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ABSTRACT 60 

Dendritic spines are the post-synaptic targets of excitatory synaptic inputs that undergo extensive 61 

proliferation and maturation during the first postnatal month in mice. However, our 62 

understanding of the molecular mechanisms that regulate spines during this critical period is 63 

limited. Previous work has shown that Pannexin 1 (Panx1) regulates neurite growth and synaptic 64 

plasticity. We therefore investigated the impact of global Panx1 KO on spontaneous cortical 65 

neuron activity using Ca2+ imaging and in silico network analysis. Panx1 KO increased both the 66 

number and size of spontaneous co-active cortical neuron network ensembles. To understand the 67 

basis for these findings, we investigated Panx1 expression in postnatal synaptosome preparations 68 

from early postnatal mouse cortex.  Between 2 and 4 postnatal weeks, we observed a precipitous 69 

drop in cortical synaptosome protein levels of Panx1, suggesting it regulates synapse 70 

proliferation and/or maturation. At the same time points, we observed significant enrichment of 71 

the excitatory postsynaptic density proteins PSD-95, GluA1 and GluN2a in cortical 72 

synaptosomes from global Panx1 knockout mice. Ex vivo analysis of pyramidal neuron structure 73 

in somatosensory cortex revealed a consistent increase in dendritic spine densities in both male 74 

and female Panx1 KO mice. Similar findings were observed in an excitatory neuron-specific 75 

Panx1 KO line (Emx1-Cre driven; Panx1 cKOE) and in primary Panx1 KO cortical neurons 76 

cultured in vitro. Altogether, our study suggests that Panx1 negatively regulates cortical dendritic 77 

spine development. 78 

KEYWORDS Pannexin, dendritic spines, cortical neuron, somatosensory, critical period, 79 

neurodevelopment, neuronal network ensembles 80 
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SIGNIFICANCE STATEMENT 81 

Our findings reveal an important regulatory role for Pannexin 1 (Panx1) in the formation of 82 

connections between nerve cells. We found that removal of the Panx1 altered the ability of nerve 83 

cells from the cerebral cortex to fire together. We studied the impact of removing Panx1 on the 84 

formation of 'dendritic spines', which are microscopic protrusions that receive information from 85 

other nerve cells. We found that removing Panx1 increased the expression of proteins involved 86 

in dendritic spine function and also increased the density of dendritic spines on nerve cells of the 87 

cerebral cortex. Together these findings suggest Panx1 is a 'brake' on the development of 88 

dendritic spines with important implications for the development of nerve cell connections. 89 

 90 

INTRODUCTION 91 

Pannexin 1 (Panx1) forms channels permeable to ions and metabolites (as reviewed in 92 

Boyce et al., 2018), with modes of activation, channel properties and selectivity currently the 93 

subject of intense debate and investigation (Chiu et al., 2018). Nonetheless, Panx1 is enriched in 94 

the nervous system, including in neuronal dendrites and spines (Zappala et al., 2006; Zoidl et al., 95 

2007; Weilinger et al., 2012; Cone et al., 2013; Weilinger et al., 2016). Panx1 KO is associated 96 

with changes in hippocampal synaptic plasticity (Prochnow et al., 2012; Ardiles et al., 2014). 97 

 Several lines of evidence suggest that Panx1 could regulate the formation of neuronal 98 

networks or network ensembles, which are groups of spontaneously co-active neurons. 99 

Ensembles are emerging as the functional building blocks of cortical activity that underlie 100 

sensorimotor integration and learning and memory (for review see Harris et al., 2003; Miller et 101 

al., 2014; Carrillo-Reid et al., 2015; Arce-McShane et al., 2016). The formation of synapses 102 

plays a major role in the development of network ensembles, providing the structural basis for 103 
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higher network connectivity (Jung and Herms, 2014; as reviewed in Hoshiba et al., 2017; Frank 104 

et al., 2018). In the rodent cortex, Panx1 transcript levels peak around the time of birth, and then 105 

markedly decline during the first four postnatal weeks (Ray et al., 2005; Vogt et al., 2005). This 106 

decrease in Panx1 coincides with the critical period for the formation of microscopic protrusions 107 

emanating from glutamatergic pyramidal neurons called dendritic spines (Schlaggar et al., 1993; 108 

for review see O'Leary et al., 1994; Grutzendler et al., 2002; Trachtenberg et al., 2002; for 109 

review see Hensch, 2004; Holtmaat et al., 2005), which receive the majority of excitatory inputs 110 

in the brain (as reviewed in Nimchinsky et al., 2002; Alvarez and Sabatini, 2007; Yuste, 2011). 111 

Panx1 regulates neurite growth (Wicki-Stordeur and Swayne, 2013) and interacts with collapsin-112 

response mediator protein 2 (Crmp2; Wicki-Stordeur, 2015; Xu et al., 2018), a stable synaptic 113 

protein (Heo et al., 2018) that regulates spine development (Zhang et al., 2016). 114 

In order to understand how Panx1 regulates cortical neuron development, we used a 115 

multi-level approach involving analyses of network ensembles, synaptic protein expression and 116 

dendritic spines in mice with global and glutamatergic-neuron specific Panx1 KO. Panx1 KO 117 

cortical cultures showed increased network ensemble formation. Moreover, Panx1 KO cortical 118 

synaptosomes exhibited significantly increased expression of excitatory synapse markers (PSD-119 

95, GluA1 and GluN2A) and significantly increased cortical neuron dendritic spine densities. 120 

Together our results suggest that Panx1 regulates network ensemble formation  by acting as a 121 

brake for dendritic spine formation.  122 

 123 

MATERIALS AND METHODS 124 

Antibodies 125 
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Primary antibodies used in this study were: mouse anti-Gad67 (1:120, MAB5406, Millipore-126 

Sigma), mouse anti-PSD-95 (1:50 for ICC; 1:1500 for WB, MA1-045, Thermo-Fisher), rat anti-127 

GFAP (1:200; 1:2000, 13-0300, Thermo-Fisher), rabbit anti-MAP2 (1:400, ab32454, Abcam), 128 

rabbit anti-Panx1 (1:2000 for WB, 91137, Cell Signaling Technologies), rabbit anti-GluA1 129 

(1:2000, 13185, Cell Signaling Technologies), rabbit anti-GluA2 (1:2000, 13604, Cell Signaling 130 

Technologies), rabbit anti-GluN1 (1:1000, 5704, Cell Signaling Technologies), rabbit anti-131 

GluN2A (1:1000, ab169873, Abcam), rabbit anti-GluN2B (1:1000, 4207, Cell Signaling 132 

Technologies). Secondary antibodies used in this study were: Alexa Fluor® 488-conjugated 133 

AffiniPure donkey anti-rabbit IgG (1:600, 711-545-152), Alexa Fluor® 594-conjugated 134 

AffiniPure donkey anti-mouse IgG (1:600, 715-585-150), Alexa Fluor® 647-conjugated 135 

AffiniPure donkey anti-mouse IgG (1:600, 715-605-150), horseradish peroxidase (HRP)-136 

conjugated AffiniPure donkey anti-rabbit IgG (1:4,000 - 1:8,000; 711-035-152), HRP-conjugated 137 

AffiniPure donkey anti-mouse IgG (1:4,000 – 1:8,000; 715-035-150), HRP-conjugated 138 

AffiniPure donkey anti-rat (1:4,000 – 1:8,000; 712-035-150). All secondary antibodies were 139 

obtained from Jackson ImmunoResearch. 140 

 141 

Experimental animals  142 

All animal procedures were performed in accordance with the [Author University] animal care 143 

committee's regulations. Male and female mice from postnatal day zero (P0) to P30 (note that 144 

P29 and P30 mice were both labelled as P29) were used in this study. Global Panx1 KO and 145 

Panx1f/f strains were derived from a strain originally generated by Dr. Valery Shestopalov 146 

(Dvoriantchikova et al., 2012) and now also available from the Jackson Laboratory (#026021). 147 

Note that the original Panx1f/f 129 strain carried a caspase 4 deletion (Vanden Berghe et al., 148 
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2015). These mice have been back-crossed in-house onto C57BL/6J at least 6 times. Wildtype 149 

(WT), Panx1 KO, Panx1f/f, and Emx1-Cre;Panx1f/f (cKOE) are on a C57BL/6J background 150 

(#000664, the Jackson Laboratory). Panx1 KO mice used for dendritic spine analysis were 151 

generated from Panx1+/- breeding pairs (to obtain WT and KO littermates). For conditional KO 152 

experiments, breeding pairs consisting of a Panx1f/f male and a Emx1-Cre;Panx1f/f female were 153 

used to generate Panx1f/f and Emx1IRES-Cre;Panx1f/f littermates. The Emx1IRES-cre strain was 154 

obtained from the Jackson Laboratory (#005628). Mice were housed under a 12 hours light/dark 155 

cycle starting at 8 am, with food and water ad libitum; temperature was maintained between 20-156 

25 °C and humidity at 40% - 65%. All animals were weaned at P21 and housed in an enriched 157 

environment consisting of crinkle paper, nestlets, one paper hut, and one mouse igloo or mouse 158 

tunnel.  159 

 160 

Genotyping 161 

Primers for LoxTGF, LoxTGR, and Panx1 LoxR (CTTTGGCATTTTCCCAGTGT, 162 

CGCGGTTGTAGACTTTGTCA, and GTCCCTACAGGAGGCACTGA) were used to genotype 163 

mice. Identification of mice carrying the Emx1IRES-Cre transgene was determined using the 164 

primers Emx1WTF, Emx1WTR, Generic-CreF, and Generic-CreR (AAGGTGTGGTTCCAG 165 

AATCG, CTCTCCACCAGAAGGCTGAG, GCGGTCTGGCAGTAAAAACTATC, GTGAAA 166 

CAGCATTGCTGTCACTT). Genomic DNA was extracted from tail clips or ear notches using 167 

