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Abstract 

 
Sensory, cognitive, and emotional processing are rooted in the cerebral cortex. The cerebral 

cortex is comprised of six layers defined by the neurons within them that have distinctive 

connection, both within cortex itself and with other subcortical structures. Although still far 

from solving the mysteries of the mind, it is clear that networks form by neurons in the 

cerebral cortex provide the computational substrate for a remarkable range of behaviours. 

This neuron-to-neuron activation is mediated through dendritic spines, the postsynaptic target 

of most excitatory synapses in the cerebral cortex. Dendritic spines are small protrusions 

found along dendrites of neurons, and their number, as well as structural changes, accompany 

the development of synapses and establishment of neuronal networks. In fact, dendritic 

spines undergo rapid structural and functional changes guided by neuronal activity. This 

marriage between structural and functional plasticity, makes dendritic spines crucial in fine-

tuning of networks in the brain; not surprisingly, dendritic spine aberrations are a hallmark of 

multiple neurodevelopmental, neuropsychiatric, and neurodegenerative disorders. With this 

in mind, I considered Pannexin 1 (Panx1) an interesting novel candidate for a regulatory role 

on cortical neuronal network and dendritic spine development, for the following reasons. 

First, Panx1 transcripts are enriched in the brain and in the cortex are most abundant during 

the embryonic and early postnatal period. . This timing roughly corresponds to a period of 

synaptogenesis in the postnatal brain. Second, Panx1 localizes to postsynaptic compartments 

in neurons and its disruption leads to enhance excitability and potentiation of neuron-

to-neuron communication. Third, disruption of Panx1 (either knockdown or pharmacological 

blockade) leads to neurite outgrowth in neuron-like cells. Lastly, genetic variants in PANX1 

have been associated with neurodevelopmental disorders. This dissertation explores the role 

of Panx1 in the development of dendritic spines and neuronal networks, furthering our 
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understanding on cortical development and placing Panx1 as a novel regulator of structural 

and functional plasticity in the brain. 

Chapter 1 discusses core concepts on cortical development, with an emphasis on pyramidal 

neuron, the most abundant and only known projection neurons in the cerebral cortex. Here, I 

review the embryonic origin of pyramidal neurons, their postnasal development, and how 

cortical circuits are assembled. I finish this chapter with a brief review on Panx1 and its 

known expression and involvement in neuronal function. 

In Chapter 2 I explore the functional properties of neuronal networks and synaptic 

composition of cortical neurons in the absence of Panx1. Using live cell imaging and analysis 

of Ca2+ transients in dense primary cortical cultures, revealed that Panx1 knock-out (KO) 

cultures exhibit more and larger groups of significantly co-activated neurons, known as 

network ensembles. These network properties were not explained by differences in cell 

viability or cell-type composition. Examination of protein expression from cortical 

synaptosome preparations revealed that Panx1 is enriched in synaptic compartments, while 

also confirming a developmental downregulation. This analysis also revealed increased levels 

of the postsynaptic scaffolding protein PSD-95, along with the postsynaptic glutamate 

receptors GluA1 and GluN2A. Lastly, ex vivo tracing of dendritic spines on apical dendrites 

of Layer 5 pyramidal neurons in global and glutamatergic-specific Panx1 KO brain slices 

revealed higher spine densities in early and late postnatal development, with no differences in 

spine length. Analysis of dendritic spine densities in fixed cultured cortical neurons revealed 

an increase associated with Panx1 KO. Altogether, this work presents for the first time a 

connection between Panx1 and structural development of dendritic spines and suggest that 

Panx1 regulates cortical neuronal networks through changes in spine density. 

Chapter 3 examines the influence of Panx1 on spiny protrusions growth and movement. 

Spiny protrusion are long, thin, highly dynamic spine precursors. Taking advantage of a 
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fluorescent signal localized to the plasma membrane, I visualized spiny protrusions and 

quantified their dynamics in wildtype (WT) and Panx1 KO developing cortical neurons, both 

under fixed and live conditions. I found that transient Panx1 expression is associated with 

decreased spiny protrusion density both in WT and Panx1 KO neurons. Using live cell 

imaging, I found that spiny protrusions are more stable and less motile in Panx1 KO neurons, 

while its transient expression reversed both of these phenotypes. These results suggest that 

Panx1 regulation of dendritic spines development is rooted partly in the regulation of spiny 

protrusion dynamics.  

Overall, this dissertation demonstrates that Panx1 negatively regulates dendritic spines in 

part by influencing spiny protrusion dynamics. It is reasonable to speculate that Panx1 

regulation of dendritic spines underlies its newly discovered role in the formation network 

ensembles, providing a putative mechanism for previously described roles of Panx1 in 

synaptic plasticity. Likewise, this body of work furthers our understanding of Panx1 by 

filling some of the gaps attached to its developmental expression and association with 

neurodevelopmental disease. 
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1 Chapter 1: Introduction 

 

1.1 Development of pyramidal neurons in the cerebral cortex 

1.1.1 Origin of cortical pyramidal neurons 

The mammalian cerebral cortex plays a central role in sensory, emotional, and cognitive 

processing (Rubenstein, 2011). As the outer mantle of neural tissue, it is organized in six 

layers, each containing molecularly and functional distinct groups of excitatory projection 

(pyramidal) neurons and inhibitory interneurons (Kwan et al., 2012). Pyramidal neurons 

originate from asymmetrical cellular division of neural progenitor cells (NPCs) in the 

ventricular zone (VZ) and populate the cerebral cortex in an inside-outside fashion 

(Bystron et al., 2008): earlier born cells migrate radially to the inner layers 6 (L6) and L5, 

while late born cells reach the outer layers L4, L3, and L2 (Figure 1). 
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Figure 1.1. Pyramidal neurons migrate radially in an inside-out fashion to form the cerebral cortex. 

