B (Sema3B) function together to induce dendritic spine 62 

pruning in developing cortical pyramidal neurons. Loss of CHL1 in null mutant mice in both 63 

genders resulted in increased spine density and a greater proportion of immature spines on 64 

apical dendrites in the prefrontal and visual cortex. Electron microscopy showed that excitatory 65 

spine synapses with postsynaptic densities were increased in the CHL1-null cortex, and 66 

electrophysiological recording in prefrontal slices from mutant mice revealed deficiencies in 67 

excitatory synaptic transmission. Mechanistically, Sema3B protein induced elimination of spines 68 

on apical dendrites of cortical neurons cultured from wild type but not CHL1-null embryos. 69 

Sema3B was secreted by the cortical neuron cultures, and its levels increased when cells were 70 

treated with the GABA antagonist gabazine.  In vivo CHL1 was co-expressed with Sema3B in 71 

pyramidal neuron subpopulations and formed a complex with Sema3B receptor subunits 72 

Neuropilin-2 and PlexinA4. CHL1 and NrCAM, a closely related L1-adhesion molecule, localized 73 

primarily to distinct spines and promoted spine elimination to Sema3B or Sema3F, respectively. 74 

These results support a new concept in which selective spine elimination is achieved through 75 

different secreted Semaphorins and L1 family adhesion molecules to sculpt functional neural 76 

circuits during postnatal maturation.   77 

Significance Statement   78 

 Dendritic spines in the mammalian neocortex are initially overproduced then pruned in 79 

adolescent life through unclear mechanisms to sculpt maturing cortical circuits. Here we show 80 

that spine and excitatory synapse density of pyramidal neurons in the developing neocortex is 81 
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regulated by the L1-adhesion molecule, Close Homolog of L1 (CHL1). CHL1 mediated spine 82 

pruning in response to the secreted repellent ligand Semaphorin 3B, and associated with 83 

receptor subunits Neuropilin-2 and PlexinA4. CHL1 and related L1-adhesion molecule NrCAM 84 

localized to distinct spines, and promoted spine elimination to Semaphorin 3B and -3F, 85 

respectively. These results support a new concept in which selective elimination of individual 86 

spines and nascent synapses can be achieved through the action of distinct secreted 87 

Semaphorins and L1-adhesion molecules.   88 

 89 

Introduction      90 

 The vast majority of excitatory synapses in the mammalian brain are localized to 91 

dendritic spines of cortical pyramidal neurons (Shen and Cowan, 2010). During development 92 

spines are initially overproduced, eliminated in significant numbers during the transition through 93 

adolescence, and stabilized upon maturation (Huttenlocher, 1979; McAllister, 2007; Holtmaat 94 

and Svoboda, 2009; Petanjek et al., 2011). Although much is known about spine plasticity in the 95 

adult brain, the molecular mechanisms regulating dendritic spine reorganization in the juvenile-96 

to-adult transition remain relatively obscure. Defining these mechanisms is vital for explaining 97 

how circuits arise during normal maturation, and may also help understand the elevated spine 98 

density that has been observed in autism spectrum disorders (ASD) (Hutsler and Zhang, 2010; 99 

Tang et al., 2014) and cognitive disabilities (Forrest et al., 2018).    100 

L1 family cell adhesion molecules (L1, Close Homolog of L1 (CHL1), NrCAM, and 101 

Neurofascin) carry out diverse functions in the developing brain, and mutations in the genetic 102 

loci encoding these proteins are associated with neurodevelopmental diseases (Sytnyk et al., 103 

2017). L1-CAMs have well-studied roles as promoters of axon growth, but they also facilitate 104 

axon repulsion in response to class 3 Semaphorins (Castellani et al., 2000; Wright et al., 2007).  105 

These secreted Semaphorins (Sema3A-G) trigger axon repulsion and growth cone collapse 106 
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through receptors comprising Neuropilins (Npn1/2) and PlexinA signaling subunits (PlexA1-4) 107 

(Koropouli and Kolodkin, 2014). During thalamocortical axon guidance, L1-CAMs function as 108 

obligate subunits of holoreceptor complexes for Sema3A (L1, CHL1) and Sema3F (NrCAM), 109 

which enable thalamic axon subpopulations to project to distinct neocortical areas through axon 110 

repulsion in the ventral telencephalon (Wright et al., 2007; Demyanenko et al., 2011a). The 111 

ability of L1-CAMs and Sema3s to promote axon repulsion, taken together with their robust 112 

expression in the postnatal neocortex, suggested that they might also have a repellent function 113 

in cortical pyramidal neurons. Consistent with this hypothesis, Sema3F induces spine retraction 114 

in cortical pyramidal neurons (Tran et al., 2009), and NrCAM serves as a functional subunit of 115 

the Sema3F receptor complex to limit the density of spine subpopulations in the prefrontal 116 

(PFC) and primary visual cortex (V1) (Tran et al., 2009; Demyanenko et al., 2014; Mohan et al., 117 

2019).  118 

An emerging view is that maturing neuronal networks are sculpted by selective 119 

elimination of individual spines or synapses. Such pruning could give rise to local clustering of 120 

functionally related synaptic inputs, as observed in sensory cortical areas (Wilson et al., 2016; 121 

Iacaruso et al., 2017; Scholl et al., 2017). The molecular basis for selective spine pruning is not 122 

well-understood but might involve mechanisms whereby different L1-CAMs promote spine 123 

elimination in response to distinct Sema3 ligands. Among L1 family members, CHL1 was 124 

considered to be a prominent candidate as it is expressed postnatally in cortical pyramidal 125 

neurons and contributes to apical dendrite orientation and neuronal positioning at early stages 126 

(Demyanenko et al., 2004; Ye et al., 2008). Moreover, CHL1 is important for proper 127 

development of cortical networks, as CHL1-null mice display impaired cortical functions of 128 

working memory, sociability, sensory gating, and attention (Pratte et al., 2003; Irintchev et al., 129 

2004; Morellini et al., 2007; Kolata et al., 2008; Kleene et al., 2015).   130 
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Here we investigated an unexplored function for CHL1 in dendritic spine remodeling in 131 

cortical pyramidal neurons. We found that CHL1-deficient mice exhibit increased spine density 132 

and abnormal spine morphology in PFC and V1 during adolescence and adulthood, 133 

accompanied by altered regulation of excitatory synaptic strength. Strikingly, CHL1 promoted 134 

spine elimination on apical dendrites in response to Sema3B, a secreted Semaphorin with a 135 

previously unknown role in spine remodeling. CHL1 formed a complex with Semaphorin 136 

receptor subunits Npn2 and PlexA4, and co-localized with Sema3B on spine subpopulations. 137 

Notably, spines expressing CHL1 were selectively eliminated by Sema3B, whereas spines 138 

expressing NrCAM were eliminated by Sema3F. These results support the interpretation that 139 

L1-CAMs function within holoreceptor complexes as critical determinants of selective spine 140 

pruning to class 3 Semaphorins in the maturing neocortex. 141 

Materials and Methods 142 

Mice   143 

 Wild type (WT) and CHL1-null mutant mice in the C57BL/6 genetic background have 144 

been described (Montag-Sallaz et al., 2003; Demyanenko et al., 2004). CHL1 mutant mice 145 

display no obvious neuroanatomical abnormalities but have aberrant  hippocampal mossy fiber 146 

and olfactory sensory axon projections (Montag-Sallaz et al., 2003), as well as thalamocortical 147 

targeting defects (Wright et al., 2007; Demyanenko et al., 2011a). NexCre-ERT2 mice 148 

(C57Bl/6J) (Agarwal et al., 2012) were crossed to the Ai9 reporter line Rosa-CAG-(LoxP-Stop-149 

LoxP-tdTomato)-WPRE (C57Bl/6) (Madisen et al., 2010) and treated with tamoxifen from P10-150 

P13 to induce recombination in postmitotic, postmigratory pyramidal neurons as described 151 

(Mohan et al., 2019). Mice were maintained in the University of North Carolina (UNC) Animal 152 

Facility and handled according to Institutional Animal Care and Use Committee policies in 153 

accordance with NIH guidelines. Genotyping was done by PCR.  154 

Analysis of Spine Density and Dendritic Arborization in Cortical Pyramidal Neurons 155 
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Mice at postnatal day P21 (early adolescence) or P60 (young adulthood) were 156 

anesthetized with isoflurane, brains were rapidly frozen in isopentane and subjected to Golgi 157 

impregnation using the FD Rapid Golgi Stain Kit (FD NeuroTechnologies). Coronal sections 158 

(100 μm) containing the cingulate cortex 1 and 2 of the medial PFC,  and V1 were cut on a 159 

cryostat and mounted on gelatin-coated microscope slides. Golgi labeled neurons were imaged 160 

under brightfield illumination using a Zeiss AxioPlan2 microscope. Spine density and 161 

arborization of pyramidal cell dendrites were quantified using Neurolucida software (MBF 162 

Bioscience) by investigators blind to genotype.  Spines were scored along the first branch of the 163 

apical dendrite 100-150 microns from the soma. For basal dendrites, spines were scored along 164 

35–50μm segments of 3–5 secondary branches. Mean spine number per 10 micron of dendritic 165 

length (density) was calculated from measurements.  166 

Dendritic arborization was measured by Sholl analysis of Golgi-labeled image stacks. 167 

The center of concentric circles was defined as the center of the cell body at a soma detector 168 

sensitivity of 1.5 μm, and the automatic tracing mode was used to seed and trace dendritic 169 

arbors. Images in DAT format were subjected to Sholl analysis using Neurolucida Explorer with 170 

a starting radius of 10 μm and radius increments of 10 μm ending at 300 μm. Data was 171 

analyzed using single factor ANOVA. 172 

Spine morphologies were scored as thin, stubby, or mushroom types on apical dendrite 173 

segments from WT and NrCAM null littermates (P21, P60) according to (Peters and Kaiserman-174 