MyTaqTM Extract-PCR Kit (BIO-21126, Bioline). PCR of DNA from homozygous WT mice 168 

amplifies a single 585 bp band, whereas PCR of DNA from homozygous mutant mice have a 169 

single 900 bp band, with both bands apparent in PCR samples run using DNA from heterozygous 170 

mice; PCR of DNA from Panx1f/f mice have a single 1898 bp band (Dvoriantchikova et al., 171 
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2012). PCR of DNA from mice carrying a single copy of Emx1IRES-cre transgene have both a 378 172 

bp band (WT) and a 102 bp band (Cre), whereas PCR of DNA from those not carrying the 173 

Emx1IRES-Cre transgene have a single 378 bp band.  174 

 175 

Tissue processing and diolistic labelling 176 

Experiments were performed similar to previously described (Brusco et al., 2010; Staffend and 177 

Meisel, 2011). Mice were perfused transcardially with 0.1 M PBS followed by 1.5% 178 

paraformaldehyde (PFA) in 0.1 M PBS for 30-60 seconds. The dissected brains were immersed 179 

in 1.5% paraformaldehyde for 60 minutes and then transferred to 0.1 M PBS. DiI (1,1′-180 

Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; 42364 Millipore-Sigma) crystals 181 

were placed on the dorsolateral surface of the brains and incubated overnight at 37°C in 1.5% 182 

PFA. The tissue was fixed with 4% PFA for 30 minutes at room temperature (RT), followed by 3 183 

washes with 0.1 M PBS and coronally-sectioned on a vibratome (150 μm). Hoechst 33342 184 

(1:500 in 0.1 M PBS, Thermo-Fisher) was used as a nuclear counterstain. 185 

 186 

Dendritic spine analysis in brain sections 187 

Note that imaging and analysis were performed blind to the genotype of the groups. High 188 

resolution 1498 X 1498 image stacks (75.94 nm/pixel; 0.5 μm z-steps) were captured using a 189 

Leica SP8 confocal microscope with 561 nm laser illumination and a 40X/1.30NA oil objective 190 

and 2.6X digital zoom. The laser power and gain were manually adjusted to prevent 191 

oversaturation of pixel intensity values in the apical dendrite. The analysis was carried out with 192 

NIH Image J v.148 (Schneider et al., 2012, https://imagej.nih.gov/ij/) and was restricted to 193 

primary apical dendrites on their trajectory through Layers 2/3. Apical shafts were selected for 194 
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analysis according to the following criteria: 1) The diolistic label reached the soma of a layer 5 195 

pyramidal cell, and 2) the shaft measured 2-4 μm wide, and 3) at least 100 μm of the shaft was 196 

clearly discernible from surrounding cells/shafts. Spines were manually traced through z-sections 197 

from the head to their origin on the shaft, considering the following: i) they protruded from the 198 

shaft by at least 0.4 μm and ii) they were separated by at least 4 μm from a neighbouring apical 199 

dendrite. The spines of 6 apical dendrites that matched these criteria were analyzed for each 200 

animal. The spine density was defined as the number of spines per 10 μm and was calculated by 201 

dividing the total number of spines by the length of the apical dendrite in μm multiplied by 10. 202 

Representative images were processed uniformly with a Gaussian blur of 0.5 pixels, and uniform 203 

adjustments to levels and contrast were made using Photoshop CS6 Extended suite (Adobe 204 

Systems, Inc.). 205 

 206 

Primary cortical neuron cultures 207 

Cortices from P0 WT and Panx1 KO pups of either sex were micro-dissected, chopped with a 208 

razor blade and incubated with papain (150 μg/L, P4762, Millipore-Sigma), dispase I (150 μg/L, 209 

D4818, Millipore-Sigma), and DNAse 1 (100 μg/L, 10104159001, Roche) for 40 minutes, 210 

followed by mechanical dissociation in DMEM/F12 medium supplemented with NeurocultTM 211 

SM1 supplement (05711, STEMCELL Technologies), and L-glutamine (200 mM, 07100, 212 

STEMCELL Technologies), and penicillin/streptomycin (P/S, 0.1 U/mL, 15140122, Gibco). 213 

Cells were plated at a density of 2.5 X 105 cells per cm² on poly-D-lysine (PDL) pre-coated glass 214 

coverslips (GG-12-1.5-PDL, NeuVitro) or NuncTM LabTekTM Chamber SlideTM systems 215 

(154534PK, Thermo-Fisher) for MTT assays. The medium was replaced with NeurocultTM 216 

medium (STEMCELL Technologies, 05700) supplemented with SM1 and L-glutamine, P/S, and 217 
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gentamicin (0.1 mg/mL, G1397, Millipore-Sigma). From 4 days in vitro (DIV) onwards, partial 218 

(half) the medium was replenished with new BrainPhysTM maturation medium (Bardy et al., 219 

2015) supplemented with SM1 and Cytosine β-D-arabinofuranoside (ara-C, C1768, Millipore-220 

Sigma) every third day.  221 

 222 

Immunostaining and spiny protrusions analysis in cultured neurons 223 

Primary cortical neurons were fixed in 4% EM-grade paraformaldehyde solution pre-warmed to 224 

37°C for 10 min, followed by a washed in PBS and permeabilization with 0.25% Triton X-100 in 225 

PBS (PBST) for 10 min at RT, washed again with PBS and then blocked with 10% donkey 226 

serum (DS, 017-000-121, Jackson Immunoresearch), 1% BSA, and 22.52 mg/mL glycine in 227 

PBST for 30 minutes at RT. Following blocking, cultures were incubated with primary 228 

antibodies in 1% BSA, and 5% DS in PBST overnight at 4 °C, washed in PBS three times 229 

(10 min), and incubated with secondary antibodies and Alexa Fluor 555 phalloidin (A34055, 230 

Invitrogen) in PBST supplemented with 1% BSA, and 5% DS for 1 h at RT. After three washes 231 

(10 min), coverslips were mounted on microscope slides using Vectashield Antifade Mounting 232 

Medium (H-1000, Vectorlabs). Hoechst 33342 (H3570, Invitrogen) was used as nuclear stain. 233 

For the analysis of spiny protrusions and PSD-95+ dendritic spines, high resolution (2048 X 234 

2048, pixel size 0.090 μm) images of neurons were captured using a Leica SP8 confocal 235 

microscope (63X/1.20NA). The same acquisition parameters were maintained for all cells across 236 

all separate cultures within an experiment. Dendritic spines were defined as actin-enriched 237 

protrusions ranging from 0.4 μm and 10 μm in length that emanated directly from the dendritic 238 

shaft. Using ImageJ, the longest dendrite of each cell was selected and defined as the primary 239 

neurite. Within the primary neurite, a 20 μm segment from the distal tip of the primary neurite 240 
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was traced and dendritic spines within the segment were traced with individual ROIs; spine 241 

density was defined as the number of spines per 10 μm and was calculated by dividing the total 242 

number of spines traced by length of the apical dendrite in μm multiplied by 10. For cell-type 243 

characterization of neuronal cultures, coverslips were stained with the protocol described above 244 

and primary antibodies (MAP2, Gad67, and GFAP) were incubated overnight at 4 °C, followed 245 

by three 10 min washes in PBS, secondary antibody incubation at room temperature, and three 246 

more 10 min washes before mounting the coverslips with Vectashield. Images (1024 x 1024, 247 

pixel size 0.568 μm, 0.34 mm2) were captured with a Leica SP8 confocal microscope 248 

(20X/0.7NA). The proportion of astrocytes and inhibitory cells were calculated based on GFAP 249 

and Gad67 immunoreactivity relative to the total amount of cells. The proportion of excitatory 250 

cells was determined from MAP2(+)/Gad67(-) relative to the total amount of cells. 251 

Representative images were uniformly adjusted with Gaussian blur (2 pixels), and mild uniform 252 

adjustments to levels and contrast using Photoshop CS6 Extended suite (Adobe Systems, Inc.).  253 

 254 

Neuronal network analysis in primary cortical neuron cultures 255 

For Ca2+ imaging experiments, DIV12-14 neuronal cultures were washed with HBSS and 256 

incubated in in BrainPhysTM maturation medium supplemented 4 μM Fluo-4 AM (F14201, 257 

Thermo-Fisher,) for 40 minutes at 37°C, 5% CO2, and 95% humidity. Coverslips were washed, 258 

transferred to a 35 mm dish containing BrainPhysTM without phenol red (05791, STEMCELL 259 

Technologies), and incubated in the dark for 30 minutes at 37°C, 5% CO2 and 95% humidity to 260 

allow complete de-esterification of the probe. The dish was then mounted onto a heated chamber 261 

held at 37°C, 5% CO2 and images were acquired every 5 seconds for 10 minutes (pixel dwell 262 

time 36 ns, streamed at 7.41 Hz, exposure/frame capture time 135 ms,; 120 frames) using a laser-263 
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scanning microscope (Leica SP8) using 471 nm laser illumination (constant 5% laser power) and 264 

a 20X objective (NA 0.70). Three fields of view (FOVs) were analyzed per coverslip. Regions of 265 

interest (ROIs) were drawn around each soma within each FOV. The raw fluorescence intensity 266 

values over time within each ROI were extracted using the Leica Application Suite Software 267 