Early in embryonic development, neural precursor (NP) cells in the ventricular zone (VZ) undergo 

interkinetic nuclear migration (IKNM) and expand their pool through symmetrical cellular division. After 

embryonic day 10 (E10), asymmetrical division triggers NPCs to give rise to neuroblasts, which migrate 

radially using radial glial cells (RGCs) processes initially, reaching the preplate (PP) to form the cortical 

plate (CP) that will develop into layers L2-L6. CP neurons separate the PP into the subplate (SP) and 

marginal zone (MZ), with earlier born cells occupying deep layers (L6, L5), followed by wave of later 

born cells that is complemented by intermediate precursor cells (IPCs) in the subventricular zone (SVZ) 

and intermediate zone (IZ) and organize into the upper layers (L4, L3, and L2) as upper-layer pyramidal 

neurons. This process is completed by E17, after which NPCs become gliogenic and give rise cortical 

subependymal zone (SEZ) astrocytes (Ast) as well as the ependymal layer (EL). CR, Cajal-Retzius neuron; 

BV, blood vessel; DL Pyr, deep-layer pyramidal neuron; UL Pyr, upper-layer pyramidal neuron, WM, 

white matter. Used with permission from Kwan et al. (2012); Copyright Clearance Center Order License 

ID 1018962-1. 

 

Deep layer cortical pyramidal neurons project mainly outside the cerebral cortex 

(corticofugal), with a small group of layer 5 neurons (known as intratelencephalic L5A 

neurons) projecting to intracortical targets (Hallman et al., 1988; Kim et al., 2015). Upper 

layer cortical pyramidal neurons project to ipsilateral  or contralateral targets (Molyneaux 

et al., 2007). Both deep and upper layer neurons can be further classified by the 

transcriptions factors they express (Kwan et al., 2012).  

1.1.2 Morphological development of cortical pyramidal neurons 

Cortical pyramidal neurons, also known as principal cells, have been considered the 

basic building blocks of cortical circuits since their initial descriptions derived from Golgi 

impregnated neural tissue (Cajal, 1894, 1995). Characterized by their triangular 

(sometimes ovoid) cell body, pyramidal neurons are exclusively found in the cerebral 
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cortex, where they are the most abundant and sole projection neurons (Peters and Jones, 

1984). The typical pyramidal neuron extends a thick apical dendrite towards the pial 

surface. Oblique branches extend from this apical dendrite as it ascends towards the pial 

surface. From the base, large basal dendrites emerge. This basal dendrites continue laterally 

or downward (towards the corpus callosum) and account for approximately 90% of the 

total dendritic length of the pyramidal cell (Larkman, 1991; DeFelipe and Fariñas, 1992). 

A prominent feature of the pyramidal neuron dendritic arbor is that all dendritic surfaces 

are covered by microscopy protrusions called dendritic spines, with the exception of most 

of the proximal segment (approximately 10 µm from the cell body limit) which are spine-

free. Also, the axon emerges from the base of cell body, and projects towards ipsilateral 

cortical targets or downwards joining the corticofugal tracts(Peters and Jones, 1984; 

DeFelipe and Fariñas, 1992).  

Dendrites and axons of pyramidal cells (and all neurons) are structurally and functionally 

distinct, with dendrites serving as receptive fields and axons acting as output structures. 

Such asymmetry reflects the flow of information in the nervous system (dendrite to soma 

to axon) and is one of the most striking examples of cell polarization (Solecki et al., 2006; 

Takano et al., 2015). Work performed using dissociated cultured neurons derived from 

rodents established that neurons cultured in vitro develop their dendrites and axon in five 

stages (Figure 1.2A, (Dotti et al., 1988; Banker, 2018)). Immediately after isolation, 

neurons in stage 1 resemble spheres and extend a relatively small number of filopodia 

shortly after plating (1-2 hours). Then, in stage 2, about 12 and 36 hours after plating, 

neurons retract and elongate multiple unpolarized neurites until stage 3, when a single 

neurite grows rapidly specifying into the axon at 2 days in vitro (DIV2). Axonal 
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specification is achieved by local activation of downstream neurotrophic signalling 

pathways that regulate the neuronal cytoskeleton and trafficking. This specification not 

only depletes local neurotrophic factors but also triggers a negative-feedback loop that 

prevents the formation of additional axons; the combined effect is known as global 

inhibition (Solecki et al., 2006; Nakamuta et al., 2011; Takano et al., 2015). During stage 

4 unspecified neurites develop into dendrites (DIV4-7), and lastly, in stage 5 (DIV7 and 

onwards) dendrites continue to develop and are populated by dendritic spines (Dotti et al., 

1988). 

Use of organotypic slices has captured the polarization of cortical neurons within the 

extracellular environment present in the developing cortex, shedding some light on the 

influence of extracellular cues in the formation of axons and dendrites (Funahashi et al., 

2014). Neurons migrating from the VZ start as multipolar (MP) cells with multiple minor 

neurites; Then, one of these minor neurites grows rapidly towards the within the IZ, 

becoming the trailing process. Meanwhile, another neurite oriented towards the pial surface 

turns into leading process (Figure 1.2B). The trailing process specifies into the axon and 

the leading process into the apical dendrite, while all other minor neurites retract giving a 

bipolar shape (Miyata, 2004; Noctor et al., 2004). Once these fully polarized bipolar 

neurons reach the CP they develop into pyramidal neurons and continue to grow their 

dendrites which become populated by spines; dendrite growth reaches a plateau by 

postnatal day 20 (P20) for segments near to the cell body, while distal segments and 

branches continue to develop well into adulthood (Petit et al., 1988). The molecular 

mechanisms underlying neuronal polarization in vivo include extrinsic factors such as 

neurotrophins, adhesion molecular, and cell-to-cell interactions as well as intrinsic factors 
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that include the Rho family of GTPases and kinases such as Mark2, Brsk1/2, and Camkk1; 

however, how developing neurons integrate these signals in vivo remains elusive 

(Funahashi et al., 2014; Dong et al., 2015). 