Abramof, 1970). To compare apical and basal dendrites across genotypes in PFC (layer 2/3) 175 

and V1 (layer 4) we applied multinomial logistic regression (Agresti, 2013). The method uses a 176 

pair of logistic regression models, because the response comprises three spine types: 177 

mushroom, stubby, and thin. Since thin spines constituted the smallest number of spine types in 178 

all regions and genotypes, we formulated the two models as log-odds of the outcome to be 179 

mushroom instead of thin, and log-odds of the outcome to be stubby instead of thin. In each 180 
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logistic model, the main independent variable was genotype (WT or CHL1-null) and was coded 181 

as a binary indicator variable. To compare across genotypes in each region, for apical and basal 182 

dendrites, we employed the 'multinom' function from R 'nnet' package to estimate the 183 

multinomial logistic regression models.  P values were computed and shown as extended data 184 

in Figure 2-1, 2-2. Spine length and width measurements were made using Neurolucida as 185 

described (Sala et al., 2001; Hodges et al., 2014). 186 

Electron Microscopy  187 

 WT and CHL1-null littermates (P21) were anesthetized and perfused transcardially with 188 

phosphate buffer (0.15M sodium phosphate, pH 7.4) followed by 2% PFA and 2.5% 189 

glutaraldehyde in phosphate buffer.  Brains were stored in fixative at 4˚C for 2 days. Coronal 190 

vibratome sections (300 μm) were postfixed in 1% osmium tetroxide with 1.25% potassium 191 

ferrocyanide in phosphate buffer for 45 min, dehydrated in series of ethanol, and embedded in 192 

PolyBed 812 epoxy resin. Semithin sections (1 μm) were cut, stained with toluidine blue and 193 

used for orientation. Ultrathin (70 nm) sections of cortex were cut using a Leica Ultracut UCT 194 

microtome and mounted on 200 mesh copper grids.  Ultrathin sections were contrasted with 195 

uranyl acetate and lead citrate and imaged on a JEOL JEM 1230 transmission electron 196 

microscope (JEOL USA, Inc.) equipped with a Gatan Orius SC1000 CCD Digital Camera and 197 

Gatan Microscopy Suite v3.0 software (Gatan, Inc.). The same magnification and size of 198 

electron micrograph were used to compare synaptic profiles in WT and CHL1 mutant PFC layer 199 

2/3.  Excitatory synaptic profiles on spines were identified by the presence of asymmetric 200 

postsynaptic densities (PSDs) aligned with a presynaptic terminal membrane containing 201 

clustered synaptic vesicles. In each micrograph, numerous spines were observed in cross-202 

section, and those with asymmetric synaptic profiles were classified as containing one or 203 

multiple PSDs. In each micrograph, the numbers of synaptic profiles with PSDs and PSD 204 

lengths were counted on all spines. The number of PSDs on spines within a unit cross-sectional 205 
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area of cortex was calculated from the magnification and image size, and expressed as mean 206 

number of PSDs per 100 μm2 cortical area ± SEM.    207 

Whole-cell Patch-clamp Recording 208 

 WT and CHL1-null mutant mice (P50–P60) were anesthetized with ketamine/xylazine 209 

(100/10 mg/kg) and decapitated. Coronal slices (350 μm) containing the anterior cingulate 210 

cortex portion of the PFC were prepared in ice-cold, oxygenated low-sodium artificial CSF (in 211 

mM) (135 N- methyl-D-glucamine, 20 choline chloride, 20 NaHCO3, 2.2 KCl, 0.5 CaCl2, 1.5 212 

MgSO4, 1.2 NaH2PO4, 10 D-glucose, pH 7.4, gassed with 95%O2/5% CO2). The slices were 213 

then incubated in extracellular artificial cerebro-spinal recording solution (ACSF) containing the 214 

following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgSO4 20 D-glucose, 1.25 NaH2PO4, and 26 215 

NaHCO3; pH 7.4, gassed with 95% O2/5% CO2 for 30 min at 34°C, followed by incubation for at 216 

least 30 min at room temperature. For recording, slices were transferred to a heated glass-217 

bottom chamber on a Zeiss FS-2 microscope and viewed using oblique illumination. The slice 218 

was superfused with ACSF at ~2 ml/min. All recordings were made at 34°C. mEPSCs were 219 

recorded from pyramidal cells in layer 2/3, in whole-cell voltage clamp with a recording pipette 220 

(KG-33, King Glass, Claremont, CA) containing (in mM) 130 CsMetSO3, 5 CsCl, 5 EGTA, 10 221 

HEPES, 4 Mg2ATP, 0.3 Tris-GTP, 10 Tris-phosphocreatine, 3 QX-314-Cl (with pH adjusted to 222 

7.2 with CsOH). Lucifer Yellow (Molecular Probes) was added to the internal solution at ~0.5% 223 

to provide morphological identification of all recorded cells, and only results from pyramidal 224 

neurons were analyzed. During recording, the extracellular solution was supplemented with 1 225 

μm tetrodotoxin (TTX) to block action potentials and 10 μm SR95531 to block GABAergic 226 

transmission. No series resistance compensation was used. All chemicals were obtained from 227 

Sigma-Aldrich, except SR95531 (Tocris Bioscience). Recordings were made with an AxoClamp 228 

700A Amplifier (Molecular Devices) digitized with a National Instruments NI-6251 16-bit A-D 229 
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card at 400 kHz and downsampled to 10 kHz to reduce high-frequency noise.  Data acquisition 230 

was controlled by ACQ4 (Campagnola et al., 2014), available at www.acq4.org. 231 

  The data for miniature synaptic currents were curated by excluding traces (10 232 

seconds in duration) that exhibited large fluctuations, excess noise, or high-frequency 233 

bursts of events. Any linear trend in the baseline was subtracted, and the data then low-234 

pass filtered at 2.8 kHz with a 4-pole Butterworth filter, subject to a bank of notch filters 235 

(Q=20) at 60 Hz and any harmonics with significant energy up to 1.5 kHz, and an 236 

additional notch filter (Q=20) at 4.0 kHz to remove a residual signal originating from the 237 

amplifier. Events were detected using a convolution-based algorithm (Pernia-Andrade et 238 

al., 2012). All cells were analyzed using a uniform threshold (2.75 * trace SD), and with 239 

a template defined by:      240 

Where t is time, 1 = 0.35 ms, and 2 = 4.0 ms. This template has a sigmoidal rise and a single 241 

exponential decay, which more closely matches the shape of the recorded events than a simple 242 

exponential rise.  For each cell, an average event was measured based on all of the events 243 

detected from that cell, and the cell was considered the experimental unit. Analysis was 244 

repeated using the template-based algorithm (using the same template) of Clements and 245 

Bekkers (Clements and Bekkers, 1997) with similar results.  All analysis of electrophysiology 246 

data was performed with programs written in Python (2.7.14; 3.6.5) and Cython (0.25.2). 247 

Evoked EPSCs were measured in 6 female mice (3 of each genotype), ages P66-78.  248 

The extracellular solution was the same as for the mEPSC analysis, except that TTX was 249 

omitted. Likewise, the intracellular solution was the same as used for the mESPCs, except that 250 

Lucifer Yellow was replaced by tetramethylrhodamine-biocytin (Thermo Fisher T12921, < 0.5% 251 

by weight) for cell identification. A 25 μm inner diameter, 125 μm outer diameter concentric Pt/Ir 252 
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and stainless-steel electrode (CBABC75; Fredrick Haer & Co., ME) was used to stimulate 253 

locally in layer 3, between 150 and 300 μm dorsal or ventral to the recorded cell in the anterior 254 

cingulate cortex.  Measurements were made in voltage-clamp, holding at -60 mV (-68 mV after 255 

correction for an estimated -8 mV junction potential) with the CsMetSO3-based intracellular 256 

electrode solution. 257 

Measurements of the peak EPSC amplitude for input-output functions and paired-pulse 258 

facilitation were made after subtraction of a linear baseline to minimize the influence of the 259 

stimulus artifact on the measurements. The subtraction line was manually set to start just before 260 

the start of the EPSC, and ended 15-25 ms later, after the EPSC had decayed back to the 261 

holding current. All measures were made on an average of 4 repeats of the protocol for each 262 

cell. For the stimulus input-output functions, the mean uncompensated electrode series 263 

resistance (Rs) was 17.4 M  (SD=6.29, N=21 cells) and the average Rs compensation was 264 

69.0% (SD=2.7). For the paired-pulse measurements, the mean Rs was 17.2 M  (SD 6.1, N=36 265 

cells), and the average Rs compensation was 68.2% (SD=3.9).  266 

To measure the NMDA:AMPA ratio, EPSCs were recorded while the membrane 267 

potential was stepped to different levels between -108 and +42 mV in 10 mV steps. The steps 268 

were 0.8 sec in duration, presented once every 3 seconds, and the EPSC was evoked 400 ms 269 

after the voltage step started. EPSC amplitudes were measured after subtracting the baseline 270 

current prior to stimulus, to remove the effects of residual outward currents through K+ channels 271 

at positive potentials. AMPA currents were measured at ~ -78 mV (corrected for the junction 272 

potential), close to the calculated Cl- reversal potential of -74.1 mV, to minimize potential 273 

interference by GABAergic synaptic conductances. Recordings with unclamped slow inward 274 

currents (presumed calcium currents) were discarded. NMDA currents were measured 50 ms 275 

(averaging over a 0.5 ms window) following the stimulus, after AMPA (and any GABAergic) 276 

channels were closed, at +42 mV. All measures were made on an average of 4 repeats of the 277 
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voltage protocol for each cell. The average uncompensated Rs for these measurements was 278 

18.6 M  (SD=6.6, N=19 cells), and was corrected by 65.5% (SD 11.0). For the evoked EPSC 279 

measures, all data acquisition and analyses were performed blinded to genotype. 280 

Semaphorin-Induced Spine Retraction in Cortical Neuronal Cultures  281 

Neuronal cultures were prepared from brains of WT or CHL1-null mutant embryos 282 

(E15.5) as described (Demyanenko et al., 2014). Cells were cultured on chamber slides coated 283 

with laminin and poly-D-lysine and transfected at 11 days in vitro (DIV11) with pCAGG-IRES-284 

mEGFP and indicated plasmids. At DIV14 media was changed, then cultures were treated with 285 

recombinant Fc fusion proteins (5 nM) of Sema3A, -3B, -3C, -3D, -3F (R&D), and ephrinA5 286 

(R&D), or control Fc for 30 min before fixation in 4% paraformaldehyde (PFA).   Cultures were 287 

permeablized with 0.3% Triton X-100, blocked in 10% serum, and labeled with anti-GFP 288 