(version 3.1.3.16308, Leica Microsystems); the background signal was determined in areas of the 268 

culture lacking neurons and was subtracted from all the intensity records; fluorescence intensity 269 

values were exported as .csv files. Two to three coverslips across 3 independent cultures were 270 

used for this analysis (WT = 8 coverslips across 3 independent cultures; KO = 7 coverslips 271 

across 3 independent cultures). Note that cells exhibiting a range in fluorescence intensity values 272 

limited to within 10% of maximal fluorescence intensity across the entire recording (i.e. 273 

fluorescence intensity of 90% of maximum or greater) were removed from all subsequent 274 

analyses, resulting in a total of 27/1044 cells removed across WT coverslips (2.9%) and 66/1155 275 

cells removed across Panx1 KO coverslips (5.7%). This exclusion criteria allowed us to remove 276 

cells with abnormally high fluorescence values that could have confound our analysis; however, 277 

it might also eliminated cells with very small calcium transients, skewing our results towards 278 

more active cells. Then, the extracted .csv files were processed using the Fluorescence Single 279 

Neuron and Network Analysis Package, FluoroSNNAP 280 

(https://www.seas.upenn.edu/~molneuro/software.html, University of Pennsylvania), an open-281 

source, interactive plugin for MATLAB (MATLAB R2014a, the Mathworks Inc.) for ΔF/F0 282 

conversion from raw F data, spike probability inference, and network ensemble analysis. Once 283 

the raw fluorescence .csv file is imported, the analysis package generates a mock image or stack 284 

by randomly placing all the traced ROIs contained in the .csv file, which serves to interact with 285 

the imported data by selecting individual ROIs and visualizing their time-varying traces. By 286 
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selecting the option “Convert raw fluorescence data to deltaF/F” the difference in fluorescence 287 

(ΔF/F0) was computed by taking the average of all the pixels within each ROI (raw fluorescence 288 

trace) and subtracting each value with the mean of the lower 50% values in the previous 10 289 

frames (adjustable parameter), and then dividing that product by the mean of the lower 50% 290 

values in the previous 10 frames (Patel et al., 2015). Selection of the module “Infer underlying 291 

spike probability” calculates the spike probability of each individual ROI using a fast, non-292 

negative deconvolution method developed by Vogelstein et al. (2010). This inferred spike 293 

probability algorithm represents neuronal activity better than ΔF/F (Vogelstein et al., 2010; 294 

Miller et al., 2014). Network ensembles, defined as the group of co-activate neurons in a high-295 

activity frame, were calculated by thresholding spike probability data to 3 standard deviations 296 

(SDs) above zero, determined from spike probabilities of the entire population in each FOV; this 297 

serves to identify active cells not confounded by noise. Values above the threshold were set to 1, 298 

and those below the threshold were set to 0. Then, these binary activity data were shuffled 1,000 299 

times to identify the statistically significant number of groups of co-active neurons, using a 300 

significant level of p<0.05 (Miller et al., 2014). For distribution analyses the median raw Fluo-4 301 

AM fluorescence intensity (in this case defined as baseline fluorescence) and the difference 302 

between maximum and minimum fluorescence intensity values (in this case defined as ΔF, 303 

fluorescence intensity range) across all frames were obtained for each ROI (cell) collected in the 304 

present study and plotted as relative frequency distributions. Violin plots were generated in 305 

RStudio, and distributions were compared using the non-parametric Mann-Whitney U test.  306 

 307 

MTT cell viability assay 308 
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Cell viability was tested in WT and Panx1 KO neuronal cultures NuncTM LabTekTM Chamber 309 

SlideTM using the Vybrant® MTT ([3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 310 

Bromide]) cell proliferation Assay Kit (V13154, Thermo-Fisher) and following the 311 

manufacturer’s instructions. Briefly, 12 mM of MTT stock solution (Component A) were 312 

prepared by adding 1 mL of PBS to a 5 mg vial of MTT; 20 μL of this 12 mM MTT solution was 313 

added to each well containing neurons bathed in 180 μ L of fresh BrainPhysTM without Phenol 314 

Red (05791, STEMCELL Technologies) and incubated for 4 hours at 37 °C and 5% CO2; wells 315 

without neurons were used as negative controls. After this step, ¾ of the medium were removed 316 

and 100 μL of DMSO were added in, mixing thoroughly the contents of the well and incubating 317 

for 10 minutes at 37 °C. After this, the resulting solution was mixed once again, and the 318 

absorbance was read at 540 nm using a microplate reader (Infinite®PRO microplate reader, 319 

Tecan Life Sciences). All absorbance values represent the average of 9 scans per well and were 320 

normalized to blank wells (wells without neurons). Six wells per culture per group were used for 321 

this assay (n = 3 per group).   322 

 323 

Synaptosome preparation and Western blotting (WB) 324 

Synaptic proteins were extracted using Syn-PER™ Synaptic Protein Extraction Reagent (87793, 325 

Thermo-Fisher) according to the manufacturer’s instructions. Briefly, WT and Panx1 KO P14 326 

and P29 cortices were dissected and weighed and then submerged in ice-cold Syn-PER reagent 327 

(1mL/100mg) supplemented with protease inhibitor cocktail (P8340, Milipore-Sigma). After 328 

homogenization on ice, 10%-20% of the homogenate was stored at -80°C for future analysis; the 329 

remaining of the homogenate was centrifuged at 1200 X g for 10 minutes at 4°C. The pellet was 330 

discarded, and the supernatant transferred to a new tube, for a new round of centrifugation at 331 
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15,000 X g for 20 minutes at 4°C, obtaining synaptosomes. This pellet was resuspended in Syn-332 

PER™ reagent using 150 μL per 100 mg of brain tissue. This synaptosome suspension was 333 

stored in 5% (v/v) DMSO at -80°C until analysis. On the day of analysis, 50 μL of the 334 

synaptosome suspension was placed in a new tube and centrifuged to collect the pellet. Protein 335 

was extracted by adding 200 μL of PBS-based RIPA lysis buffer (1% IGEPAL, 0.5% sodium 336 

deoxycholate, 0.1% SDS, supplemented with PI cocktail, PMSF and Na orthovanadate) and 337 

immersion in ice for 30 minutes. Samples were heated to 95-100°C for 10 minutes in Laemmli 338 

sample buffer, DTT and β−ME before loading 10 μg of protein per lane onto 10% PAGE gels 339 

(TGX Stain-Free FastCast Acrylamide Kit 161-0183, Bio-Rad) and protein separation was 340 

achieved by application of 200 V. Following electrophoresis, gels were exposed to 30 s UV (G-341 

box imager) to obtain the Stain-free signal (total protein) and then transferred to polyvinyldene 342 

fluoride (PVDF) for 1 hour at 100 V. Following this, the Stain-free signal was captured by UV 343 

light (5 s), rinsed with deionized water for 30 s, blocked in 5% skim milk in PBS supplemented 344 

with 0.1% Tween 20, incubated with primary antibodies at 4°C overnight, and secondary 345 

antibodies for 1 h at RT after three washes in PBST. The immunoreactive bands were visualized 346 

by enhanced chemiluminescence and quantified using ImageJ (http://imagej.nih.gov/ij/). To 347 

determine the cortical specificity and extent of Panx1 KO of the excitatory-specific Panx1 KO 348 

model (cKOE), we made whole lysates from the cortices and cerebelli of Panx1f/f and cKOE 349 

littermates using PBS-based RIPA lysis buffer and as described above. 350 

 351 

Experimental Design and Statistical Analysis 352 

For ex vivo analysis (diolistic labeling of dendritic spines) WT and Panx1 KO groups consisted 353 

of equal numbers of male and female mice. Note that separate analyses of male and female 354 
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groups revealed no sex-specific differences in the overall effects and so the sexes were 355 

combined. For in vitro experiments, appropriate controls are clearly identified in detail in the 356 

figures and figure legends. Treatment timelines and all other relevant details are described in the 357 

results and figure legends and where appropriate, illustrated on the figures themselves. 358 

Researchers were blinded to the identity of the treatment/experimental groups at all stages of the 359 

analysis, except for Western blot analysis. Data are presented as means ± SEM. Significance 360 

comparisons were calculated using unpaired Student t-test, one-way ANOVA and two-way 361 

ANOVA for grouped analyses. Bonferroni’s correction was used for multiple comparisons when 362 

appropriate. When interactions were statistically significant while using two-way ANOVA for 363 

grouped analysis, a simple effect ANOVA with multiple comparison were performed using 364 

Bonferroni’s correction. For non-normally distributed data we used non-parametric tests. Details 365 

of normality tests can be found in Table 1. Statistical significance was determined by a P value 366 

<0.05 in all tests used in the present study. Data was analyzed using GraphPad Prism version 367 

6.0d (GraphPad Software, San Diego, CA), and RStudio (version 1.1.463, RStudio Inc). 368 

Significance is denoted as P< 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****). 369 

Results of statistical tests are described in detail in the Table 1; superscript letters throughout the 370 

results section and figure legends indicate the corresponding statistic in the table.  371 

 372 

RESULTS 373 

Increased network ensembles and altered Ca2+ dynamics in Panx1 KO cortical neurons  374 

To determine the impact of Panx1 on network connectivity, we performed Fluo-4 AM Ca2+ 375 

imaging in primary cortical neuron cultures from WT and Panx1 KO mice (Figure 1). 376 