 

Figure 1.2. Comparison of cortical neuron polarization. The flow of information in the nervous system 

has dendrites as receptive fields and axons as signal output structures. This functional 

compartmentalization is reflected structurally, with dendrites and axons representing clearly distinct types 

of neurites. A Cortical neurons in vitro develop and polarize in five stereotypical stages (Dotti et al., 1988); 

see text for further description.  B. Polarization of cortical neurons in vivo is influenced by extrinsic and 

intrinsic cues. During migration, neurons initially assume a multipolar morphology, followed by the 

growth of a trailing process (TP) and a leading process (LP), which will become the axon and apical 

dendrite, respectively. Once the polarized neuron (with a bipolar morphology) reaches the cortical plate 

(CP), further dendrite development leads to the formation of dendritic spines and synapses. DIV, days in 

vitro; MZ, marginal zone; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone; P, 

postnatal day; L, cortical layer. 
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1.1.3 Postnatal dendritic spine formation in pyramidal neurons 

1.1.3.1 Structure and function of dendritic spines 

A prominent feature of all pyramidal neurons is the presence of dendritic spines 

populating their dendritic trees (Cajal, 1894; DeFelipe and Fariñas, 1992). Dendritic spines 

are postsynaptic specializations that develop from small membranous protrusions that 

mature and stabilize to receive excitatory inputs (Ziv and Smith, 1996; Yuste and 

Bonhoeffer, 2004; Holtmaat et al., 2005). As key elements of the synapse, dendritic spines 

play important roles in neural information processing and assembly of circuits (Yuste, 

2011). Similarly, dendritic spine structural or functional abnormalities have been identified 

in various neuropsychiatric disorders, such as autism spectrum disorder (ASD), 

schizophrenia, and intellectual disability (Forrest et al., 2018; Lima-Caldeira et al., 2019); 

highlighting the importance of these structures in cortical function. 

The ultrastructure of dendritic spines is characterized by a bulbous head and a slim neck 

(Figure 1.3A; Harris and Weinberg, 2012). The head of the dendritic spine (~200 – 1400 

nm) contains the electron-dense postsynaptic density (PSD) (Gray, 1959; Gulley and 

Reese, 1981) where scaffolding proteins, such as PSD-95, serve as anchors for glutamate 

receptors (Chen et al., 2008). Dendritic spine head size scales with synaptic strength and 

efficacy; larger spine heads contain more PSD-95 and glutamate receptors which results in 

larger excitatory postsynaptic potentials (Matsuzaki et al., 2004; Segal, 2005). In contrast, 

decreasing synaptic efficacy causes dendritic spine head shrinkage or loss of dendritic 

spines (Figure 1.3B; Okamoto et al., 2004; Oh et al., 2013).The neck of dendritic spines, 

with a diameter typically between ~100-300 nm serves as a diffusion barrier, thereby 

compartmentalizing a distinct biochemical and electrical unit within the spine head 

(Svoboda et al., 1996; Kwon et al., 2017). Such compartmentalization isolates the 



 

 

7 

machinery required to regulate the activity at the level of single synapses and enables 

operational separation of individual synapses (Higley and Sabatini, 2012).  

Dendritic spines undergo rapid and reversible morphological changes during their 

development.  Complex cytoskeletal dynamics are driven by converging developmental 

signalling and synaptic activity based mechanisms, (reviewed in Dent et al., 2011). 

Dendritic spines are enriched in filamentous actin (F-actin), whose network supports the 

spine head and neck (Figure 1.3A; Harris and Weinberg, 2012). Actin network remodelling 

induced by synaptic activity is mediated through signalling cascades involving multiple 

actin binding proteins such as ADF/cofilin, actin-related protein-2/3 (Arp2/3) complex, 

profilin, debrin, Ca2+/calmodulin-dependent protein kinase type II subunit β (CaMKIIβ), 

and alpha-actinin (Hotulainen and Hoogenraad, 2010). In addition to changes in the actin 

cytoskeleton, activity-dependent invasion of microtubules has been observed in dendritic 

spines (Gu et al., 2008; Hu et al., 2008), which requires actin remodelling and actin-

microtubule crosstalk (Schätzle et al., 2018).  

 

Figure 1.3. Dendritic spines are highly plastic synaptic specializations. A. Dendritic spines are small 

postsynaptic protrusions, which are apposed to presynaptic terminals through cell adhesion molecules 
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(CAMs). Crosstalk between actin and microtubules regulates dendritic spine morphology development. 

B. Neuronal activity regulates dendritic spine structural changes, both at the spine head and neck 

(Matsuzaki et al., 2004; Araya et al., 2014). C. Dendritic spine head size is developmentally regulated 

(Harris, 1999). D. Spine motility is also developmentally regulated: immature neurons exhibit highly 

motile spines, while mature neurons have more stable spines (Dunaevsky et al., 1999). CAMs (cell 

adhesion molecules; PSD; postsynaptic density; F-actin, filamentous actin; MTs; microtubules; +TIP, 

microtubule plus-end tracking proteins; EPSP, Excitatory postsynaptic potential. Adapted with permission 

from Levy et al. (2014). Creative Commons Attribution License CC BY 4.0. 