(Abcam cat#13970, RRID:AB_300798) and secondary AlexaFluor 488 antibodies 289 

(LifeTechnologies cat#A11039, RRID:AB_142924). Spine densities were measured from 290 

confocal images of at least 10 GFP-labeled neurons in each of 4 replicate cultures. Mean spine 291 

densities ± SEM were compared by the t-test (2-tailed, unequal variances, with significance set 292 

at *p< 0.05).  293 

For assaying Sema3B secretion after activity stimulation, neuronal cultures were treated 294 

on DIV 12 with or without 20 μM gabazine without media change, and after 48 hr conditioned 295 

medium was collected with the following additives: 200 uM sodium orthovanadate,10 mM NaF, 296 

and Protease Inhibitor Cocktail (Sigma-Aldrich). After concentration by Amicon Ultra 10K 297 

filtration, samples were diluted 1:1 in 2x RIPA with additives, and Sema3B was 298 

immunoprecipitated and subjected to immunoblotting as described below. Calcium imaging of 299 

neuronal cultures using Oregon Green 488 BAPTA-1 confirmed that addition of 20 μM gabazine 300 

stimulated neuronal firing (not shown). Cell lysates were prepared in RIPA with additives, and 301 

equal amounts of protein were immunoblotted for Sema3B directly.  302 
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Immunofluorescence Localization   303 

Mice were anesthetized, perfused transcardially with 4% paraformaldehyde, and 304 

processed for staining as described (Demyanenko et al., 1999).  Brains were removed and 305 

postfixed in 4% paraformaldehyde overnight at 4°C, and coronally sectioned using a Vibratome 306 

(100 μm). Sections were permeabilized in 0.3% Triton-X100 and blocked in 10% normal donkey 307 

serum in PBS for 1 hr, and subjected to immunofluorescence staining for CHL1, Sema3B, 308 

Npn2, or NrCAM. Mouse cortical neuronal cultures transfected with pCAGG-IRES-mEGFP were 309 

fixed at DIV14 for immunofluorescence staining as described (Demyanenko et al., 2014). 310 

Sections or cultures were incubated overnight with goat polyclonal anti-CHL1 (R&D systems 311 

cat#AF2147, RRID:AB_2979332), rabbit polyclonal anti-NrCAM (Abcam cat#24344, 312 

RRID:AB_448024), rabbit polyclonal anti-Sema3B (Abcam cat#48197, RRID:AB_2185420), or 313 

chicken anti-GFP (Abcam cat#13970, RRID:AB_300798).  After washing, samples were 314 

incubated with anti-chicken AlexaFluor488 (LifeTechnologies cat#A11039, RRID:AB_142924), 315 

anti-goat AlexaFluor647 (LifeTechnologies cat#A21447, RRID:AB_2535864) or anti-rabbit 316 

AlexaFluor555 (LifeTechnologies cat#A31572, RRID:AB_162543) (1:500) for 2 hr before 317 

mounting and confocal imaging. The specificity of the CHL1 antibody, directed against the entire 318 

extracellular region of mouse CHL1, was confirmed previously (Demyanenko et al., 2004; 319 

Nikonenko et al., 2006; Wright et al., 2007; Demyanenko et al., 2010). The antibody does not 320 

react with other L1-CAMs in mouse brain or transfected HEK293 cells and does not bind 321 

nonspecifically to CHL1-null mutant mouse brain (Nikonenko et al., 2006). The NrCAM antibody, 322 

also directed against the extracellular region, does not cross react with other L1-CAMs, as 323 

previously characterized (Demyanenko et al., 2011b; Demyanenko et al., 2014; Mohan et al., 324 

2019). The Sema3B antibody was generated against a synthetic peptide (human Sema3B 325 

residues 100-200 in the Sema domain) and reacts specifically with mouse or human Sema3B, 326 

and not with Sema3F (Nguyen et al., 2011).  327 
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Dendritic z-stacks were obtained by imaging on a confocal LSM700 microscope. Images 328 

were deconvolved using Autoquant 3 software (Media Cybernetics) with default blind 329 

deconvolution settings. In Imaris (Bitplane) software, all images were subjected to same 330 

threshold settings. A mask was created for the green labeling, and the red and/or blue pixels 331 

outside the green were excluded from the analysis. 332 

Immunoblotting and Immunoprecipitation    333 

Mouse cortex (P7, P14, P21 and P80) was homogenized in Brij 98 lysis buffer (1% Brij 334 

98, 10 mM Tris-Cl pH 7.0, 150 mM NaCl, 1mM EDTA, 1mM EGTA, 200 μM Na3VO4, 10 mM 335 

NaF, 1X protease inhibitors (Sigma Aldrich). Lysates (50μg) were subjected to SDS-PAGE and 336 

transferred to nitrocellulose. Filters were blocked in TBS-Tween containing 5% nonfat dried milk 337 

and incubated overnight in the following antibodies: anti-CHL1 (R&D systems cat#AF2147, 338 

RRID:AB_2979332) (1:500), anti-Sema3B (Abcam cat#48197, RRID:AB_2185420) (1:500), or 339 

anti-actin (Millipore Cat# MAB1501, RRID:AB_2223041) (1:1000). Blots were washed and 340 

incubated in HRP-conjugated secondary antibodies (1:5000) for 1 h before being developed 341 

using Western Bright ECL Substrate (Advansta) and exposed to film for various times to obtain 342 

a linear response density. Bands were quantified by densitometric scanning using NIH ImageJ. 343 

Synaptoneurosomes were prepared from P28 mouse brain as described in (Villasana et al., 344 

2006). Protein complexes were immunoprecipitated using goat anti-CHL1 antibodies and 345 

protein A/G Sepharose, separated on SDS PAGE gels, and immunoblotted with antibodies 346 

against Npn2 (CST cat#3366s), Npn1 (Abcam Cat# ab25998, RRID:AB_448950), PlexA1 (ECM 347 

cat#PM5351), PlexA2 (CST cat#3994s), PlexA3 (Abcam Cat# ab41564, RRID:AB_944889), or 348 

PlexA4 (CST cat#3816s) using Western Bright ECL Substrate. For assessing the interaction 349 

between Npn2 and PlexA4 in absence of CHL1, lysates were prepared from P60 cortex of WT 350 

and CHL1-null mice. Npn2 was immunoprecipitated from equal amounts of protein (500 μg) with 351 
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Npn2 antibodies (R&D Systems cat# AF567, RRID:AB_2155253) and immunoblotted for PlexA4 352 

(CST cat #3816s).   353 

For assessing Sema3B binding to CHL1, Sema3B-Fc or Fc (10 nM) was incubated with 354 

HEK293T cells transfected with CHL1 for 30 min at 37C. Cells were washed extensively in 355 

OptiMEM, lysed in Brij 98 lysis buffer, and any Fc-proteins pulled down with Protein A/G-356 

Agarose beads. Pull-downs were run on SDS-PAGE , and subjected to Western blotting with 357 

CHL1 antibodies.  358 

Experimental Design and Statistical Analysis    359 

 All experiments were designed according to (Dupont and Plummer, 1990) to provide 360 

sufficient power (80-90%) to discriminate significant differences (α = 0.05) in means (± SEM) 361 

between independent controls and experimental subjects with unpaired t-tests using equivalent 362 

samples sizes calculated with PS Software http://biostat.mc.vanderbilt.edu/PowerSampleSize. 363 

The Type I error probability associated with these tests of the null hypothesis was set at 0.05. 364 

Student’s t-test (2- tailed, unequal variances) was used to compute P-values in experiments 365 

where only 2 groups were compared. For Sholl analysis single factor Analysis of Variance 366 

(ANOVA) was used to compare genotypes. To compare spine morphologies across genotypes 367 

in PFC (layer 2/3) and V1 (layer 4) we applied multinomial logistic regression analysis for 368 

computing the log-odds as described (Agresti, 2013).  We employed the 'multinom' function 369 

from R 'nnet' package to estimate the multinomial logistic regression models, and we reported 370 

the resulting P values in Figure 2-1. For electrophysiology experiments statistical analysis was 371 

performed with Python scripts using statsmodels  (www.statsmodelsorg) and scipy.stats (v1.01; 372 

www.scipy.org), and in R (V3.5.1, for Anderson-Darling tests and linear mixed effects models). 373 

Full details of the experimental design, sample sizes, and number of repetitions for each 374 

experiment are reported in the Results and Figure Legends. 375 

Results  376 
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Increased Spine Density on Apical Dendrites of Cortical Pyramidal Neurons in  377 

CHL1-null Mice  378 

 To investigate a potential role for CHL1 in dendritic spine regulation we focused on 379 

pyramidal neurons in layer 2/3 of the PFC due to the importance of this neocortical area in 380 

social and cognitive behaviors (Yizhar, 2012), and star pyramidal cells in layer 4 of the visual 381 

cortex (V1) where spine pruning is especially robust (Bian et al., 2015).  Pyramidal neurons of 382 

WT and CHL1 homozygous null mutant mice (KO, knockout) were analyzed during the peak 383 

stage of spine remodeling in early adolescence (P21) and after synaptic stabilization in young 384 

adults (P60) by Golgi staining. In layer 2/3 of the medial PFC, spine density on apical dendrites 385 

of pyramidal neurons was increased at P21 in CHL1 KO mice compared to WT (Fig. 1 A, C). In 386 

contrast, spine density on basal dendrites of CHL1 KO pyramidal neurons did not differ from WT 387 

(Fig.1 B, C). In layer 4 of V1, star pyramidal neurons also displayed elevated spine density on 388 

apical dendrites in CHL1 KO mice, whereas spine density on basal dendrites was unaffected by 389 

CHL1 loss (Fig.1 D-F). To determine if increased spine density on apical dendrites of CHL1 KO 390 

neurons persisted into adulthood, spine density was also quantified in WT and CHL1 mutant 391 

mice at P60.  Apical dendrites of Golgi-labeled pyramidal neurons in both PFC and V1 392 

continued to display elevated spine density in adult CHL1 KO mutant mice, and spine density on 393 

basal dendrites was unaffected in both areas (Fig. 1 G-L). These results indicated that CHL1 394 

loss resulted in increased spine density on apical rather than basal dendrites of pyramidal 395 

neurons during adolescence in both PFC and V1, and this phenotype persisted into adulthood.    396 

Dendritic protrusions acquire different morphologies and can be classified as mushroom, 397 

stubby, and thin or filopodial spines based on the relative size of the spine head and neck 398 

(Peters and Kaiserman-Abramof, 1970).  The different types of spines are dynamically 399 

interchangeable, and comprise a continuum from immature thin spines, which can have 400 

synaptic structure and function, to mushroom spines with a mature synaptic contact (Bhatt et al., 401 
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2009; Holtmaat and Svoboda, 2009; Berry and Nedivi, 2017).  In neurodevelopmental disorders 402 

such as Fragile X syndrome there is a relative increase in spines with the immature, thin 403 

morphology (Phillips and Pozzo-Miller, 2015). We quantified the percentage of spines with 404 

mushroom, stubby, and thin morphology on apical and basal dendrites in Golgi-labeled 405 

pyramidal neurons in PFC (layer 2/3) and V1 (layer 4) in adult WT and CHL1-null mice at P60 406 