Spontaneous developing networks in cultured cortical neurons exhibit self-sustaining bursts 377 
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lasting a few hundred milliseconds  occurring at 0.05 Hz to 0.1 Hz between DIV8-21 (Habets et 378 

al., 1987; Murphy et al., 1992; Maeda et al., 1995; Tibau et al., 2013). Considering these 379 

characteristics and other experimental factors (minimization of phototoxicity, imaging multiple 380 

fields-of-view; FOV), we imaged DIV12-14 cultures at 0.2 Hz (pixel dwell time = 36 ns; total 381 

frame capture time = 135 ms) for 10 minutes (120 frames). To tease out the effects of Panx1 KO 382 

on network properties we performed computational modeling of our Ca2+ imaging data using the 383 

MATLAB based open-source package, FluoroSNNAP (Fluorescence Single Neuron and 384 

Network Analysis Package). FluoroSNNAP allowed us to determine the number and properties 385 

of network ensembles, which are defined as a group of neurons that undergo a statistically 386 

significant degree of co-activation neurons. These ensembles are identified by their contribution 387 

to a so-called ‘high-activity frame’ characterized by a statistically significant proportion of 388 

activated neurons (Miller et al., 2014; Patel et al., 2015). Within this algorithm, statistically 389 

significant (p <0.05) high activity frames are identified by comparing the mean activity level of a 390 

given frame with a computationally-derived activity threshold calculated using the inferred spike 391 

activity data of each cell permutated 1,000 times across the entirety of the recording period). 392 

Figure 1A depicts Fluo-4 and FluoroSNNAP analyses from exemplary FOV and 393 

exemplary cells from wildtype (left side) and Panx1 KO (right side) cortical neuron cultures. 394 

Figure 1Ai  depicts two sequential Fluo-4 fluorescence frames captured from an exemplary WT 395 

FOV (left side) and an exemplary Panx1 KO FOV (right side) cultured cortical neurons. An 396 

increase in Fluo-4 fluorescence intensity in exemplary WT cell #75 highlighted in ‘high-activity’ 397 

frame #27 (on the right) is evident upon comparison with the preceding frame (#26). Similarly, 398 

an increase in Fluo-4 fluorescence intensity in exemplary Panx1 KO cell #85 highlighted in 399 

‘high-activity’ frame #30 (on the right) is evident upon comparison with preceding frame (#29). 400 
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The FluoroSNNAP-computed ΔF/F (Figure 1Ai middle panels) and inferred activity (Figure 401 

1Ai  bottom panels) of these two exemplary cells is also shown across all frames. Figure 1Aii 402 

depicts the percent of co-active neurons (top panels) and cell-specific spike activity (raster plot; 403 

bottom panels) across all 120 frames from the wildtype (left) and Panx1 KO (right) exemplary 404 

FOV. In this exemplary FOV, there are more red crosses (spikes from cells participating in a 405 

network ensemble) in the Panx1 KO raster plot. Note that total of 27/1044 cells (2.9%) were 406 

removed from WT (2.9%) and 66/1155 cells (5.7%) were from Panx1 KO coverslips according 407 

to our exclusion criteria (cells exhibiting sustained fluorescence intensity at 90% of maximum or 408 

greater). Consistent with this exemplary data, overall, Panx1 KO cultures exhibited a significant 409 

increase in network ensembles (Figure 1Bi; p = 0.0014a1) and number of cells per ensemble 410 

(Figure 1Bii; p < 0.0001a2), as well as a significant increase in core ensembles (co-active groups 411 

of neurons active in more than one network ensemble; Figure 1Ci; p = 0.0071b1). These changes 412 

in network properties were still observed when all the above excluded cells were included. We 413 

then looked at raw fluorescence intensity values from Fluo-4 AM labeled primary cortical 414 

neurons and plotted the median (defined as baseline for this analysis) and the difference between 415 

the maximum and minimum fluorescence intensity values (ΔF, fluorescence intensity range) for 416 

each neuron recorded during our imaging sessions. Panx1 KO neurons exhibited a significant 417 

increase in the baseline intensity of Ca2+ transients (Figure 1D; p < 0.0001c) and range of 418 

fluorescence compared to WT neurons (Figure 1E; p < 0.0001d). Additionally, we examined 419 

cell-type composition and cell viability. WT and Panx1 KO DIV12-13 cortical neuron cultures 420 

were composed of highly similar percentages of excitatory neurons (~80%), inhibitory neurons 421 

(~16%), and astrocytes (2-4%; Figure 1F; p = 0.9702e4,8, p = 0.7500e5,9, p = 0.1026e6,10 422 

respectively). The low percentage of interneurons is consistent with previous data from this 423 
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developmental timepoint (Habets et al., 1987; Benson et al., 1994; Frega et al., 2014; Johnson et 424 

al., 2015). Similarly, cell viability assessed by the conversion of MTT to formazan (MTT assay) 425 

was not significantly different between the two groups (Figure 1G; p = 0.9089f). Taken together, 426 

these data suggest that Panx1 KO enhances functional connectivity of developing networks 427 

cortical neurons.  428 

 429 

Panx1 is enriched in synaptic compartments  430 

To confirm expression of Panx1 in synaptic compartments, P14 cortical synaptosome fractions 431 

were prepared and validated by enrichment for PSD-95, and exclusion of the astrocyte protein 432 

glial fibrillary acidic protein (GFAP) by Western blotting (Figure 2A). The synaptosome 433 

fractions demonstrated specific enrichment of Panx1 (Figure 2Aiii; p = 0.0093g6,8). Western blot 434 

analysis of whole cortical lysates from WT (C57BL/6J) mice revealed a dramatic drop in Panx1 435 

expression from P7 to P14, and further, from P14 to P29 (Figure 2Bii; p <0.0001g2, p = 436 

0.0006g3), consistent with previous reports demonstrating peak Panx1 transcript expression at 437 

embryonic day (E) 18 followed by a precipitous postnatal drop (Ray et al., 2005; Vogt et al., 438 

2005).   439 

 440 

Increased PSD-95 and altered postsynaptic receptor expression in Panx1 KO cortical 441 

synaptosomes  442 

Similar to the changes observed in Panx1 expression in whole cortex lysates, Panx1 expression 443 

in cortical synaptosomes dropped significantly (~80%) between P14 and P29 (Figure 3A, B; p 444 

<0.0001g3,4,7). Panx1 was not detected in cortical synaptosomes from global Panx1 KO mice 445 

(Figure 3A, B). Consistent with the rapid development of dendritic spines in the first month of 446 
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postnatal life (Miller, 1986; Zuo et al., 2005; Romand et al., 2011), expression of PSD-95 447 

increased significantly between P14 and P29 (Figure 3B; p <0.0001h3). Somewhat unexpectedly, 448 

PSD-95 was further increased in Panx1 KO synaptosomes relative to synaptosomes from age 449 

matched WT controls (P14, p <0.0001h4; P29, p = 0.0220h5). These changes were accompanied 450 

by significant increases in GluA1 and GluN2A in Panx1 KO synaptosomes (Figure 3B; p = 451 

0.0082i2 and p = 0.0126l2, respectively). Interestingly, the developmental increase in GluN1 was 452 

more pronounced in WT synaptosomes (p = 0.0009m7), while GluN2B levels in Panx1 KO 453 

synaptosomes were higher at P14 and showed a more marked developmental decline at P29 (p = 454 

0.0488o3, p = 0.0240o5). Since the elevated PSD-95 and altered expression of glutamate 455 

postsynaptic receptor subunits in Panx1 KO synaptosomes could result from changes in the 456 

number of dendritic spines, we next investigated the impact of Panx1 KO on the density of 457 

dendritic spines in cortical neurons ex vivo.  458 

 459 

Increased dendritic spine densities in cortical neurons from Panx1 KO mice  460 

Based on our finding that synaptosomal PSD-95 expression was selectively increased in age-461 

matched Panx1 KO cortical synaptosomes, we tested the hypothesis that Panx1 regulates 462 

dendritic spine development. We used the fluorescent lipophilic dye, DiI (1,1′-Dioctadecyl-463 

3,3,3′,3′-tetramethylindocarbocyanine perchlorate), which allows for relatively sparse labelling 464 

of somatosensory layer 5 pyramidal neurons (Figure 4A). As predicted, spine densities from the 465 

apical dendritic tuft of layer 5 pyramidal neurons were significantly higher in Panx1 global KO 466 

mice than age matched WT controls at both P14 and P29 (Figure 4Bi, Bii; P14, p = 0.0014p1; 467 

P29, p <0.0001q1). These changes were consistent with the increased synaptosome PSD-95 468 

expression observed at P14 and P29. Next, because Panx1 has also been detected in astrocytes 469 
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(Huang et al., 2007; Iglesias et al., 2009), microglia (Burma et al., 2017), and several vascular 470 

system cell types (Begandt et al., 2017) in various contexts, we also generated a conditional 471 

glutamatergic neuron-specific (Emx-1IRES-cre;Panx1f/f) Panx1 KO (Panx1cKOE). Consistent with 472 

the global Panx1 KO, spine densities in Panx1cKOE were significantly higher than in Panx1f/f 473 

controls (Figure 4Biii; p = 0.0104r1). The Cre-based recombination in the Emx1-expressing 474 

lineage begins as early as E10.5 (Gorski et al., 2002). Western blot analysis (Figure 4Biv) of 475 

Panx1cKOE and control (Panx1f/f) cortical (Cx) and cerebellar (Cb) lysates demonstrates 476 

substantial reduction of Panx1 immunoreactivity in Panx1cKOE cortical lysates, confirming 477 