 

Dendritic spine structure is also developmentally regulated (Figure 1.3D). Longitudinal 

imaging of dendritic spines at various developmental stages has revealed that dendritic 

spine stability and turnover decrease with age; this is reversed with sensory deprivation 

(Dunaevsky et al., 1999; Zuo et al., 2005b, 2005a). Despite this body of knowledge, the 

underlying mechanisms and processes that play a role in developmental regulation of 

dendritic spines are still poorly understood.  

1.1.3.2 In vitro and in vivo formation of dendritic spines synapses 

Developmental formation of dendritic spines starts as an activity-independent process as 

evidenced by the normal assembly of the brain and cortex, normal neuronal development, 

and presence functional spines and synapses in the absence of glutamatergic (excitatory) 

neurotransmission (Verhage et al., 2000; Harms and Craig, 2005; Lu et al., 2013; Sando et 

al., 2017; Sigler et al., 2017). This intrinsic developmental program lays out a general 

neuronal connectivity plan that is further refined and maintained through activity-

dependent mechanisms.  

An important step in the assembly of synapses is the contact of postsynaptic structures, 

such as dendritic spines, with presynaptic partners (axon terminals). Seminal work using 
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dissociated neuronal cultures showed that filopodia-like spiny protrusions on dendritic 

shafts survey their extracellular environment in search of a presynaptic partner (Ziv and 

Smith, 1996). The dynamic nature of these structures is highest early in neuronal 

development (~DIV7-10) and declines with maturation (>DIV15). Once these spiny 

protrusions stably contact a presynaptic terminal, activation of a developmental program 

leads to maturation into functional dendritic spines (Ziv and Smith, 1996). In this regard, 

CAMs are the most likely molecular players behind developmental spine and synapse 

formation, as these transmembrane proteins connect and organize pre- and postsynaptic 

compartments. The specific CAMs and their mechanism(s) of action contributing to 

synapse formation remains to be fully elucidated (reviewed in Südhof, 2018).  

Long term imaging in organotypic slices and in living animals have confirmed and 

expanded the initial observations by Ziv and Smith (1996), allowing unprecedented 

longitudinal visualization of dendritic spines throughout development (Zuo et al., 2005a). 

Similar to what has been observed in dissociated cultures, spiny protrusions and dendritic 

spines in organotypic slices and in living animals are characterized by a high degree of 

motility and turnover (formation and elimination) during the first two postnatal weeks, 

which sharply declines after the third postnatal week, when most dendritic spines stabilize 

(Dunaevsky et al., 1999; Trachtenberg et al., 2002; Holtmaat et al., 2005; Zuo et al., 2005a). 

These observations agree with previous and recent tri-dimensional reconstructions of L5 

pyramidal neurons at various developmental timepoints, in which dendritic spine  numbers 

increase throughout the dendritic tree between the first and third postnatal week, 

concurrently with a transition from filopodia-like spiny protrusions to dendritic spines 

(Petit et al., 1988; Romand et al., 2011). 
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After the initial contact, pre- and postsynaptic components assemble within 1-2 hours in 

cultured dissociated neurons (Friedman et al., 2000). Translocation of PSD-95 into spiny 

protrusions plays a major role in their stability, maintenance, and maturation. For example, 

over-expression of PSD-95 induces clustering of glutamate receptors and enhances their 

activity, leading to maturation of pre- and postsynaptic compartments (El-Husseini et al., 

2000). Moreover, spiny protrusions bearing clusters of PSD-95 are more stable and do not 

turnover in dissociated neurons (Prange and Murphy, 2001), while studies from living 

animals have shown that newly formed spines that failed to acquire PSD-95 clusters are 

eliminated (Cane et al., 2014). 

1.2 Development of neuronal networks in the cerebral cortex 

Neuronal networks, both in vitro and in vivo, feature self-sustaining bursts lasting a few 

hundred milliseconds (Murphy et al., 1992; Tibau et al., 2013; Miller et al., 2014; Arce-

McShane et al., 2016). Using Ca2+ imaging one can investigate the development of 

neuronal networks both in vitro and in vivo with single cell resolution (Murphy et al., 1992; 

Adelsberger et al., 2005; Tibau et al., 2013; Miller et al., 2014). Early developing networks 

are characterized by long inter-burst intervals and large amplitude network-wide events. 

As the network matures, the inter-burst timing is significantly reduced and select groups of 

neurons with high interconnection and synchronicity emerge (Tibau et al., 2013). Such 

select groups of significantly co-activated neurons are referred to as network ensembles 

(Buzsáki, 2010; Miller et al., 2014; Hoshiba et al., 2017), and are thought to be the 

functional building blocks of the cerebral cortex, providing the substrate for sensory 

processing, memory formation, and consciousness (Miller et al., 2014; Carrillo-Reid et al., 

2016; Wenzel et al., 2019). 
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Why would cerebral cortex computations require network ensembles? The precise 

recruitment of distinct network ensembles provides flexibility to cortical circuits to adapt 

their function by simply strengthening or weakening already established connections 

(Yuste, 2011). In this manner, an established cortical circuit with a limited number of 

neurons can trigger diverse behaviours by selectively  engaging  specific synapses (Figure 

1.4; Yuste, 2011; Hoshiba et al., 2017).  This flexibility required for behavioural 

development highlights the importance of controlled refinement of postnatal cortical 

circuitry that occurs during periods of heightened plasticity known as critical periods 

(Hensch, 2005). 