(Fig. 2 A-C). In both cortical regions of CHL1-null mice the percent of thin spines on apical 407 

dendrites increased, while stubby and mushroom spines decreased compared to WT (Fig. 2).  408 

In contrast, spine morphologies on basal dendrites had a similar distribution in both genotypes.  409 

Multinomial logistic regression was used to compare the percent of spine types between 410 

genotypes. P-values for testing the effect of genotype on spine morphology (Figure 2-1) showed  411 

that for apical dendrites in the PFC or V1, there was a significant difference for spines to be 412 

mushroom instead of thin or stubby (Fig. 2 C; * P < 0.001). There was not a significant 413 

difference in spine morphology on basal dendrites in either region between genotypes. 414 

Measurements of spine length and width showed that mean spine length in CHL1-null PFC 415 

(1.41 ± 0.04 μm; 235 spines) was significantly greater than WT (1.12 μm ± 0.03; 219 spines; p = 416 

9.6 e-09). In the CHL1-null V1, mean spine length (1.33 ± 0.01 μm; 203 spines) was also 417 

significantly greater than WT (1.20 μm ± 0.03; p = 9.6 E-09; 216 spines). Spine widths were not 418 

significantly different between genotypes for either PFC or V1 (not shown). Analysis of spine 419 

morphology in PFC (layer 2/3) and V1 (layer 4) of mice at P21 showed no significant difference 420 

for spines to be mushroom instead of thin or stubby in both PFC and V1 on apical or basal 421 

dendrites (Figure 2-2).  These results indicated that loss of CHL1 increases the proportion of 422 

immature, thin spines on apical dendrites in the adult PFC (layer 2/3) and V1 (layer 4).   423 

 To ask whether loss of CHL1 affected arborization (branching) of apical dendrites, Sholl 424 

analysis was performed on the dendritic tree of Golgi-labeled pyramidal neurons in adult mice 425 

(P60).  Dendritic arborization of CHL1 KO pyramidal neurons was not significantly different from 426 
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WT in PFC (layer 2/3) or V1 (layer 4) despite a slight downward trend (Fig. 2 D-G; single factor 427 

ANOVA).  Sholl analysis of CHL1 KO and WT pyramidal neurons at P21 also indicated no 428 

significant differences (ANOVA) for PFC (layer 2/3; p=0.27) or V1 (layer 4; p=0.83). Apical 429 

dendrites of these neurons projected toward the apical surface and were not misoriented. 430 

Misoriented orientation of apical dendrites was not observed in these cortical regions, which 431 

was different from a subpopulation of layer 5 pyramidal cells in V1 that were displaced to layer 6 432 

and had misoriented apical dendrites at P21-P28 (Demyanenko et al., 2004).  433 

 434 

CHL1 Loss Increases Excitatory Synapse Number and Alters Synaptic Transmission 435 

To determine if increased dendritic spine density in the CHL1-null cortex was associated 436 

with elevated numbers of excitatory synapses, ultrastructural examination by electron 437 

microscopy (EM) was performed in PFC (layer 2/3) and V1 (layer 4) in adult CHL1-null and WT 438 

mice (P80). In electron micrographs excitatory synapses were identified as asymmetric synaptic 439 

profiles with a postsynaptic density (PSD) in close apposition to a presynaptic terminal 440 

containing synaptic vesicles (Fig.3 A-D). Asymmetric synaptic profiles with PSDs were scored in 441 

unit cross-sectional areas corresponding to 30 μm2 of cortex.  The mean number of asymmetric 442 

synapses per 100 μm2 was calculated and found to be significantly increased in both PFC and 443 

V1 of CHL1-null mice (Fig. 3E). This analysis indicated that the elevated spine density and 444 

proportion of immature, thin spines on pyramidal neurons in the CHL1-null cortex were 445 

accompanied by an increase in excitatory spine synapses.  446 

The structural results suggested that synaptic number and distribution in cortical 447 

pyramidal cells were altered in CHL1-null mice. To test whether this resulted in a functional 448 

difference in synaptic transmission, we recorded miniature excitatory synaptic currents 449 

(mEPSCs) in the presence of tetrodotoxin. The grand average mean currents for CHL1-null and 450 

WT mice are shown in Fig. 4A. The frequency of detected events (Fig. 4B, mean intervals: 451 
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CHL1-null: 124.9 (SD=41.0), N=10; WT: 115.6 (SD=37.7), N=10, t(17.9)= 0.500, p=0.623) and 452 

mean amplitude of events (Fig.  4C, CHL1-null: u = 8.7 (SD=2.9), N=10; WT: u = 8.5 (SD=1.7), 453 

N=10, t(14.7)= 0.212, p=0.835) were not different between genotypes. Rise-decay time 454 

constants of events are normally correlated because of the effects of electrotonic filtering (Rall 455 

et al., 1967). The same filtering is expected in voltage-clamp recordings in part due to imperfect 456 

control of the voltage at the synaptic site (Williams and Mitchell, 2008), as observed in 457 

hippocampal neurons (McBain and Dingledine, 1992).  We found that the average event rise 458 

and decay times were correlated across WT cells (Fig.  4D; r2=0.574) but poorly correlated in 459 

cells from CHL1-null mice (r2 = 0.008). Similarly, there should be an inverse relationship 460 

between rise-time and amplitude. This was observed in the WT cells (Fig.  4E; r2=0.250) but the 461 

correlation was weak in CHL1-null cells (r2=0.055).  We did not observe clear correlations for 462 

events in individual cells, likely because it was difficult to measure time constants accurately 463 

with the small-sized mEPSCs.  As the effects of dendritic filtering on these correlations depend 464 

on the assumptions that all events have the same conductance time course and average 465 

amplitudes at their site of origin, it seems likely that at least one of these assumptions does not 466 

hold for excitatory synapses from CHL1-null mice.  467 

There were no differences in 10-90% rise times between the WT and CHL1-null mice 468 

(Fig.  4F, CHL1-null: 0.485 ms (SD=0.139), N=10; WT:  0.484 ms (SD=0.066), N=10; t(12.9)= 469 

0.005, p=0.996) or holding current needed to keep the cells at -72 mV (not shown; mean CHL1-470 

null: 182 pA (SD=105), N=10 WT: u = -149 pA (SD=54), N=10, t(13.5)= -0.834, p=0.419).  The 471 

total charge, which reflects changes in amplitude and time course of events, also did not differ 472 

(Fig.  4G, mean CHL1-null: 16.9 pA*ms (SD=6.1), N=10; WT: 16.1 (SD=2.0), N=10, t(10.9)= 473 

0.364, p=0.723). However, the variance of the charge measures differed significantly between 474 

two genotypes (Levene’s test, W = 6.86, p=0.017), suggesting altered regulation of excitatory 475 

synaptic strength in cells from CHL1-null mice.  476 
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Because of differences in variance and correlation between rise and decay times, we 477 

looked more closely at the event amplitude distribution for individual cells. Example distributions 478 

are shown for WT cells in Fig.  4H1 and 4H2, and for CHL1-null cells in Fig. 4I1 and 4I2. These 479 

distributions are plotted normalized against their median amplitude. The event amplitude 480 

distributions are not Gaussian, but have a tail towards larger amplitudes. In order to quantify 481 

this, we measured the skew of the amplitude distributions for each cell. These are summarized 482 

in Fig. 4H3 and 4I3. The skew values for all WT cells were positive and clustered between 1.5 483 

and 3.5; however, two of the cells from CHL1 null mice had a larger positive skew (Fig. 4I 3). As 484 

an exploratory analysis, we computed the Anderson-Darling k-sample statistic on the skew 485 

distributions (Fig. 4H3, I3), but the found that the distributions were not significantly different 486 

(d=0.042, p=0.33). We then computed the cumulative amplitude distributions across all events 487 

from each cell for each genotype (Fig. 4J). The Anderson-Darling k-sample test on the average 488 

amplitude on a per-cell basis indicated no significant difference (d=0.052, p = 0.34) between the 489 

genotypes. The inset in Fig. 4J shows the cumulative distribution of all event amplitudes pooled 490 

across all cells for each genotype (WT: N=32,611 events; CHL1-null: N=25,439 events). An 491 

Anderson-Darling k-sample on this pooled data showed a significant difference by genotype (D= 492 

74.94, p<10-6).  493 

To further investigate how synaptic transmission might be altered in the CHL1-null mice, 494 

we examined evoked EPSCs in layer 2/3 pyramidal cells. Stimulus strength versus EPSC 495 

amplitude curves were not different between WT and CHL1-null cells (maximal EPSC at 300 496 

μA: WT 1.44 nA (SD 1.17, N=12 cells from 3 mice); CHL1-null 1.03 nA (SD 0.55, N=9 cells from 497 

3 mice), Welch’s t-test t-1.247, p=0.23), and the curves were not significantly different (linear 498 

mixed model, with genotype and current as factors; t=1.022, p=0.322). Paired pulse facilitation 499 

was measured at 20, 50, 150 and 200 ms intervals (Fig. 5A, B). WT mice showed a modest  500 

average facilitation over all intervals. CHL1-null mice showed less facilitation, and sometimes 501 
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slight depression, across all intervals. A linear mixed effects model, with genotype and interval 502 

as factors, revealed a significant difference between genotypes (t = -3.086, p=0.0029), as well 503 

as an effect of interval (t=-7.38, p<1e-6). Because the loss of CHL1 increased the proportion of 504 

thin, immature spines on apical dendrites of layer 2/3 cells, we also measured the NMDA to 505 

AMPA current ratios at -78 (to isolate the AMPA receptor mediated currents) and +42 mV (to 506 

activate the NMDA receptors) (Fig. 5C,D). The NMDA to AMPA ratios spanned a broad range 507 

(Fig. 5D), and there was no difference between the genotypes. 508 

In summary, differences in distributions for charge and amplitude skew, along with 509 

breakdown of the expected relationship between rise-time and amplitude, and the decrease in 510 

paired-pulse facilitation, indicate that the regulation of excitatory synaptic strength is disrupted in 511 