Panx1 KO in cortical excitatory neurons (comprise the majority of cortical tissue). Notably, 478 

mean spine lengths were not significantly different with either Panx1 KO line, suggesting the 479 

additional spines do not represent abnormally long spines or filopodia, (Miller and Peters, 1981; 480 

Ziv and Smith, 1996; Zuo et al., 2005; for review see Sala and Segal, 2014). Panx1 KO primary 481 

cortical neurons grown in culture for 12 days-in-vitro exhibited significantly higher densities of 482 

dendritic protrusions resembling dendritic spines (Figure 4C). A similar proportion of dendritic 483 

protrusions co-localized with PSD-95 in both wildtype and Panx1 KO cortical neurons and spine 484 

lengths were not significantly different between groups. Together these results suggest that 485 

deletion of Panx1 in glutamatergic cortical neurons increases spine density in a cell-autonomous 486 

way.  487 

 488 

DISCUSSION 489 

To our knowledge, this is the first study connecting Panx1 to the structural development 490 

of dendritic spines. We observed similar spine lengths and proportions of spines expressing PSD-491 

95 in wildtype and Panx1 KO cortical neurons, suggesting Panx1 KO does not simply induce a 492 
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selective proliferation of immature spines, but rather increases the number of spines with very 493 

similar properties to those found in WT cortical neurons. Our results suggest that this increase in 494 

dendritic spine density underlies the larger number of network ensembles observed in Panx1 KO 495 

cortical cultures. These findings are consistent with recent evidence demonstrating that 496 

incorporation of a cell into a network ensemble requires the development of spines and synapses 497 

(Jung and Herms, 2014; as reviewed in Hoshiba et al., 2017; Frank et al., 2018). While cortical 498 

cultures, in which we performed our network analysis, are known to contain abundant autaptic 499 

connections, these are also highly abundant within the developing rodent neocortex. Lübke et al.  500 

(1996) reported that autaptic contacts are found in most layer 5 cortical neurons in situ in the 501 

developing rat neocortex (92% of all coupled neurons; 80% of all cells analyzed). Amongst 502 

others, a recent report from Yin et al. (2018) confirmed that autapses occur in layer-5 pyramidal 503 

neurons in developing mouse prefrontal cortex and human frontal lobe (acute brain slices) that 504 

persist into adulthood, promoting neuronal responsiveness, burst firing and coincidence 505 

detection. Thus, not only might Panx1 KO impact autapses in culture but also potentially in vivo. 506 

It is also important to note that our understanding of the contribution of spine development and 507 

synaptic strengthening to spontaneous network development is still relatively limited and we 508 

cannot yet determine whether the ~20-30% increases in spine density we observed ex vivo and in 509 

vitro equates directly to 20-30% increases in the number of synapses. Finally, given that not all 510 

synapses/cells are recruited to shape the development of neuronal network ensembles, and since 511 

our current understanding of the recruitment process is limited (Hoshiba et al., 2017), in the 512 

absence of more sophisticated methodology, we are unable to predict which Panx1 KO cells 513 

might be engaged in enhanced coupling. Moreover rescue experiments in which Panx1 is re-514 
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expressed in control and Panx1 KO neurons are now needed to determine whether the role of 515 

Panx1 in regulating spine formation and network ensembles is direct. 516 

The current study expands on previous findings relating to synaptic plasticity in Panx1 517 

KO mice by focusing on a different region of the brain, the cortex, and by focus on potential 518 

developmental contributions. Previous studies focused primarily on the hippocampal CA1 region 519 

at one month of age or older (Prochnow et al., 2012; Ardiles et al., 2014). These studies showed 520 

increased CA1 long-term potentiation (LTP) (Prochnow et al., 2009; Ardiles et al., 2014) as well 521 

as a reduction in LTD (Ardiles et al., 2014) associated with Panx1 KO; albeit, these effects were 522 

observed uniquely in adult animals (3 months for the Prochnow et al. study, 9-12 months for the 523 

Ardiles et al. study). Ardiles et al. (2014) found that hippocampal Panx1 expression levels were 524 

greatly reduced between young (one month) and older (9-12 month-old) animals, which is 525 

consistent with our findings over our earlier age range, and suggest that the decline in Panx1 526 

levels begins in the early postnatal period and continues on with increasing age. More recent 527 

work showed that Panx1 channels are strongly active under ictal conditions in human brain 528 

cortical tissue from epilepsy patients and in the CA1 region of the hippocampus following kainic 529 

acid seizure induction (Dossi et al., 2018), suggesting that in pathological conditions Panx1 is 530 

positively correlated with excitability; although the mechanistic underpinnings, such as the 531 

possible interneuronal or glial contributions to this effect, have not yet been fully resolved. 532 

Relatedly, because Panx1 has been detected in multiple cell types and has been associated with 533 

cell death processes (reviewed in Sandilos and Bayliss, 2012; Thompson, 2015; Swayne and 534 

Boyce, 2017), we analyzed the cellular composition and viability of our cortical cultures. 535 

Wildtype and Panx1 KO cultures were comprised of similar percentages of excitatory neurons, 536 

inhibitory neurons and astrocytes. The majority of cells in both wildtype and Panx1 KO cultures 537 
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were excitatory neurons (~80%). Inhibitory neurons, although less abundant (~16% in our 538 

cultures for both wildtype and Panx1 KO), play an important role in shaping cortical networks 539 

(Lu et al., 2017). Panx1 has been detected in both excitatory and inhibitory neurons (Ray et al., 540 

2005; Vogt et al., 2005; Zoidl et al., 2007), and this is consistent with our Western blot data from 541 

Panx1cKOE (glutamatergic-specific Panx1 KO) and control (Panx1f/f) lysates. Cortical control 542 

(Panx1f/f) lysates exhibited a minor residual Panx1 immunoreactivity which likely reflects 543 

expression in inhibitory neurons. While together our results suggest that the impact of Panx1 KO 544 

on dendritic spine formation is cell-autonomous (glutamatergic neurons), a potential contribution 545 

of inhibitory neuron Panx1 to network ensemble development remains to be determined. 546 

The mechanisms governing spine formation and plasticity are poorly understood 547 

(reviewed in Yoshihara et al., 2009; Murakoshi and Yasuda, 2012), and are developmental age 548 

and brain region specific, making it difficult to directly compare these previous studies with our 549 

own. For example the major chloride extruder in neurons, KCC2, differentially regulates brain-550 

derived neurotrophic factor (BDNF)-dependent dendritic spine development in CA1 and 551 

somatosensory neurons during the first postnatal week, (Awad et al., 2018). This study suggests 552 

molecular mechanisms of dendritic spine formation in different brain regions might not be 553 

completely generalizable. Moreover, mounting evidence implicates Panx1 as a possible chloride 554 

permeable channel (Ma et al., 2012; Nomura et al., 2017) and thus this differential regulation and 555 

of a chloride extruder could directly impact on Panx1 in spine formation; although it remains to 556 

be confirmed whether Panx1 channel function itself is implicated in the regulation of spine 557 

development. Further, BDNF, which regulates the brain region-specific effect of KCC2 (Awad et 558 

al., 2018), is expressed at higher levels in the hippocampus than in the cortex (Awad et al., 559 
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2018), suggesting fundamental differences in baseline levels of key molecular effectors of 560 

synaptic plasticity.  561 

Activity-driven spine stabilization requires PSD-95 (Ehrlich et al., 2007); PSD-95 is 562 

more frequently detected at stable rather than transient synaptic contacts (Taft and Turrigiano, 563 

2014), and its overexpression increases synaptic contact stability (El-Husseini et al., 2000). 564 

Moreover, most spines lacking a PSD do not persist longer than one day, and further, a reduction 565 

in PSD-95 precedes spine loss (Cane et al., 2014). BDNF-dependent PSD-95 delivery into spines 566 

requires tubulin polymerization (Hu et al., 2011). Microtubule spine invasion is thought to be 567 

necessary for kinesin-based transport of cargo required for spine stabilization (reviewed in Dent, 568 

2017); although the mechanisms regulating this process are still relatively unknown. A recent 569 

report described an interaction between Panx1 and Crmp2 (Xu et al., 2018), a protein that 570 

regulates microtubule stabilization and elongation (Fukata et al., 2002; Niwa et al., 2017). Block 571 

of Panx1 with probenecid reduces the Panx1-Crmp2 interaction and concomitantly results in 572 

increased microtubule stability and enhance neurite outgrowth (Xu et al., 2018). Moreover, 573 

deletion of Crmp2 reduces dendritic spine density (Zhang et al., 2016). Of note, synaptosome 574 

fractions of WT and Panx1 KO cortices at P14 and P29 exhibited similar Crmp2 protein levels 575 

(data not shown). Together these findings suggest a working model in which Panx1 sequesters 576 

Crmp2 by physical interaction until a specific cue, possibility a local elevation in extracellular 577 

ATP (Boyce et al., 2015; Boyce and Swayne, 2017), triggers Panx1 downregulation in the 578 

spine/shaft and release of Crmp2 to facilitate microtubule elongation, invasion and delivery of 579 

PSD-95 into the spine thereby facilitating associated downstream molecular events associated 580 

with spine growth and stability. The role of Panx1-interacting proteins in Panx1 regulation of 581 

spine development will be the focus of future studies. 582 
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Altogether, our novel findings presented here have implications for understanding 583 

neurodevelopment and diseases involving changes in spines. Alterations in dendritic spine 584 

densities have been described in a variety of neuropsychiatric disorders (Swann et al., 2000; 585 

Kulkarni and Firestein, 2012; Forrest et al., 2018). Of note, a recent study identified a human 586 