 

 

Figure 1.4. Dendritic spine synapses provide flexibility to network ensembles. Strengthening or 

weakening of specific synaptic connections (requiring stabilization and maturation of dendritic spines) in 

an established circuit leads to different operational outputs. For example, given a small circuit of 4 neurons, 

recruitment of a subset of synapses in neuron 3 and 4 produces “Behaviour A” and “Behaviour B”, 

respectively, while simultaneous recruitment of specific synapses in neuron 3 and neuron 4 leads to 

“Behaviour C”. Adapted with permission from Hoshiba et al. (2017). Creative Commons Attribution 

License CC BY 4.0. 
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1.3 Regulation of neural development by pannexin 1 channels 

1.3.1 Properties of pannexin 1 (Panx1) channels 

The family of pannexin (Panx) channel-forming proteins (Panx1, Panx2, Panx3) were 

discovered relatively recently via sequence similarity to invertebrate innexin gap junction-

forming proteins (Panchin et al., 2000; Baranova et al., 2004). However, despite similar 

membrane topology, Panxs form large-pore channels rather than gap junctions; it has been 

speculated that this due to glycosylation of Panx extracellular loops (reviewed in Sosinsky 

et al., 2011). Similar to innexins and other large pore channels, such as connexin 

hemichannels and the LRRC8 family of channels (known as SWELL channels), Panxs 

have four transmembrane domains, two extracellular loops, and intracellular N- and C-

termini (Penuela et al., 2013; reviewed in Chiu et al., 2018; Michalski et al., 2019; Deng et 

al., 2020a).  

The region of greatest sequence differences between Panx family members is found at 

the C-terminus (Penuela et al., 2009, 2013). Considering that C-termini play important 

roles in the regulation and function of channel proteins, it is reasonable to speculate that 

Panx C-termini in underlie their functional and subcellular diversity (Ambrosi et al., 2010; 

Bhalla-Gehi et al., 2010; Wicki-Stordeur et al., 2013). 

In line with its ubiquitous expression throughout the body, Panx1 has been implicated in 

numerous cellular processes in health and disease such as apoptosis, cell proliferation and 

maintenance, inflammatory signalling, regulation of blood pressure, and and maladaptive 

nervous system plasticity (Chekeni et al., 2010; Xiao et al., 2012; Billaud et al., 2015; Yang 

et al., 2015; Weilinger et al., 2016; Wicki-Stordeur et al., 2016; Burma et al., 2017; Weaver 

et al., 2017). The contribution to such a variety of cellular responses is largely influenced 

by the capacity of Panx1 to promote ATP release, and the downstream  effects on 
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purinergic receptor signalling systems (Sandilos et al., 2012; reviewed in Dahl, 2015; 

Sanchez-Arias et al., 2016).  

Until recently, single molecule techniques and biochemical approaches suggested that 

Panx1 channels consisted of hexameric oligomers (Boassa et al., 2007; Wang et al., 2014; 

Chiu et al., 2017). However, several recent  cryo-electron microscopy studies have further 

resolved the Panx1 structure  (at low Angstrom resolution, 3 - 3.8 Å) revealing a heptameric 

configuration(Deng et al., 2020b; Jin et al., 2020; Michalski et al., 2020; Qu et al., 2020). 

These studies have also confirmed that the channel is anion selective. In addition to fluxing 

anions, Panx1 also plays a role in regulating intracellular Ca2+ levels, apoptosis-related 

metabolites, and potentially transport of lipids (Bialecki et al., 2020; Medina et al., 2020; 

Yang et al., 2020).  

1.3.2 Central nervous system distribution of Panx1 channels 

Panx1 transcript levels are relatively higher in embryonic and early postnatal rodent 

brain and lower adulthood (Ray et al., 2005; Vogt et al., 2005). Neuronal Panx1 expression 

has been described across many different neuronal cell types,  including pyramidal  and 

parvalbumin-positive and calbindin-positive neurons of the cerebral cortex and 

hippocampus., Additionally, at the neuronal subcellular level, Panx1 appears to be enriched 

in postsynaptic compartments (Ray et al., 2005; Vogt et al., 2005; Zoidl et al., 2007). 

Review of a recent RNA-sequencing database of cell types isolated from the developing 

mouse brain (postnatal day 7, P7) confirms enrichment of Panx1 in the brain, with the 

highest transcript levels observed in neurons, oligodendrocyte progenitors, and newly 

formed oligodendrocytes; meanwhile Panx1 transcript levels were relatively low in 

developing microglia and Panx1 was virtually absent in astrocytes (Zhang et al., 2014). 
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Figure 1.5. Panx1 transcripts are enriched in developing neurons and developing oligodendrocytes. 

Zhang et al, prepared cerebral cortices of P7 C57BL/6J to isolate purified representative populations of 

neurons, astrocytes, oligodendrocyte precursor cells, newly formed oligodendrocytes, myelinating 

oligodendrocytes, microglia, endothelial cells, and pericytes and generate a transcriptome database. 

Panx1 was highly enriched in neurons, OPCs, and newly formed oligodendrocytes, purified using 

L1CAM and BSL-1-coated plates in medium specified to deplete other cell-types. FPKM, Fragments Per 

Kilobase of transcript per Million mapped reads; OPC, oligodendrocyte progenitor cell. Produced from 

the Brain RNA-seq open database available at http://www.brainrnaseq.org/ and based on (Zhang et al., 

2014). 