CHL1-null mice  512 

Regulation of Sema3B-induced Spine Retraction by CHL1 513 

        CHL1 might mediate pruning of immature spines and synapses from apical dendrites 514 

during postnatal stages of maturation in response to secreted Semaphorins. However, it was 515 

not known whether any class 3 Semaphorin, other than Sema3F, had the capacity to elicit spine 516 

retraction in cortical pyramidal neurons. Several class 3 Semaphorins were expressed 517 

postnatally in the mouse neocortex, as ascertained from in situ hybridization data in the Allen 518 

Mouse Brain Atlas: Sema3A, Sema3B, Sema3C, Sema3D, Sema3E, and Sema3F.  We 519 

assessed the ability of purified Sema3-Fc fusion proteins to promote dendritic spine retraction in 520 

long term cultures of primary cortical neurons from WT mice. Cortical neuron cultures from 521 

E15.5 mouse embryos were transfected on DIV11 with pCAGG-IRES-mEGFP then treated at 522 

DIV14 with Fc-fusion proteins (5 nM) for 30 min, as described (Demyanenko et al., 2014). After 523 

fixation and immunostaining for EGFP, spine density was quantified on apical dendrites of 524 

neurons with pyramidal morphology in confocal z-stacks using Neurolucida software (Tran et al., 525 

2009; Demyanenko et al., 2014; Mohan et al., 2019).  Sema3B-Fc was found to induce a 40% 526 
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decrease in spine density on apical dendrites compared to control Fc protein, while Sema3F-Fc 527 

caused an 81% decrease (Fig.6A-C).  Substantial spine density remained after Sema3B 528 

treatment, suggesting that a specific spine subpopulation is responsive to this ligand. In contrast 529 

Sema3A, Sema3C, Sema3D, and Sema3E fusion proteins had no effect on apical dendrite 530 

spine density. None of the Sema3-Fc proteins altered basal spine density. Because CHL1 can 531 

associate with the EphrinA5 receptor, EphA7 (Demyanenko et al., 2011a), we also assessed 532 

the ability of EphrinA5-Fc to induce spine retraction but found that it did not alter spine density 533 

(Fig. 6A). These findings revealed a novel role for Sema3B as a promoter of spine elimination in 534 

cortical neuron cultures.  535 

To investigate whether CHL1 was required for Sema3B- or Sema3F-induced spine 536 

retraction, cortical neuron cultures from CHL1-null mutant mice were transfected with pCAGGs-537 

IRES-EGFP then assayed for spine retraction in response to Fc fusion proteins at 14 days in 538 

vitro (DIV). Spine density on apical dendrites of untreated cortical neurons from WT and CHL1-539 

null mice did not differ significantly (Fig. 6B-D, since there is little if any accumulation of 540 

Sema3B in culture supernatants, as cultures were subjected to several media changes. 541 

Treatment with Sema3B-Fc decreased spine density in WT neurons by 32% but did not induce 542 

spine retraction in CHL1-null neurons. Treatment with Sema3F-Fc decreased spine density in 543 

WT neurons (50%) to approximately the same extent as in CHL1-null neurons (46%). Sema3F-544 

Fc has been shown to induce spine retraction through NrCAM and fails to promote retraction in 545 

neurons from NrCAM null mice (Demyanenko et al., 2014). Taken together these results 546 

showed that CHL1 mediates spine retraction on apical dendrites of cortical pyramidal neurons 547 

specifically in response to stimulation by Sema3B.  548 

 549 

Expression of CHL1 and Sema3B in Cortical Pyramidal Neurons, and Association of CHL1 with 550 

Sema3 Receptor Subunits Npn2 and PlexA4 551 
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 To investigate whether CHL1 and Sema3B were co-expressed in cortical pyramidal 552 

neurons, double immunofluorescence staining of cortical sections was performed in tamoxifen-553 

inducible Nex1-CreERTM: Ai9 mice in which fluorescent tdTomato marks postmitotic pyramidal 554 

neurons (Mohan et al., 2019). Following tamoxifen induction (P10-P13), numerous cells in PFC 555 

layers 2/3 and V1 layer 4 expressed tdTomato by P21 (Fig. 7A,D left-most panels). In both 556 

cortical areas CHL1 labeling was prominent on tdTomato-positive pyramidal cell soma, which 557 

were readily seen at low magnification, and staining was also evident on processes between 558 

soma (Fig. 7A,D). Some CHL1-positive, tdTomato-negative cells likely corresponded to 559 

uninduced pyramidal neurons or other cell types. Sema3B labeling was clearly present on 560 

tdTomato-positive pyramidal cells in both areas (Fig. 7B,E). Neither CHL1 nor Sema3B 561 

exhibited colocalization with GABAergic cell marker Gad67 (not shown).  Merged images 562 

showed that CHL1 and Sema3B co-localized to a large population of pyramidal cells (Fig. 7 563 

C,F).  Cell counts in PFC layer 2/3 (P21) indicated that CHL1 was expressed in approximately 564 

22% of tdTomato-positive neurons, while Sema3B was evident on 33% of the cell soma (186-565 

220 cells scored in each of 4 images). Approximately half of CHL1-expressing pyramidal cells 566 

were also Sema3B-positive. At higher magnification CHL1 labeling on apical dendrites was 567 

visible on spines, as shown in PFC layer 2/3 (Fig. 7G,H). Sema3B immunolabeling was also 568 

present on spines (Fig. 7I), overlapping with CHL1 (Fig. 7J). Approximately 72% of spines 569 

showed colocalization of CHL1 and Sema3B. 570 

The developmental regulation of CHL1 and Sema3B was further assessed by 571 

immunoblotting of cortical lysates from postnatal and adult brain. CHL1 and Sema3B were co-572 

expressed throughout early postnatal development (P7-P30) then CHL1, but not Sema3B, 573 

declined to lower levels (relative to actin) in adulthood (Fig. 8A). Sema3B has been reported to 574 

be capable of binding to Npn1 or Npn2, which can associate constitutively with a PlexA1-4 575 

subunit depending on cellular context to constitute a receptor complex (Sharma et al., 2012). 576 
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Molecular constituents of the Sema3B receptor complex were analyzed in synaptoneurosomes 577 

isolated from P28 mouse brain.  Synaptoneurosomes contain pinched-off presynaptic terminals 578 

(synaptosomes) attached to sealed postsynaptic sacs (neurosomes), and are enriched in PDZ 579 

domain-containing scaffold proteins of the postsynaptic density (PSD) such as PSD95 and 580 

SAP102 (Villasana et al., 2006). CHL1, Npn1-2, and PlexA1-4 were each present in the 581 

synaptoneurosome fraction (input, Fig. 8B).  CHL1 was immunoprecipitated from equal amounts 582 

of synaptoneurosomes and immunoblotted for associated proteins. CHL1 was found to co-583 

immunoprecipitate preferentially with Npn2, and to a much lesser extent with Npn1 (Fig. 8B). 584 

CHL1 associated directly or indirectly with Npn2, as shown by co-immunoprecipitation from 585 

HEK293T cells transfected with CHL1 and Npn2 (Fig. 8C).  The involvement of individual 586 

PlexAs in neuronal Sema3B receptor complexes has not been well established except for 587 

PlexA1, which promotes Sema3B guidance of commissural axons (Nawabi et al., 2010). PlexA4 588 

was found to be a prominent component of CHL1 complexes immunoprecipitated from 589 

synaptoneurosomes, whereas PlexA1, PlexA2, or PlexA3 were not detectable (Fig. 8B). PlexA4 590 

also functions as a component of the Sema3B receptor together with Npn1 or Npn2 in 591 

endothelial and glioblastoma cells (Sabag et al., 2014).  Sema3B does not appear to bind CHL1 592 

directly, as shown in a cell binding assay in which HEK293T cells expressing CHL1 were 593 

incubated with Sema3B-Fc or Fc (control). After washing, Fc proteins in cell lysates were pulled 594 

down with Protein A/G-Sepharose, and probed for CHL1. CHL1 was not detected in Sema3B-Fc 595 

or Fc treated cell lysates (Fig. 8D). To investigate the role of CHL1 in the binding between Npn2 596 

and PlexA4, cortical lysates (500 μg) from CHL1-null and WT mice were immunoprecipitated 597 

with Npn2 antibodies and immunoblotted for PlexA4. PlexA4 co-immunoprecipitated with Npn2 598 

from WT but not CHL1-null cortex (Fig. 8E), indicating that CHL1 promoted binding between 599 

Npn2 and PlexA4. These results are consistent with the interpretation that CHL1 engages Npn2, 600 
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which associates with signaling subunit PlexA4 to comprise a holoreceptor complex for Sema3B 601 

in the postsynaptic membrane (Fig. 8F). 602 

To investigate whether Sema3B was secreted in response to neuronal activity, (Orr et 603 

al., 2017) cortical neuron cultures were treated with the GABAA
 receptor antagonist gabazine 604 

(20 μM) to increase spontaneous network activity (Favuzzi et al., 2017). Sema3B was 605 

concentrated by immunoprecipitation from conditioned medium from untreated and gabazine-606 

treated cultures after 48 hr, then compared by immunoblotting. Gabazine was found to increase 607 

the amount of Sema3B protein (85, 83 kDa), evident as two forms due to proteolytic processing 608 

(Adams et al., 1997; Varshavsky et al., 2008) (Fig. 8G). The levels of Sema3B were significantly 609 

increased in conditioned medium from gabazine-treated cultures, as shown by the amount of 610 

secreted Sema3B relative to actin in the corresponding cell lysates (Fig. 8H). Gabazine 611 

treatment had no effect on the amount of Sema3B protein in cell lysates (Fig. 8G). These 612 

findings in cortical neuron cultures suggested that Sema3B, like Sema3F (Orr et al., 2017), can 613 

be secreted in response to excitatory activity. 614 

 615 

Sema3B Selectively Eliminates CHL1-expressing Spines on Apical Dendrites 616 

 Double immunofluorescence staining for CHL1 and NrCAM was carried out in DIV 14 617 

cortical neuron cultures expressing EGFP. Results showed that most spines of apical dendrites 618 

expressed either CHL1 (54%) or NrCAM (23%), whereas a minority of spines expressed both 619 

(15%) or neither (8%) (n=459 spines, 12 images). To assess whether spines eliminated by 620 

Sema3B treatment were those specifically expressing CHL1, we assayed Sema3B-induced 621 

spine retraction in cortical neuron cultures followed by immunostaining for CHL1.  EGFP-622 

expressing cortical neurons were treated with 5 nm Sema3B-Fc or Fc for 30 min, then scored 623 

for the percent of CHL1-positive spines labeled (red) by immunostaining, as well as density of 624 

total EGFP-labeled spines on apical dendrites.  Remarkably, there was a significant decrease in 625 
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percent of CHL1-expressing spines in Sema3B-Fc treated neurons compared to Fc control. This 626 

decrease correlated with a similar loss in total spine density (Fig. 9B-C).  In merged images the 627 