PANX1 variant with multi-organ developmental abnormalities associated with marked 587 

intellectual disability (Shao et al., 2016). Moreover, single nucleotide polymorphisms affecting 588 

Panx1 expression levels have been implicated in ASD (Davis et al., 2012). Therefore, 589 

understanding the developmental role of Panx1 could provide important insights into variations 590 

in normal brain development as well as risk of neurodegenerative and neuropsychiatric disease. 591 
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 806 

FIGURE LEGENDS 807 

 808 

Figure 1. Increased network ensembles and altered Ca2+ dynamics in Panx1 KO cortical 809 

neurons 810 

A. Representative analyses for functional connectivity in WT and Panx1 KO primary cortical 811 

neuron cultures. Ca2+ imaging data was collected using confocal microscopy in DIV12 primary 812 

cortical neurons using Fluo-4-AM. A MATLAB based program called FluoroSNNAP was used 813 

to determine network ensemble properties. A(i) Confocal micrographs of exemplary fields of 814 

view (FOVs) of WT and Panx1 KO (labelled as KO) demonstrating Fluo-4-derived Ca2+ activity 815 

from low and high activity frames (as indicated), along with the FluoroSNNAP output ∆F/F 816 

(middle panels) and inferred spikes (bottom panels) from the identified WT (#75) and KO (#85) 817 

cells. A.(ii). Percentage of active neurons in each frame from the example FOVs (top panels). 818 

The red line indicates the threshold for a statistically significant number of coactive cells in a 819 

frame used by FluoroSNNAP (3 standard deviations; SD). Raster plots of WT and KO example 820 

FOVs (bottom panels) generated from thresholded spike probability data. Spikes from cells 821 

participating in a network ensemble are shown in red. The exemplary high activity frames and 822 

cells from part A are also highlighted in red. B. Network ensemble data from WT and Panx1 KO 823 
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DIV12 primary neuron cultures. B.(i). The mean number of network ensembles was increased in 824 

Panx1 KO cultures (WT: 4.0 ± 0.6, KO: 7.6 ± 0.7 network ensembles; t(13) = 4.1, p = 0.0014a1; n 825 

= 7-8 coverslips from 3 independent cultures; **p < 0.01). B(ii). The number of cells involved in 826 

network ensembles was also increased in Panx1 KO neurons (WT: 5.0 ± 0.6, KO: 8.5 ± 0.6 cell 827 

per ensemble; t(13) = 4.4, p < 0.0001a2; n = 20-21 network ensembles from 3 independent 828 

cultures; ****p < 0.0001). C. Core network ensemble data from WT and Panx1 KO DIV12 829 

primary neuron cultures.  C(i). The mean number of core ensembles (co-activated neurons 830 

participating in more than one ensemble) was increased in Panx1 KO cultures (WT: 1.2 ± 0.3, 831 

KO: 2.7 ± 0.5 core ensembles; t(39) = 2.8, p = 0.0071b1; n = 20-21 network ensembles from 3 832 

independent cultures; **p < 0.01). C(ii). The number of cells forming a core ensemble was not 833 

significant different between the analyzed groups (WT: 3.1 ± 0.3, KO: 3.7 ± 0.3 cells per core 834 

ensemble; t(30) = 1.3, p = 0.1968b2; n = 12-20 core ensembles from 3 independent cultures; n.s., 835 

not significant). D. Distributions and violin plots of resting and total change (maximum minus 836 

minimum) in Fluo-4 fluorescence intensities in DIV12-14 primary cortical neuronal cultures. 837 

D(i). Frequency distributions of Fluo-4 Ca2+ indicator dye fluorescence intensities of WT (red) 838 

and Panx1 KO (blue) revealed a right shift towards higher median Ca2+ levels at baseline 839 

(defined the as raw median fluorescence intensity value for each neuron; WT median = 37, n = 840 

1017 cells; KO median = 58.50, n = 1089 cells; p < 0.0001c; Mann-Whitney U = 316,969; data 841 

compiled from 7-8 coverslips from 3 independent cultures per condition; ****p < 0.0001). 842 

Dotted lines represent the mean of each distribution; a.u., arbitrary units. E. Similarly, the 843 

difference between the maximum and minimum fluorescence intensity values (ΔF, fluorescence 844 

intensity range) was right-shifted and significant larger in Panx1 KO neurons (WT median = 16, 845 

n = 1017 cells; KO median = 25, n = 1089 cells; p < 0.0001d; Mann-Whitney U = 294,294; data 846 
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compiled from a total of 7-8 coverslips across 3 independent cultures per condition; ****p < 847 

0.0001). Dotted lines represent the mean of each distribution; a.u., arbitrary units. F. WT and 848 

Panx1 KO cortical neuronal cultures have a similar cell-type composition. F(i). Representative 849 

images of WT and Panx1 KO cortical neurons labeled with the pan-neuronal marker MAP2, 850 

interneuron marker Gad67, and the astrocytic marker GFAP. Scale bar, 100 μm. F(ii). The 851 

proportion of excitatory neurons, inhibitory neurons, and astrocytes was similar between groups 852 

(WT excitatory neurons = 81.4% ± 1.3%, KO excitatory neurons = 79.8% ± 1.6%, p = 0.9702e8; 853 

WT inhibitory neurons = 17.1% ± 1.3%, KO inhibitory neurons = 15.2% ± 1.0%, p = 0.7500e9; 854 

WT astrocytes = 1.5% ± 0.4%, KO astrocytes = 4.9% ± 1.0%, p = 0.1026e10, Simple effect 855 

ANOVA with Bonferroni’s multiple comparison test, n = 16 FOV from 2 independent cultures; 856 

n.s., not significant). G.WT and Panx1 cortical neurons have similar cell viability. Conversion of 857 

MTT to formazan (absorbance measured at 540 nm) was not significant between groups (WT = 858 

100% ± 2.5%, KO = 98.62% ± 8.5%; p = 0.9089f; t(4) = 0.128;  n = 3 independent cultures; n.s., 859 

not significant). Data are presented as mean ± SEM.    860 

 861 

Figure 2. Panx1 is enriched in synaptic compartments 862 

A. Synaptic protein extraction and isolation reveals Panx1 enrichment in cortical synaptic 863 

compartments. A(i). Protocol for synaptosome preparation from dissected cortical tissue using 864 

SynPerTM. A(ii). Western blot of subcellular fractionations obtained from a P14 WT brain and 865 

probed with PSD-95 (top panel), Panx1 (second panel), and GFAP (third panel), with Stainfree 866 

(total protein) in the bottom panel, demonstrating enrichment of PSD-95 in the P3 fraction 867 

(synaptosomes) and exclusion of GFAP (negative control). A(iii). Quantification of Panx1 868 

enrichment in synaptic compartments as determined by higher immunoreactivity in P3 869 
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(synaptosomes) relative to homogenate. As expected, PSD-95 was also enriched in P3 (Panx1, p 870 

= 0.0093g6,8; PSD-95, p <0.0001g5,7; Simple effect ANOVA with Bonferroni’s multiple 871 

comparison test; n = 3 animals; **p <0.01, ****p<0.0001). B. Panx1 cortical expression is 872 

developmentally down regulated B(i). Western blot of WT dissected whole cortical tissues from 873 

P7-P63 animals, probed with Panx1 (top panel), and Stainfree (total protein) in the bottom. B(ii). 874 

Panx1 expression decreases with age (age, F(3,8) = 365.9, p <0.0001h1; n = 3 animals per group; 875 

****p<0.0001) with levels markedly dropping from P7 to P14 (p<0.0001h2; P14-P29, p = 876 

0.0006h3; P29-P63, p = 0.9604h4; one-way ANOVA with Bonferroni’s comparison test; n = 3 877 

animals per age group; ***p <0.001; ****p<0.0001; n.s., not significant). Data are presented as 878 

mean ± SEM.  879 

 880 

Figure 3. Increased PSD-95 and altered postsynaptic receptor expression in Panx1 KO 881 

cortical synaptosomes  882 

 A. Representative Western blots of cortical synaptosome preparations from WT and Panx1 KO 883 

(P14 and P29) probed for Panx1, PSD-95, and glutamate postsynaptic receptor subunits (GluA1, 884 

GluA2, GluN1, GluN2A, GluN2B). The BioRad Stain-free reagent (bottom panel) was used to 885 

quantify total protein for normalization. Molecular weight markers are indicated in kilodaltons 886 

(kDa). B. Expression levels for each protein were normalized to total protein and expressed as a 887 

percent of WT P14 values; n = 5 animals per group analyzed in 5 independent experiments. 888 

Panx1 significantly decreased from P14 to P29 in WT cortical synaptosomes (P14 = 100 ± 9.4%; 889 

P29 = 13.4 ± 1.2%, p <0.0001i3,4,7, simple effect ANOVA with Bonferroni’s multiple 890 

comparison test; ****p <0.0001). No Panx1 signal was detected in Panx1 KO cortical 891 

synaptosomes. PSD-95 significantly increased with age in both WT and Panx1 KO, and was also 892 
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significantly higher in Panx1 KO relative to WT within age-matched controls (age: F(1,16) = 37.4, 893 

p <0.0001j3; genotype: F(1,6 = 175.8, p <0.0001j2; interaction: F(1,16) = 4.2, p = 0.0570j1; two-way 894 

ANOVA with Bonferroni’s multiple comparison test; WT P14 = 100 ± 8.5%, KO P14 = 179.2 ± 895 

9.1%, p <0.0001j4; WT P29 = 248.5 ± 9.0%, KO P29 = 287.9 ± 11.8%, p = 0.0220j5; *p <0.05, 896 