1.3.3 Roles of Panx1 in synaptic plasticity and neurite development  

The localization of Panx1 to postsynaptic compartments in cortical pyramidal and 

hippocampal neurons inspired multiple groups to investigate whether Panx1 plays a role in 

synaptic plasticity. despite the fact that Panx1 null (Panx1 KO) mice do not exhibit overt 

behavioural or anatomical abnormalities (reviewed in Penuela et al., 2013). Both genetic 

ablation and pharmacological blockade of Panx1 increase excitability, enhance (long-term 

http://www.brainrnaseq.org/
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potentiation) LTP, and preclude long-term depression (LTD) induction in acute 

hippocampal slices from adult mice (Prochnow et al., 2012; Ardiles et al., 2014). Although 

more extensive behavioural characterization of Panx1 KO models is forthcoming, existing 

studies have reported anxiety-like behaviours, memory impairments, and disruption of the 

sleep-wakefulness cycle (Prochnow et al., 2012; Ardiles et al., 2014; Kovalzon et al., 2017; 

Gajardo et al., 2018). 

On a more cellular and molecular level, Neuro2 (N2a) cells and NPCs from the VZ 

exposed to differentiating medium downregulated Panx1 levels, while simultaneously 

extending neurites. Moreover, disruption of Panx1 induced neurite outgrowth in these cells, 

suggesting that Panx1 negatively regulates neurite development (Wicki-Stordeur and 

Swayne, 2013). It has been proposed that these effects on neurites could be mediated 

through protein-protein interactions between Panx1 C-terminus and various elements of 

the actin cytoskeleton, such as actin itself, Arp3, and Crmp2 (Bhalla-Gehi et al., 2010; 

Wicki-Stordeur and Swayne, 2013; Xu et al., 2018).  
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2 Chapter 2: Panx1 Regulates Network Ensembles and 
Dendritic Spine Development in Cortical Neurons 

 

 

This chapter was previously published as a manuscript with the following citation: 

Juan C. Sanchez-Arias, Mei Liu, Catherine S. W. Choi, Sarah N. Ebert, Craig E. Brown 

and Leigh Anne Swayne (2019) Pannexin 1 Regulates Network Ensembles and 

Dendritic Spine Development in Cortical Neurons. eNeuro 6:ENEURO.0503-

18.2019. 

This work was done with assistance of Mei Liu and Catherine Choi who ran and 

analyzed western blots in Figure 2.2 and 2.3. Sarah Ebert contributed to the analysis 

of Ca2+ imaging in Figure 2.1 D,E.  Juan C. Sanchez Arias, Craig E. Brown, and Leigh 

Anne Swayne wrote the manuscript. 

 

Note the following changes from the published version: Since “Panx1” was already 

define in the introduction, “Panx1” is used throughout this chapter. Additionally, the 

accompanying Visual Abstract has been incorporated in the discussion. 

 

2.1 Abstract 

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

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

our understanding of the molecular mechanisms that regulate spines during this critical 

period is limited. Previous work has shown that Panx1 regulates neurite growth and 

synaptic plasticity. We therefore investigated the impact of global Panx1 KO on 

spontaneous cortical neuron activity using Ca2+ imaging and in silico network analysis. 

Panx1 KO increased both the number and size of spontaneous co-active cortical neuron 

network ensembles. To understand the basis for these findings, we investigated Panx1 

expression in postnatal synaptosome preparations from early postnatal mouse cortex.  

Between 2 and 4 postnatal weeks, we observed a precipitous drop in cortical synaptosome 
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protein levels of Panx1, suggesting it regulates synapse proliferation and/or maturation. At 

the same time points, we observed significant enrichment of the excitatory postsynaptic 

density proteins PSD-95, GluA1 and GluN2a in cortical synaptosomes from global Panx1 

knockout mice. Ex vivo analysis of pyramidal neuron structure in somatosensory cortex 

revealed a consistent increase in dendritic spine densities in both male and female 

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

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

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

dendritic spine development.  

2.2 Significance Statement 

Our findings reveal an important regulatory role for Panx1 in the formation of 

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

nerve cells from the cerebral cortex to fire together. We studied the impact of removing 

Panx1 on the formation of 'dendritic spines', which are microscopic protrusions that receive 

information from other nerve cells. We found that removing Panx1 increased the 

expression of proteins involved in dendritic spine function and increased the density of 

dendritic spines on nerve cells of the cerebral cortex. Together these findings suggest 

Panx1 is a 'brake' on the development of dendritic spines with important implications for 

the development of nerve cell connections. 

2.3 Introduction 

Panx1 forms channels permeable to ions and metabolites (for review, see Boyce et al., 

2018), with modes of activation, channel properties and selectivity currently the subject of 
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intense debate and investigation (Chiu et al., 2018). Nonetheless, Panx1 is enriched in the 

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

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

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

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

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

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

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

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

of synapses plays a major role in the development of network ensembles, providing the 

structural basis for higher network connectivity (Jung and Herms, 2014; as reviewed in 

Hoshiba et al., 2017; Frank et al., 2018). In the rodent cortex, Panx1 transcript levels peak 

around the time of birth, and then markedly decline during the first four postnatal weeks 

(Ray et al., 2005; Vogt et al., 2005). This decrease in Panx1 coincides with the critical 

period for the formation of microscopic protrusions emanating from glutamatergic 

pyramidal neurons called dendritic spines (Schlaggar et al., 1993; for review see O'Leary 

et al., 1994; Grutzendler et al., 2002; Trachtenberg et al., 2002; for review see Hensch, 

2004; Holtmaat et al., 2005), which receive the majority of excitatory inputs in the brain 

(as reviewed in Nimchinsky et al., 2002; Alvarez and Sabatini, 2007; Yuste, 2011). Panx1 

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

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

synaptic protein (Heo et al., 2018) that regulates spine development (Zhang et al., 2016). 
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In order to understand how Panx1 regulates cortical neuron development, we used a 

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

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

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

Panx1 KO cortical synaptosomes exhibited significantly increased expression of excitatory 

synapse markers (PSD-95, GluA1 and GluN2A) and significantly increased cortical neuron 

dendritic spine densities. Together our results suggest that Panx1 regulates network 

ensemble formation by acting as a brake for dendritic spine formation.  