EGFP-labeled spines after Sema3B-Fc treatment were negative for CHL1 (Fig. 9A, arrows). 628 

Conversely, to assess whether spines eliminated by Sema3F treatment were those specifically 629 

expressing NrCAM, we similarly assayed Sema3F-induced spine retraction in cortical neuron 630 

cultures followed by immunostaining for NrCAM (red) (Fig. 9D).  Results revealed a specific 631 

decrease in NrCAM-positive spines in Sema3F-Fc treated neurons compared to Fc (Fig. 9E), 632 

correlating with loss of EGFP-labeled spines (Fig. 9F). In merged images the EGFP-labeled 633 

spines remaining after Sema3F treatment were negative for NrCAM (Fig. 9D, arrows).  To 634 

confirm these findings, we treated neurons with Sema3B-Fc and immunostained for NrCAM. 635 

The majority of the remaining spines were NrCAM-positive (Fig. 9G, arrows). Quantification 636 

showed a significant increase in the percent of NrCAM-positive spines in Sema3B-treated 637 

neurons (Fig. 9I). Spine density was also reduced significantly (Fig. 9J). Similar results were 638 

found when Sema3F-treated neurons were immunostained for CHL1. There was a significant 639 

increase in the percent of CHL1-positive spines in Sema3F-treated neurons compared to Fc 640 

(Fig. 9 H, K-L). We also performed double staining for NrCAM and CHL1 on neurons treated 641 

with Sema3B-Fc or Fc. There was a significant increase in the percent of NrCAM-positive 642 

spines and a reduction in the percent of CHL1-positive spines in Sema3B-Fc treated neurons. 643 

Approximately 20% of spines were immunoreactive for both NrCAM and CHL1 (Fig. 9M-N). 644 

CHL1 was localized to both apical and basal dendrites, whereas Npn2 was specifically localized 645 

to apical dendrites (Fig. 9O-P) in accord with previous findings (Tran et al., 2009). These results 646 

demonstrated a strong selectivity in Sema3-dependent mechanisms for eliminating dendritic 647 

spines expressing CHL1 or NrCAM. 648 

 649 
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Discussion  650 

 Here we describe a novel molecular mechanism for elimination of dendritic spines on 651 

pyramidal neurons mediated by the neural adhesion molecule CHL1 and the class 3 secreted 652 

Semaphorin, Sema3B, in the developing mouse cerebral cortex. CHL1 deletion in null mice 653 

increased the density of apical dendritic spines and excitatory synapses in early adolescence, 654 

which persisted through adulthood. Electrophysiological recordings showed altered regulation of 655 

excitatory synaptic strength in prefrontal slices from CHL1-null mutants.  CHL1 and Sema3B 656 

were co-expressed in subpopulations of early postnatal pyramidal neurons and localized to 657 

dendritic spines.  CHL1 formed a synaptoneurosome complex with Sema3 receptor subunits 658 

Npn2 and PlexA4, and mediated spine elimination on apical dendrites in cortical neuron cultures 659 

in response to Sema3B, which was secreted in an activity-dependent manner. Remarkably, 660 

Sema3B selectively eliminated spines expressing CHL1, whereas Sema3F eliminated a distinct 661 

cohort of spines expressing NrCAM. These results support a new concept in which 662 

developmental elimination of overproduced spines may be achieved selectively by secreted 663 

Semaphorins acting locally through different L1-CAM containing receptor complexes. Such a 664 

mechanism could function at the level of individual synapses to determine which are culled from 665 

developing neural circuits in the maturing neocortex.   666 

 Our findings suggest that CHL1 limits spine density by mediating spine pruning on apical 667 

dendrites of cortical pyramidal neurons in response to secreted Sema3B as an essential subunit 668 

within a receptor complex comprising Npn2 and PlexA4. This function is consistent with the 669 

phenotype of Npn2 null mice, which display increased spine density only on apical dendrites in 670 

cortical pyramidal cell subpopulations (Tran et al., 2009). Also in accord, PlexA4 deficient mice 671 

display elevated spine density on granule cells of the dentate gyrus (Duan et al., 2014). CHL1 672 

may play a role in formation or stabilization of the Npn2/PlexA3 complex, as suggested by co-673 

immunoprecipitation from WT but not CHL1-null cortical lysates. The observation that CHL1 674 
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mutants exhibit proportionately more thin spines than mushroom or stubby spines compared to 675 

WT suggests that Sema3B may preferentially target thin, immature spines. In accord with this 676 

notion, Sema3B-Fc treatment of WT cortical neuron cultures resulted in a decrease in thin 677 

spines, while the majority of remaining spines lacked CHL1.  678 

 These results add to the evidence that class 3 Semaphorins bind holoreceptor 679 

complexes comprising different Npns, PlexAs, and L1-CAMs to serve as multifunctional 680 

regulators of spine and dendrite development. Notably, Sema3F binds a receptor complex 681 

consisting of NrCAM, Npn2, and PlexA3 to constrain spine density during adolescent 682 

development of cortical pyramidal neurons (Tran et al., 2009; Cheadle and Biederer, 2012; 683 

Mohan et al., 2019). Secreted Sema3F has an extended role in adult neurons in facilitating 684 

homeostatic downscaling of synaptic strength (Wang et al., 2017), which was also shown for 685 

Drosophila Sema2b (Orr et al., 2017). Sema3A promotes basal dendrite arborization through 686 

PlexA4 and Npn1 in cortical and hippocampal neurons (Tran et al., 2009; Cheadle and Biederer, 687 

2012). In related cellular systems Sema3B triggers morphological retraction of glioblastoma and 688 

endothelial cells through PlexA4 and PlexA2 with either Npn1 or Npn2 (Sabag et al., 2014), 689 

while PlexA4 and Npn2 mediate stereotyped pruning of corticospinal axons (Low et al., 2008).  690 

Restriction of CHL1-dependent spine remodeling to apical dendrites of pyramidal cells 691 

may regulate the distribution of specific synaptic inputs. For example, apical and basal dendrites 692 

differ in the distribution of intra-cortical and thalamocortical inputs, as well as their mode of 693 

synaptic potentiation (Kawaguchi and Kubota, 1997; Gordon et al., 2006; Brzdak et al., 2019).  694 

Effects of CHL1 on remodeling of apical dendritic spines reflects the preferential localization of 695 

Npn2 to apical but not basal dendrites in cortical neurons, shown here and in (Tran et al., 2009). 696 

In addition Npn2 has a carboxyl-terminal PDZ binding motif (Ser-Glu-Ala) that could help 697 

position the Sema3B receptor complex, containing CHL1 and PlexA4, to the PSD (Prahst et al., 698 

2008). PlexA4 also binds the AMPA receptor subunit GluA2 and localizes the complex to 699 
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dendrites through Sema3A/Npn1/PlexA4 signaling (Yamashita et al., 2014), while for 700 

homeostatic scaling, GluA2 interacts with the Sema3F/Npn2/PlexA3 complex in cortical neurons 701 

(Wang et al., 2017).  The spine remodeling function of CHL1 appears unrelated to its role in 702 

pyramidal neuron positioning and dendritic orientation, which occurs at earlier stages of 703 

development and is limited to a subset of layer 5/6 pyramidal cells (Demyanenko et al., 2004). 704 

 The electrophysiological evidence indicated that there is a disruption of normal excitatory 705 

synaptic function, with event amplitudes skewed towards larger sizes in slices from CHL1-null 706 

PFC (layer 2/3), but without detectable changes in mean amplitude or frequency. The CHL1 707 

mutant showed changes in spine morphology that were limited to apical dendrites, whereas the 708 

electrophysiological measures sample from synapses that are biased towards the proximal 709 

regions of both basal and apical dendrites. With mixed populations of events that cannot be 710 

assigned to synapse location, it perhaps not surprising that differences in basic measures of 711 

event frequency and amplitude were not detected. In addition CHL1 was expressed in a subset 712 

of pyramidal neurons, possibly contributing to the wider range of event amplitudes, including 713 

larger events in some cells, as measured from the skew of the amplitude distributions.  There 714 

are also limitations to the interpretation of mEPSC amplitudes, as the spine compartment is 715 

partially isolated from the dendritic shaft electrically (Jayant et al., 2017), precluding accurate 716 

measurements of synaptic conductance under voltage clamp (Beaulieu-Laroche and Harnett, 717 

2018). The differences in event charge distributions could reflect differences in the electrical 718 

geometry of some spines (a decrease in spine neck resistance), differences in synaptic 719 

conductances (increased AMPA receptor conductance), or both. CHL1 loss increased the 720 

proportion of thin spines, which are characteristic of immature spines with nascent synapses 721 

(Berry and Nedivi, 2017). Such spines are thought to have a low NMDA to AMPA receptor ratio 722 

and should have a higher spine neck resistance. However, the measured NMDA to AMPA ratios 723 

did not indicate a difference between the genotypes. Considering that developmental synaptic 724 
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pruning and long-term synaptic depression (LTD) share some common mechanisms (Piochon 725 

et al., 2016), it is possible that LTD and/or homeostatic downscaling at these synapses is 726 

impaired. Interfering with these mechanisms would upset the interplay of metaplasticity 727 

mechanisms needed to maintain a normal excitatory synaptic operating range (Hulme et al., 728 

2013). Decreased paired-pulse facilitation is usually associated with an increased synaptic 729 

release probability, suggesting an elevated excitatory synaptic tone onto the CHL1-null cells. In 730 

summary, these data indicate that the regulation of excitatory synaptic strength is disrupted in 731 

the CHL1-null mice.   732 

   Spine formation and retraction contribute to remodeling and fine tuning of cortical 733 

networks in the developing and mature brain (Turrigiano, 2012; Stein and Zito, 2019). During 734 

postnatal development class 3 Semaphorins and their respective L1-CAM/Npn/PlexA receptor 735 

complexes may function to refine nascent synaptic connections from specific inputs to sculpt 736 

neural circuits. Activity-dependent secretion of Sema3B in cortical neuron cultures suggested  737 

that Sema3B may be upregulated at active synapses and secreted locally to homeostatically 738 

eliminate inactive spine neighbors expressing CHL1, Npn2, and PlexA4.  In this scenario 739 

secreted Sema3B would spare spines expressing NrCAM, Npn2, and PlexA3, which would be 740 

subject instead to elimination by Sema3F. Class 3 Semaphorins are able to associate with the 741 

extracellular matrix through their basic carboxyl terminal tail, and in this way, are in position to 742 

prune nearby spines through autocrine/paracrine signaling (Hamm et al., 2016).  A homeostatic 743 

mechanism of local competition has been demonstrated between stimulated spines and inactive 744 

neighboring spines in the hippocampus (Oh et al., 2015). Activity-dependent competition for 745 

adhesive cadherin/catenin complexes similarly leads to spine pruning in the developing 746 

somatosensory cortex (Bian et al., 2015).  It will be interesting to determine if Sema3B is 747 

upregulated and released at active synapses to prune weaker neighboring spines and synapses 748 

in vivo.  Genetic variations in the human CHL1/CALL gene (3p26.3) have been linked to 749 
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cognitive dysfunction in ASD (Salyakina et al., 2011; Vega et al., 2017), schizophrenia (Sakurai 750 

et al., 2002; Chen et al., 2005; Chu and Liu, 2010), and intellectual disability (Angeloni et al., 751 