****p <0.0001).. GluA1 and GluN2a also exhibited age-matched increases in expression in 897 

Panx1 KO cortical synaptosomes (GluA1: genotype, F(1,16) = 9.090, WT P14 = 100 ± 7.2%, KO 898 

P14 = 155.6 ± 24.4%; WT P29 = 93.42 ± 14.9%, KO P29 = 168.4 ± 31.7%, p = 0.0082k2; 899 

GluN2A: F(1,16) =  7.892, WT P14 = 100 ± 12.2%, KO P14 = 167.8 ± 31.20%; WT P29 = 121.4 ± 900 

23.2%, KO P29 = 201.3 ± 33.3%,, p = 0.0126n2), GluN1 developmental upregulation was more 901 

pronounced in the WT group (p = 0.0009m1-8), while GluN2B immunoreactivity was in P14 902 

Panx1 KO synaptosomes with steeper developmental decline at P29 compared to WT (age: F(1,16) 903 

= 4.547, p = 0.0488o3; WT P14 = 100 ± 6.5%, WT P29 = 97.1 ± 16.6%, p >0.9999o4; KO P14 = 904 

133.1 ± 11.9%, KO P29 = 88.6 ± 5.9%; p = 0.0014o5; two-way ANOVA with Bonferroni’s 905 

multiple comparison test; *p<0.05). Data are presented as mean ± SEM. For additional statistical 906 

information results see Table 1i1-o5. 907 

Figure 4. Increased dendritic spine density in Panx1 KO cortical neurons  908 

A. Experimental set-up for DiI labeling of apical dendrites of layer 5 somatosensory neurons ex 909 

vivo. On the left is a representative micrograph of a WT P14 mouse cortex labeled on the pial 910 

surface with DiI with an overlay delimiting the somatosensory cortex and cortical layers. A 911 

yellow arrow denotes the cell bodies of the layer 5 cortical neuron, shown in the inset; scale bar, 912 

100 μm. On the right, a 100 μm segment of the primary apical dendrite of the cell in the inset, 913 

traversing layer 2/3; scale bar, 20 μm. Scale bar, 500 μm. B. Increased dendritic spine density in 914 

Panx1 KO cortical neurons.  B(i). Representative maximum intensity projections of Panx1 WT 915 
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(left) and Panx1 KO (right) neurons at P14. Scale bar, 1 μm. Average spine density was 916 

significantly higher in Panx1 KO (WT, 13.7 ± 0.7 spines per 10 μm; KO, 17.2 ± 0.5 spines per 917 

10 μm, p = 0.0014p1; t(14) = 3.9, unpaired t-test, n = 8 animals per genotype; **p < 0.001). 918 

Average spine length was not significantly different (WT, 1.64 ± 0.06 μm; KO, 1.58 ± 0.04 μm, 919 

p = 0.4133p2; t(14) = 0.8, unpaired t-test, n = 8 animals per genotype; n.s., not significant). B(ii). 920 

At P29. average spine density was significantly higher in Panx1 KO (WT, 20.3 ± 0.5 spines per 921 

10 μm; KO, 25.6 ± 0.8 spines per 10 μm; t(12) = 5.8, p < 0.0001q1, unpaired t-test, n = 7 animals 922 

per genotype; ****p < 0.0001). Average spine length was not significantly different (WT, 1.47 ± 923 

0.01 μm; KO, 1.50 ± 0.03 μm, p = 0.4274q2; t(12) = 0.8, unpaired t-test, n = 8 animals per 924 

genotype; n.s., not significant). B(iii). Similarly, average spine density was significantly higher at 925 

P29 in a conditional excitatory neocortical pyramidal cell Panx1 KO (Emx1IRES-Cre/+;Panx1f/f, 926 

Panx1 cKOE) when compared to Panx1f/f littermate controls  (Panx1f/f, 18.2 ± 1.4 spines per 10 927 

μm; cKOE, 25.3 ± 0.8 spines per 10 μm t(4) = 4.6; p = 0.0104r1, unpaired t-test, n = 3 mice per 928 

genotype; *p <0.05). Average spine length was not significantly different (Panx1f/f, 1.43 ± 0.03 929 

μm; cKOE, 1.50 ± 0.08 μm, p = 0.4326p2; t(4) = 0.9, unpaired t-test, n = 3 animals per genotype; 930 

n.s., not significant). Data are represented as mean ± SEM. C(i). Increased dendritic spine 931 

density and PSD-95-positive spine density in cultured cortical neurons at DIV12. Representative 932 

maximum intensity projections of of primary neurite (longest neurite) distal segments from WT 933 

and Panx1 KO cultured cortical neurons. Dendritic spines were identified using the phalloidin 934 

(F-actin; blue). PSD-95 puncta (white) were quantified (PSD-95+ spines). Scale bar, 10 μm. 935 

C(ii). Increased mean spine density (WT, 10 ± 0.6 spines per 10 μm; KO, 16 ± 0.5 spines per 10 936 

μm, t(25) = 8.4, p <0.0001s1; unpaired t-test, n = 10-17 cells from 3 independent cultures; 937 

****p<0.0001), and increased of PSD-95+ spines (WT, 1.5 ± 0.3 spines per 10 μm; KO, 3.9 ± 938 
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0.6 spines per 10 μm, t(25) = 4.2, p = 0.003s2; unpaired t-test, n = 10-17 neurons from 3 939 

independent cultures; ***p<0.001). Spine length was not different between groups (p = 940 

0.2047s3). Data are presented as mean ± SEM. 941 

 942 

Table 1. Statistical table 943 

ǂGroup analyses were performed using two-way ANOVAs. When interactions were significant, a 944 

one-way ANOVA with Bonferroni’s multiple comparison’s test correction was performed to 945 

evaluate simple effects (McDonald, 2014). 946 
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Table 1. Statistical table 
 Figure Comparison Data Structure 

(Shapiro-Wilk 
normality test unless 
otherwise stated) 

Type of test Statistic Confidence, 
95% CI 

a1 1B(i) WT vs Panx1 KO Normal distribution Unpaired two-
tailed t test 

t = 
4.051; df 
= 13 

p = 0.0014; 
1.667 to 
5.476 

a2 1B(i) WT vs Panx1 KO Normal distribution 
(D’Agostino-Pearson 
Normality Test chosen 
due to multiple 
identical values) 

Unpaired two-
tailed t test 

i = 
4.374; 
df=39 

p < 0.0001; 
1.894 to 
5.153 

b1 1C(i) WT vs Panx1 KO Normal distribution 
(D’Agostino-Pearson 
Normality Test chosen 
due to multiple 
identical values) 

Unpaired two-
tailed t test 

t = 
2.844; df 
= 39 

p = 0.0071; 
0.4654 to 
2.758 

b2 1C(ii) WT vs Panx1 KO Normal distribution Unpaired two-
tailed t test 

t = 
1.320; df 
= 30 

p = 0.1968; 
-0.3101 to 
1.443 

c 1D WT vs Panx1 KO Not normal  
(p < 0.0001) 

Mann-Whitney 
U test (two-
tailed) 

U =  
316,969 
 

p < 0.0001, 
834622, 
1.384e6 

d 1E WT vs Panx1 KO Not normal  
(p < 0.0001) 

Mann-Whitney 
U test (two-
tailed) 

U = 
294,294 

p < 0.0001; 
811947, 
1.407e6 

e1 1F(ii) WT vs Panx1 KO, 
interaction effect 
 

Normal distribution Two-way 
ANOVA 

F(2, 90) = 
3.475 

p = 0.0352 

e2 1F(ii) WT vs Panx1 KO, cell-
type effect 
 

Normal distribution Two-way 
ANOVA 

F(2, 90) = 
2615 

p < 0.0001 

e3 1F(ii) WT vs Panx1 KO, 
genotype effect 
 

Normal distribution Two-way 
ANOVA 

F(1, 90) = 
4.934e-
008 

p = 0.9998 

e4 1F(ii) WT vs Panx1 KO, 
excitatory neurons 
 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.9702, 
-2.347 to 
5.568 

e5 1F(ii) WT vs Panx1 KO, 
inhibitory neurons 
 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.7500, 
-2.079 to 
5.835 

e6 1F(ii) WT vs Panx1 KO, 
astrocytes 
 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.1026, 
-7.445 to 
0.4690 

e7 1F(ii) WT vs Panx1 KO Normal distribution Simple effect 
ANOVAǂ 

F(5, 90) = 
1047 

p < 0.0001 

e8 1F(ii) WT vs Panx1 KO, 
excitatory neurons  

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.9702, 
-2.347 to 
5.568 

e9 1F(ii) WT vs Panx1 KO, Normal distribution Simple effect  p = 0.7500, 
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inhibitory neurons ANOVAǂ with 
Bonferroni’s 
correction 

-2.079 to 
5.835 

e10 1F(ii) WT vs Panx1 KO, 
astrocytes 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.1026, 
-7.445 to 
0.4690 

f 1G WT vs Panx1 KO 
Formazan absorbance 
(MTT conversion to 
formazan) 

Normal distribution Unpaired two-
tailed t test 

t = 0.128 
df = 4 

p = 0.9089, -
25.76 to 
23.59 

g1 2A(iii) PSD-95 & Panx1 
expression in 
Homogenate (H) vs 
Synaptosome (P3) 
content interaction 