2.4 Materials and Methods 

2.4.1 Antibodies 

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

Millipore-Sigma), mouse anti-PSD-95 (1:50 for ICC; 1:1500 for Western blotting, MA1-

045, Thermo-Fisher), rat anti-GFAP (1:200; 1:2000, 13-0300, Thermo-Fisher), rabbit anti-

MAP2 (1:400, ab32454, Abcam), rabbit anti-Panx1 (1:2000 for Western blotting, 91137, 

Cell Signaling Technologies), rabbit anti-GluA1 (1:2000, 13185, Cell Signaling 

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

anti-GluN1 (1:1000, 5704, Cell Signaling Technologies), rabbit anti-GluN2A (1:1000, 

ab169873, Abcam), rabbit anti-GluN2B (1:1000, 4207, Cell Signaling Technologies). 

Secondary antibodies used in this study were: Alexa Fluor® 488-conjugated AffiniPure 

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

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

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

AffiniPure donkey anti-rabbit IgG (1:4,000 - 1:8,000; 711-035-152), HRP-conjugated 
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AffiniPure donkey anti-mouse IgG (1:4,000 – 1:8,000; 715-035-150), HRP-conjugated 

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

were obtained from Jackson ImmunoResearch. 

2.4.2 Experimental animals  

All animal procedures were performed in accordance with guidelines by the and the 

Canadian Council on Animal Care and approved by the University of Victoria Animal Care 

Committee. Male and female mice from postnatal day zero (P0) to P30 (note that P29 and 

P30 mice were both labelled as P29) were used in this study. Global Panx1 KO and Panx1f/f 

strains were derived from a strain originally generated by Dr. Valery Shestopalov 

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

(#026021). Note that the original Panx1f/f 129 strain carried a caspase 4 deletion (Vanden 

Berghe et al., 2015). These mice have been back-crossed in-house onto C57BL/6J at least 

6 times. Wildtype (WT), Panx1 KO, Panx1f/f, and Emx1IRES-Cre;Panx1f/f (cKOE) are on a 

C57BL/6J background (#000664, the Jackson Laboratory). Panx1 KO mice used for 

dendritic spine analysis were generated from Panx1+/- breeding pairs (to obtain WT and 

KO littermates). For conditional KO experiments, breeding pairs consisting of a Panx1f/f 

male and an Emx1IRES-Cre;Panx1f/f female were used to generate Panx1f/f and Emx1IRES-

Cre;Panx1f/f littermates. The Emx1IRES-Cre strain was obtained from the Jackson Laboratory 

(#005628). Mice were housed under a 12 hours light/dark cycle starting at 8 am, with food 

and water ad libitum; temperature was maintained between 20-25 °C and humidity at 40% 

- 65%. All animals were weaned at P21 and housed in an enriched environment consisting 

of crinkle paper, nestlets, one paper hut, and one mouse igloo or mouse tunnel.  
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2.4.3 Genotyping 

Primers for LoxTG-F, LoxTG-R, and Panx1 Lox-R (CTTTGGCATTTTCCCAGTGT, 

CGCGGTTGTAGACTTTGTCA, and GTCCCTACAGGAGGCACTGA) were used to 

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

using the primers Emx1-WT-F, Emx1-WT-R, Generic-Cre-F, and Generic-Cre-R 

(AAGGTGTGGTTCCAG AATCG, CTCTCCACCAGAAGGCTGAG, 

GCGGTCTGGCAGTAAAAACTATC, GTGAAA CAGCATTGCTGTCACTT). 

Genomic DNA was extracted from tail clips or ear notches using MyTaqTM Extract-PCR 

Kit (BIO-21126, Bioline). PCR of DNA from homozygous WT mice amplifies a single 

585 bp band, whereas PCR of DNA from homozygous mutant mice have a single 900 bp 

band, with both bands apparent in PCR samples run using DNA from heterozygous mice; 

PCR of DNA from Panx1f/f mice have a single 1898 bp band (Dvoriantchikova et al., 2012). 

PCR of DNA from mice carrying a single copy of Emx1IRES-Cre
 transgene have both a 378 

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

Emx1IRES-Cre
 transgene have a single 378 bp band.  

2.4.4 Tissue processing and diolistic labelling 

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

Staffend and Meisel, 2011). Mice were perfused transcardially with 0.1 M PBS followed 

by 1.5% paraformaldehyde (PFA) in 0.1 M PBS for 30-60 seconds. The dissected brains 

were immersed in 1.5% paraformaldehyde for 60 minutes and then transferred to 0.1 M 

PBS. DiI (1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; 42364 

Millipore-Sigma) crystals were placed on the dorsolateral surface of the brains and 

incubated overnight at 37°C in 1.5% PFA. The tissue was fixed with 4% PFA for 30 
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minutes at room temperature (RT), followed by 3 washes with 0.1 M PBS and coronally-

sectioned on a vibratome (150 µm). Hoechst 33342 (1:500 in 0.1 M PBS, Thermo-Fisher) 

was used as a nuclear counterstain. 