1999; Frints et al., 2003; Cuoco et al., 2011). Thus, the present findings, which shed light on 752 

normal molecular mechanisms of developmental spine remodeling, may provide insight into 753 

spine dysgenesis in certain neurodevelopmental disorders. 754 
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 982 

 Figure Legends    983 

Figure 1.  Loss of CHL1 increases spine density on apical dendrites of cortical pyramidal 984 

neurons in early adolescence and adulthood. 985 

A-F) Representative images of apical and basal dendrites from Golgi-labeled pyramidal neurons 986 

and quantification of spine density in PFC layer 2/3 and V1, layer 4 of adolescent WT and 987 

CHL1-null (KO, knockout) mice at P21. Mean spine density per neuron (± SEM) was 988 

significantly increased on apical but not basal dendrites of pyramidal neurons in CHL1-null mice 989 

compared to WT at P21 (*p = 1.70E-07 (PFC), 0.0377 (V1); 2 tailed t test). Number of mice: 3 990 

per genotype. Number of neurons scored: WT, n = 11 (apical), n = 10 (basal); CHL1-null, n = 10 991 
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(apical), n = 10 (basal). Scale Bar = 10μm. Total number of spines counted in each condition 992 

ranged from 280-563. 993 

G-L) Representative images of apical and basal dendrites from Golgi-labeled pyramidal neurons 994 

and quantification of spine density in PFC layer 2/3 and V1 layer 4 of adult WT and CHL1 KO 995 

mice at P60.  Mean spine density per neuron (± SEM) was significantly increased on apical but 996 

not basal dendrites of pyramidal neurons in CHL1-null mice compared to WT at P60 (*p = 0.017 997 

(PFC), 0.0176 (V1); 2 tailed t test).  Number of mice: 3 per genotype. Number of neurons 998 

scored: WT, n = 10 (apical), n = 10 (basal); CHL1-null, n = 10 (apical), n = 10 (basal). Scale bar 999 

= 10μm. Total number of spines counted in each condition ranged from 450-863. 1000 

 1001 

Figure 2.  CHL1 regulates spine morphology on apical dendrites but has no effect on dendritic 1002 

branching. 1003 

A-B) Representative Golgi-labeled apical and basal dendrites in PFC and V1 of adult WT and 1004 

CHL1 KO mice at P60.  Arrows indicate spines with thin morphology. Scale bar = 5 μm 10 μm.  1005 

C)  Percent of spines of different morphological types (mushroom, stubby, thin) on apical and 1006 

basal dendrites of Golgi-labeled pyramidal neurons in PFC and V1 at P60.   1007 

Multinomial regression analysis tested the effect of genotype on spine morphology and yielded 1008 

P-values that indicated a significant difference (*) in log-odds for spines to be mushroom instead 1009 

of thin or stubby for apical but not basal dendrites of CHL1 KO mice in both regions, which was 1010 

seen by an increase in the proportion of thin spines at the expense of stubby and mushroom 1011 

spines (Figure 2-1; *P < 0.001). WT mice (3 mice, n = 20 neurons, 886 spines) and CHL1 KO 1012 

mice (3 mice, n = 27 neurons, 1105 spines).  1013 

D-G) Sholl analysis for dendrite arborization of pyramidal neurons in PFC and V1 of WT and 1014 

CHL1-null mice at P60. Representative images are shown for Golgi-labeled pyramidal neurons 1015 

in PFC (layer 2/3) and V1 (layer 4) of WT and CHL1-null mice at P60.  Sholl analysis indicated 1016 
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no significant differences (single-factor ANOVA) in branching of apical dendritic arbors at 1017 

indicated distances (means ± SEM) within a 10-300 μm radius from the pyramidal cell body of 1018 

WT (3 mice, n = 10 neurons) and CHL1-null mice (3 mice, n = 10 neurons) in (E) PFC L2/3 1019 

(p=0.68) or (G) V1 L4 (p=0.14) .  Scale bar = 100 μm. 1020 

 1021 

Figure 3.  Increased density of excitatory spine synapses in PFC and V1 of CHL1-null mice.   1022 

A-D)  Electron micrographs showed postsynaptic specializations (PSDs, arrowheads) opposed 1023 

to presynaptic terminals containing synaptic vesicles, which characterize  excitatory synapses in 1024 

PFC, layer 2/3 and V1, layer 4 of WT and CHL1 KO mice at P60. 1025 

Scale bar = 1 μm.   1026 

 E) The mean number of excitatory synaptic profiles with PSDs within a unit area (100 μm2; ± 1027 

SEM) in PFC and V1 was increased in CHL1 KO compared to WT mice (2-tailed t-test, *p = 1028 

0.022 (PFC), 0.002 (V1); n=3 mice/genotype). The number of micrographs analyzed was: for  1029 

WT PFC, n = 29, WT V1, n = 51; CHL1-null PFC, n = 28; CHL1-null V1, n = 51.The total number 1030 

of asymmetric synapses per genotype scored in each region was 118-211. 1031 

 1032 

Figure 4.   mEPSC measures in PFC layer 2/3 of CHL1-null and WT mice.   1033 

A) Grand mean mEPSC waveforms for each genotype. The shaded areas represent 1 SD. 1034 

mEPSCs have similar amplitudes and average shapes in each group (n = 10 cells from WT 1035 

mice, 10 cells from CHL1-null mice). 1036 

B-G) In these plots symbols show measures for individual cells, the box plots show the mean 1037 

and 25-75 percentile points, and the box plot whiskers show the 5-95 percentiles of the 1038 

distribution. Points with grey diamonds are marked as potential outliers that are more than 1.5X 1039 

the interquartile range, but were not excluded from analysis. 1040 

B)  Event frequencies are not different between CHL1-null and WT mice. 1041 
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C) Mean event amplitudes are not different between the two genotypes. 1042 

D) Plot of decay to 37% of peak amplitude against 10-90% rise time for the mean events 1043 

between cells. There is a positive correlation between rise time and decay time in cells from WT 1044 

mice; however, CHL1-null mice did not show a strong correlation. Shaded areas correspond to 1045 

1 SD (68% confidence interval) for the regression lines for the WT data only.   1046 

E) Plot of amplitude against 10-90% rise time. In WT cells the amplitudes and rise times show 1047 

the expected inverse relationship (dashed line and shaded area). However in CHL1-null cells 1048 

there was not a strong correlation between these measures. Shaded areas are as in D. 1049 

F) There is no difference in the 10-90% rise times between the two genotypes.  1050 

G) Although there was no difference in the mean total event charge between genotypes, the 1051 

variability of the event charge distribution was significantly larger in CHL1-null mice (Levene’s 1052 

test; p=0.017).   1053 

H) Measures of the skew of the mEPSC event amplitude distribution in WT mice. H1 and H2 1054 

show amplitude distributions for all events from two cells (legend indicates mouse number and 1055 

recorded cell by letter, along with the measured skew).  1056 

H3 summarizes the skew values for all WT cells; all values fall between 1.5 and 3.5.  1057 

I) Measures of the skew of the mEPSC event amplitude distribution in CHL1 KO mice, in the 1058 

same format as H1-3. Panel I3 shows that two of the CHL1 KO cells had a larger skew values 1059 

than the rest of the cells from either WT or other CHL1 KO cells.  1060 

J)  Cumulative mEPSC amplitude distributions for cells from WT and CHL1 KO mice. Inset: 1061 

Cumulative distribution of mEPSC amplitudes for all events from all cells of each genotype.  1062 

 1063 

Figure 5. Decreased paired-pulse facilitation in CHL1-null mice compared to WT mice, but no 1064 

change in NMDA to AMPA ratio 1065 
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A) Example traces for EPSCs at different intervals for pyramidal cells WT and CHL1-null. The 1066 

first EPSC is marked with “P1”, and is plotted for each subsequent interval (20, 50, 200, 150 1067 

and 200 msec).  1068 

B) Summary of paired pulse ratio for all cells (N=18 WT; N=18 CHL1-null cells). There is a 1069 

significant effect of genotype (p=0.0029) in the paired-pulse ratio; the ratio is depressed for all 1070 

intervals in the CHL1-null cells.  1071 

C) Example traces for EPSCs at +42 and -78 mV to measure NMDA to AMPA ratios for WT and 1072 

CHL1-null. Vertical markers indicate the times where the measurements of the AMPA (gray 1073 

marker) and NMDA (black marker) are made. 1074 

D) There is no difference in the NMDA to AMPA ratio between the two genotypes (Mann-1075 

Whitney U; t=33.0, p=0.174, WT: N=9, CHL1-null: N=10). 1076 

 1077 

Figure 6. Sema3B promotes spine retraction on apical dendrites of cortical pyramidal 1078 

 neurons in culture from WT but not CHL1-null mice. 1079 

A) Histogram depicts quantification of spine density (mean ± SEM) on apical dendrites of WT 1080 

neurons (DIV14) treated with Fc, Sema3A-Fc, Sema3B-Fc, Sema3C-Fc, Sema3D-Fc, Sema3E-1081 