Normal distribution Two-way 
ANOVA 
 

F (1, 8) = 
9.847 

p = 0.0138 

g2 2A(iii) PSD-95 & Panx1 
expression effect 

Normal distribution Two-way 
ANOVA 

F (1, 8) = 
9.847 
 

p = 0.0138 

g3 2A(iii) H vs P3 content effect Normal distribution Two-way 
ANOVA 

F (1, 8) = 
74.46 

p < 0.0001 

g4 2A(iii) PSD-95 expression in H 
vs P3 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p < 0.0001; 
-358.0 to -
180.1 

g5 2A(iii) Panx1 expression in H 
vs P3 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.0093; 
-214.5 to -
36.58 

g6 2A(iii) PSD-95 & Panx1 
expression in H vs P3 

Normal distribution Simple effect 
ANOVAǂ 

F (3, 8) = 
31.38 

p < 0.0001 

g7 2A(iii) Panx1 expression in H 
vs P3 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p < 0.0001; 
-214.5 to -
36.58 

g8 2A(iii) PSD-95 & Panx1 
expression in H & P3 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.0093; 
-358.0 to -
180.1 

h1 2B(iii) Panx1 expression P7-
P63 

Normal distribution One-way 
ANOVA 

F (3, 8) = 
365.9 

p < 0.0001 

h2 2B(iii) Panx1 expression P7-14 Normal distribution One-way 
ANOVA with 
Bonferroni’s 
correction 

 p <0.0001; 
0.6377 to 
0.8563 

h3 2B(iii) Panx1 expression P14-
P29 

Normal distribution One-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.0006; 
0.1161 to 
0.3218 

h4 2B(iii) Panx1 expression P29-
P63 

Normal distribution One-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.9604; 
-0.08815 to 
0.1304 

i1 3B Panx1 expression WT 
vs KO (genotype) by 

Normal distribution Two-way 
ANOVA 

F (1, 16) = 
84.46 

p < 0.0001 
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age interaction 
i2 3B Genotype effect  Normal distribution Two-way 

ANOVA 
F (1, 16) = 
144.7 

p < 0.0001 

i3 3B Age effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
84.46 
 

p < 0.0001 

i4 3B Panx1 expression WT 
P14 vs WT P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p < 0.0001;  
70.14 to 
103.1 
 

i5 3B Panx1 expression KO 
P14 vs KO P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = > 0.9999; 
-16.48 to 
16.48 

i6 3B Panx1 expression WT 
P14-29 & KO P14-29 

Normal distribution Simple effect 
ANOVAǂ 

F (3, 16) = 
104.5 
 

p < 0.0001 
 

i7 3B Panx1 expression WT 
P14 vs WT P29 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p < 0.0001, 
67.87 to 
105.4 

i8 3B Panx1 expression WT 
P14 % KO 14 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p < 0.0001; 
81.25 to 
118.7 

i9 3B Panx1 expression WT 
29 vs KO P29 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.2476; 
-5.369 to 
32.13 

i10 3B Panx1 expression KO 
P14 vs KO P29 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p > 0.9999; 
-18.75 to 
18.75  

j1 3B PSD-95 expression WT 
vs KO (genotype) by 
age interaction 

Normal distribution Two-way 
ANOVA 

F (1, 16) = 
4.208 

p = 0.0570 

j2 3B Genotype effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
37.42 
 

p < 0.0001 
 

j3 3B Age effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
175.8 
 

p < 0.0001 
 

j4 3B PSD-95, WT P14 vs 
KO P14 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p < 0.0001; 
-113.1 to -
45.30 
 

j5 3B PSD-95, WT P29 vs 
KO P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.0220; 
-73.34 to -
5.516 

k1 3B GluA1 expression WT 
vs KO (genotype) by 
age interaction 

Normal distribution Two-way 
ANOVA 

F (1, 16) = 
0.1996 

p = 0.6611 

k2 3B Genotype effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
9.090 

p = 0.0082 
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k3 3B Age effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
0.02040 

p = 0.8882 

k4 3B GluA1, WT P14 vs KO 
P14 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.1763; 
-131.3 to 
20.11 
 

k5 3B GluA1, WT P29 vs KO 
P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.0526; 
-150.6 to 
0.7678 

l1 3B GluA2 expression WT 
vs KO (genotype) by 
age interaction 

Normal distribution Two-way 
ANOVA 

F (1, 16) = 
1.156 
 

p = 0.2982 
 

l2 3B Genotype effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
0.5621 
 

p = 0.4643 
 

l3 3B Age effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
0.1894 
 

p = 0.6693 
 

m1 3B GluN1 expression WT 
vs KO (genotype) by 
age interaction 

Normal distribution Two-way 
ANOVA 

F (1, 16) = 
4.900 

p = 0.0417 

m2 3B Genotype effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
0.05221 

p = 0.8222 

m3 3B Age effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
19.95 

p = 0.0004 

m4 3B GluN1, WT P14 vs KO 
P14 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.3590; -
22.63 to 
6.241 

m5 3B GluN1, WT P29 vs KO 
P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.2069; 
-4.355 to 
24.52 

m6 3B GluN1 expression WT 
P14-29 & KO P14-29 

Normal distribution Simple effect 
ANOVAǂ 

F (3, 16) = 
8.300 

p = 0.0015 

m7 3B GluN1 expression WT 
P14-29  

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.0009; 
-43.99 to -
11.15 

m8 3B GluN1 expression KO 
P14-29 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.5231; 
-25.72 to 
7.123 

m9 3B GluN1 expression WT 
vs KO, P14  

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.7180, 
-24.62 to 
8.227 

m10 3B GluN1 expression WT 
vs KO, P29 

Normal distribution Simple effect 
ANOVAǂ with 
Bonferroni’s 
correction 

 p = 0.4138, -
6.341 to 
26.50 

n1 3B GluN2A expression 
WT vs KO (genotype) 
by age interaction 

Normal distribution Two-way 
ANOVA 

F (1, 16) = 
0.05302 

p = 0.8208 
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n2 
 
 

3B Genotype effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
7.892 

p = 0.0126 

n3 3B Age effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
1.092 

p = 0.3115 

n4 3B GluN2A, WT P14 vs 
KO P14 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.1739; 
-159.7 to 
24.14 

n5 3B GluN2A, WT P29 vs 
KO P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.0945; -
171.8 to 
12.03  
 

o1 3B GluN2B expression WT 
vs KO (genotype) by 
age interaction 

Normal distribution Two-way 
ANOVA 

F (1, 16) = 
3.507 

p = 0.0795 

o2 3B Genotype effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
1.219 

p = 0.2859 

o3 3B Age effect Normal distribution Two-way 
ANOVA 

F (1, 16) = 
4.547 

p = 0.0488 

o4 3B GluN2B, WT P14 vs 
WT P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p > 0.9999; 
-35.97 to 
41.75 

o5 3B GluN2B, KO P14 vs 
KO P29 

Normal distribution Two-way 
ANOVA with 
Bonferroni’s 
correction 

 p = 0.00240; 
5.644 to 
83.37 

p1 4B(i) Spine density WT P14 
vs KO P14 

Normal distribution Unpaired two-
tailed t test 

t = 
3.962; 
df=14 

p = 0.0014; 
-5.368 to -
1.597 

p2 4B(i) Spine length WT P14 
vs KO P14 

Normal distribution Unpaired two-
tailed t test 

t = 
0.8432; 
df=14 
 

p = 0.4133; 
-0.09070 to 
0.2082 
 

p3 4B(i) Spine head diameter 
WT P14 vs KO P14, 
total distribution 

Not normal Mann-Whitney 
U test (two-
tailed) 

U = 
1.474e7 

p = 0.0131 

p4 4B(i) Spine head diameter 
WT P14 vs KO P14, 
25% right tail (> 
percentile 75) 

Not normal  Mann-Whitney 
U test (two-
tailed) 

U = 
931,253 

p = 0.4022. 
 

q1 4B(ii) Spine density WT P29 
vs KO P29 

Normal distribution Unpaired two-
tailed t test 

t = 
5.754; 
df=12 
 

p < 0.0001; 
3.279 to 
7.275 
 

q2 4B(iii) Spine length 
WT P29 vs KO P29 

Normal distribution Unpaired two-
tailed t test 

t = 
0.8214; 
df=12 
 

p = 0.4274; 
-0.05194 to 
0.1148 

r1 4B(iii) Spine density 
Panx1f/f vs Panx1 cKOE 

Normal distribution Unpaired two-
tailed t test 

t = 
4.548; 
df=4 

p = 0.0104; 
2.767 to 
11.44 

r2 4C(ii) Spine length Panx1f/f vs 
Panx1 cKOE 

Normal distribution Unpaired two-
tailed t test 

t =0 
.8717; 

p = 0.4326; -
0.1602 to 
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df=4 0.3069 
s1 4C(ii) Spine density WT vs 

KO primary cortical 
neurons 

Normal distribution 
(D’Agostino-Pearson 
Normality Test chosen 
due to multiple 
identical values) 

Unpaired two-
tailed t test 

t = 
8.336; 
df=25 
 

p <0.0001;  
4.482 to 
7.424 
 

s2 4C(ii) PSD-95+ spines WT vs 
KO primary cortical 
neurons 

Normal distribution 
(D’Agostino-Pearson 
Normality Test chosen 
due to multiple 
identical values) 

Unpaired two-
tailed t test 

t = 
4.243; 
df=25 

p = 0.0003; 
1.220 to 
3.521 

s3 4C(ii) Spine Length WT vs 
KO primary cortical 
neurons 

Normal distribution  Unpaired two-
tailed t test 

t = 
1.302; 
df=25 

p = 0.2047; 
-0.4186 to 
0.09428 

 