Fc, Sema3F-Fc, and EphrinA5 (5 nM, 30 min).  Treatment with Sema3B-Fc and Sema3F-Fc led 1082 

to significant decreases in spine density (*p = 8.64E-05 (Sema3B), 1.67E-05 (Sema3F), 2 tailed 1083 

t test; n =10 neurons for each condition). Total number of spines counted in each condition 1084 

ranged from 234-1149. 1085 

B) Representative images of apical dendritic branches in Fc and Sema3B-Fc treated neuronal 1086 

cultures from WT and CHL1 KO mice. Scale bar = 10μm. 1087 

C) Representative images of apical dendrites in Fc and Sema3F-Fc neuronal cultures from WT 1088 

and CHL1 KO mice. Scale bar = 10μm. 1089 
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D) Quantification of spine density (mean ± SEM) in WT and CHL1-null neuronal cultures treated 1090 

with Fc, Sema3B-Fc, or Sema3F-Fc.  Sema3B-Fc led to a significant decrease in mean spine 1091 

density per neuron (±SEM) for WT but not CHL1 KO neurons (*p = 0.005, 2 tailed t test). 1092 

Sema3F-Fc led to a significant decrease in spine density for WT and CHL1 KO (*p = 1.40E-06 1093 

(WT), 6.48E-09 (CHL1 KO), 2 tailed t test). Number of neurons scored:  WT, n = 10 (Fc), n = 10 1094 

(Sema3B-Fc), n = 14 (Fc), n = 14 (Sema3F-Fc); CHL1-null, n = 18 (Fc), n = 18 (Sema3B-Fc), n 1095 

= 16 (Fc), n = 17 (Sema3F-Fc). Total number of spines counted in each condition ranged from 1096 

234-1098. 1097 

 1098 

Figure 7.   Localization of CHL1 and Sema3B in cortical pyramidal neurons in postnatal mouse 1099 

neocortex 1100 

A-J) Nex1-CreERT2:Ai9 mice were induced to express tdTomato in postmitotic pyramidal 1101 

neurons by tamoxifen injections (P10-P14), and brains were harvested at P21.  1102 

Immunofluorescence staining was carried out for CHL1 and Sema3B in coronal sections of PFC 1103 

and V1. Nonimmune IgG control is shown as an inset (C, F). Scale bar = 100 μm.  1104 

(A,D) Left panels show tdTomato labeling in unstained sections of PFC and V1.  1105 

        Larger right panels show localization of CHL1 (blue) in cell bodies of tdTomato-1106 

 positive neurons (red), appearing as magenta. 1107 

B,E) Localization of Sema3B (green) in cell bodies of tdTomato-positive neurons (red), 1108 

 appearing as yellow. 1109 

C,F) Colocalization of CHL1 (blue) and Sema3B (green) in cell bodies of tdTomato-1110 

 positive pyramidal neurons (red), appearing as white. 1111 

G-J) Higher magnification of images of apical dendrites in the same sections shows co-1112 

 localization of CHL1 and Sema3B on numerous spines (white).   1113 

 1114 
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Figure 8.  Developmental regulation of CHL1 and Sema3B, and association of CHL1  1115 

 with Sema3B receptor subunits 1116 

A) Expression of CHL1 and Sema3B in cortical lysates (equal amounts of protein) from WT 1117 

mice during postnatal development (P7, P14, P30 and adult). Reprobing of the same 1118 

blot for actin is shown below. Levels of expression of CHL1 and Sema3B relative to actin 1119 

are calculated from densitometric scanning.  1120 

B) Equal amounts of protein from the synaptoneurosome fraction of P28 mouse brain were 1121 

immunoprecipitated with CHL1 antibodies (CHL1 IP), and associated Npn1/2 or PlexA1-1122 

4 were identified by immunoblotting.  Equivalent exposures of immunoblots show that 1123 

CHL1 co-immunoprecipitated with Npn2 to a much greater extent than with Npn1, and 1124 

associated with PlexA4 but not detectably with PlexA1, -2, or -3. Input lanes 1125 

demonstrate the presence of each protein in the synaptoneurosome fraction. This 1126 

experiment was repeated 6 times with similar results. 1127 

C) CHL1 associated directly with Npn2 as shown by co-immunoprecipitation from HEK293T 1128 

cells transfected with CHL1 and Npn2. CHL1 was immunoprecipitated from cell lysates 1129 

(500 μg) with CHL1 antibodies (CHL1 IP) or control normal IgG (nIg), and 1130 

immunoprecipitated proteins or input samples (50 μg) were subjected to immunoblotting 1131 

with Npn2 or CHL1 antibodies. 1132 

D) Sema3B-Fc or Fc proteins (10 nM) were incubated with HEK293T cells expressing 1133 

CHL1 for 30 min, then washed extensively, and lysed.  Fc proteins were pulled down 1134 

from equal amounts of lysates with Protein A/G-Sepharose, and immunoblotted for 1135 

CHL1. Input lanes demonstrate equivalent levels of CHL1 expression in cell lysates. 1136 

Results of prolonged exposure of blots show no direct binding of Sema3B-Fc or control 1137 

Fc to cells expressing CHL1.  1138 
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E) PlexA4 co-immunoprecipitated with Npn2 from equal amounts (500 μg) of cortical 1139 

lysates of WT but not CHL1-null (KO) mice . NIg, normal IgG control.  Blots were 1140 

reprobed with antibodies to Npn2 and CHL1 in panels below.  1141 

F) Schematic of the Sema3B holoreceptor complex containing CHL1, Npn2, and PlexA4 1142 

leading to Sema3B-induced spine retraction. CHL1 domains include immunoglobulin-like 1143 

domains 1-5 and fibronectin III-like domains (FN). Rap-GAP (Rap1 GTPase-activating 1144 

protein). This experiment was repeated 3 times with similar results. 1145 

G) Cortical neuron cultures were treated with or without gabazine (20 μM) for 48 hr. 1146 

Conditioned medium was harvested from cultures at the same plating density, and 1147 

equivalent amounts were analyzed by immunoblotting with Sema3B antibodies. Cell 1148 

lysates (equal protein) prepared from cultures from which conditioned media was 1149 

removed were analyzed by immunoblotting for β-actin and Sema3B.  1150 

H) Histogram depicts the fold change in Sema3B levels in conditioned medium relative to 1151 

actin in the cell lysates (mean ± SEM; n=3, *p = 0.029,  t-test). 1152 

 1153 

Figure 9.   Selective Elimination of Spines by Sema3B and Sema3F 1154 

  A) Apical dendrites from GFP-expressing cortical neurons (green) in DIV 14 cultures were 1155 

treated with either Fc or Sema3B-Fc (5nM) for 30 min, then immunostained for CHL1 (red). 1156 

CHL1-positive spines were selectively eliminated.  Arrows point to residual CHL1-negative 1157 

spines. Scale bar = 10 μm.  1158 

 B) Histogram depicts a significant decrease in the percent of CHL1-positive spines in 1159 

Sema3B-Fc treated neurons (*p = 0.001, 2-tailed t-test, n = 10 neurons per condition).  1160 
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C) Histogram shows decreased spine density (mean ± SEM) in Sema3B-Fc treated neurons 1161 

versus Fc-treated neurons (*p = 3.8E-06, 2-tailed t-test, n = 10 neurons per condition). Total 1162 

spines counted for each condition ranged from 171-343. 1163 

D) Apical dendrites from GFP-expressing cortical neurons (green) in DIV 14 cultures were 1164 

treated with either Fc or Sema3F-Fc (5nM) for 30 min, then immunostained for NrCAM (red). 1165 

NrCAM-positive spines were selectively eliminated.  Arrows point to residual NrCAM-1166 

negative spines. Scale bar = 10 μm.  1167 

E) Histogram depicts a significant decrease in the percent of NrCAM-positive spines in 1168 

Sema3F-Fc treated neurons (*p = 0.00013, 2 tailed t test, n = 10 neurons per condition).  1169 

F) Histogram shows decreased spine density (mean ± SEM) in Sema3F-Fc treated 1170 

neurons versus Fc-treated neurons (*p = 2.4E-05, t test, n = 10 neurons per condition). 1171 

Total spines counted for each condition ranged from 76-204. 1172 

G) Apical dendrites from GFP-expressing cortical neurons (green) in DIV 14 cultures were 1173 

treated with either Fc or Sema3B-Fc (5nM) for 30 min, then immunostained for NrCAM 1174 

(red).  The majority of remaining spines after Sema3B-Fc treatment were NrCAM-1175 

positive (arrows). Scale bar = 10 μm.  1176 

H) Apical dendrites from GFP-expressing cortical neurons (green) in DIV 14 cultures were 1177 

treated with either Fc or Sema3F-Fc (5nM) for 30 min, then immunostained for CHL1 1178 

(red). Arrows point to residual CHL1-positive spines. Scale bar = 10 μm.  1179 

I) Histogram depicts a significant increase in the percent of NrCAM-positive spines in 1180 

Sema3B-Fc treated neurons (*p = 0.002, 2-tailed t-test, n = 10 neurons per condition). 1181 

J) Histogram shows decreased spine density (mean ± SEM) in Sema3B-Fc treated 1182 

neurons versus Fc-treated controls (*p =0.005 , 2-tailed t-test, n = 5 neurons per 1183 

condition). 1184 
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K) Histogram depicts a significant increase in the percent of CHL1-positive spines in 1185 

Sema3F-Fc treated neurons (*p = 7.3E-06 , 2 tailed t test, n = 10 neurons per condition). 1186 

L) Histogram shows decreased spine density (mean ± SEM) in Sema3B-Fc treated 1187 

neurons versus Fc-treated neurons (*p = 0.001, 2-tailed t-test, n = 5 neurons per 1188 

condition). 1189 

M) Apical dendrites from GFP-expressing cortical neurons (green) in DIV 14 cultures were 1190 

treated with either Fc or Sema3F-Fc (5nM) for 30 min, then immunostained for CHL1 1191 

(blue) and NrCAM (red). Yellow spines are NrCAM-positive; cyan spines are CHL1-1192 

positive; and white spines are positive for both CHL1 and NrCAM. Arrows point to 1193 

residual NrCAM-positive spines. Scale bar = 10 μm.  1194 

N) Histogram depicts a significant increase in the percent of NrCAM-positive spines in 1195 

Sema3B-Fc treated neurons (*p = 0.01 , 2-tailed t-test, n = 10 neurons per condition), 1196 

and a significant reduction in percent of CHL1-positive spines (*p=0.015, 2t-ailed t-test, 1197 

n= 10 neurons). 1198 

O) Immunofluorescence staining of CHL1 in GFP-expressing cortical neuron in culture 1199 

shows localization on both apical and basal dendrites of pyramidal-type neuron. 1200 

P) Immunofluorescence staining of Npn2 in GFP-expressing cortical neuron cultures shows  1201 

Npn2 localization to apical but not basal dendrites of pyramidal-type neuron. 1202 

 1203 

 1204 

 1205 

 1206 




