2.4.5 Dendritic spine analysis in brain sections 

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

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

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

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

prevent oversaturation of pixel intensity values in the apical dendrite. The analysis was 

carried out with NIH Image J v.148 (Schneider et al., 2012, https://imagej.nih.gov/ij/) and 

was restricted to primary apical dendrites on their trajectory through Layers 2/3. Apical 

shafts were selected for analysis according to the following criteria: 1) The diolistic label 

reached the soma of a layer 5 pyramidal cell, and 2) the shaft measured 2-4 µm wide, and 

3) at least 100 µm of the shaft was clearly discernible from surrounding cells/shafts. Spines 

were manually traced through z-sections from the head to their origin on the shaft, 

considering the following: i) they protruded from the shaft by at least 0.4 µm and ii) they 

were separated by at least 4 µm from a neighbouring apical dendrite. The spines of six 

apical dendrites that matched these criteria were analyzed for each animal. The spine 

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

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

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

uniform adjustments to levels and contrast were made using Photoshop CS6 Extended suite 

(Adobe Systems, Inc.). 
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2.4.6 Primary cortical neuron cultures 

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

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

I (150 µg/L, D4818, Millipore-Sigma), and DNAse 1 (100 µg/L, 10104159001, Roche) for 

40 minutes, followed by mechanical dissociation in DMEM/F12 medium supplemented 

with NeurocultTM SM1 supplement (05711, STEMCELL Technologies), and L-glutamine 

(200 mM, 07100, STEMCELL Technologies), and penicillin/streptomycin (P/S, 0.1 U/mL, 

15140122, Gibco). Cells were plated at a density of 2.5 X 105 cells per cm² on poly-D-

lysine (PDL) pre-coated glass coverslips (GG-12-1.5-PDL, NeuVitro) or NuncTM
 

LabTekTM Chamber SlideTM systems (154534PK, Thermo-Fisher) for MTT assays. The 

medium was replaced with NeurocultTM medium (STEMCELL Technologies, 05700) 

supplemented with SM1 and L-glutamine, P/S, and gentamicin (0.1 mg/mL, G1397, 

Millipore-Sigma). From 4 days in vitro (DIV) onwards, partial (half) the medium was 

replenished with new BrainPhysTM maturation medium (Bardy et al., 2015) supplemented 

with SM1 and Cytosine β-D-arabinofuranoside (ara-C, C1768, Millipore-Sigma) every 

third day.  

2.4.7 Immunostaining and spiny protrusions analysis in cultured neurons 

Primary cortical neurons were fixed in 4% EM-grade PFA solution pre-warmed to 37°C 

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

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

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

glycine in PBST for 30 minutes at RT. Following blocking, cultures were incubated with 

primary antibodies in 1% BSA, and 5% DS in PBST overnight at 4 °C, washed in PBS 
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three times (10 min), and incubated with secondary antibodies and Alexa Fluor 555 

phalloidin (A34055, Invitrogen) in PBST supplemented with 1% BSA, and 5% DS for 1 h 

at RT. After three washes (10 min), coverslips were mounted on microscope slides using 

Vectashield Antifade Mounting Medium (H-1000, Vectorlabs). Hoechst 33342 (H3570, 

Invitrogen) was used as nuclear stain. For the analysis of spiny protrusions and PSD-95+ 

dendritic spines, high resolution (2048 X 2048, pixel size 0.090 µm) images of neurons 

were captured using a Leica SP8 confocal microscope (63X/1.20NA). The same 

acquisition parameters were maintained for all cells across all separate cultures within an 

experiment. Dendritic spines were defined as actin-enriched protrusions ranging from 0.4 

µm and 10 µm in length that emanated directly from the dendritic shaft. Using ImageJ, the 

longest dendrite of each cell was selected and defined as the primary neurite. Within the 

primary neurite, a 20 µm segment from the distal tip of the primary neurite was traced and 

dendritic spines within the segment were traced with individual ROIs; spine density was 

defined as the number of spines per 10 µm and was calculated by multiplying the total 

number of spines traced by 0.5. For cell-type characterization of neuronal cultures, 

coverslips were stained with the protocol described above and primary antibodies (MAP2, 

Gad67, and GFAP) were incubated overnight at 4 °C, followed by three 10 min washes in 

PBS, secondary antibody incubation at room temperature, and three more 10 min washes 

before mounting the coverslips with Vectashield. Images (1024 x 1024, pixel size 0.568 

µm, 0.34 mm2) were captured with a Leica SP8 confocal microscope (20X/0.7NA). The 

proportions of astrocytes and inhibitory cells were calculated based on GFAP and Gad67 

immunoreactivity relative to the total amount of cells (MAP2-positive cells + GFAP-

positive cells). The proportion of excitatory cells was determined from MAP2-
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positive/Gad67-negative relative to the total amount of cells. Representative images were 

uniformly adjusted with Gaussian blur (2 pixels), and mild uniform adjustments to levels 

and contrast using Photoshop CS6 Extended suite (Adobe Systems, Inc.).  

2.4.8 Neuronal network analysis in primary cortical neuron cultures 

For Ca2+ imaging experiments, neuronal cultures 12–14 days in vitro were washed with 

HBSS and incubated in in BrainPhysTM maturation medium supplemented 4 µM Fluo-4 

AM (F14201, Thermo-Fisher,) for 40 minutes at 37°C, 5% CO2, and 95% humidity. 

Coverslips were washed, transferred to a 35 mm dish containing BrainPhysTM without 

phenol red (05791, STEMCELL Technologies), and incubated in the dark for 30 minutes 

at 37°C, 5% CO2 and 95% humidity to allow complete de-esterification of the probe. The 

dish was then mounted onto a heated chamber held at 37°C, 5% CO2 and images were 

acquired every 5 seconds for 10 minutes (pixel dwell time 36 ns, streamed at 7.41 Hz, 

exposure/frame capture time 135 ms,; 120 frames) using a laser-scanning microscope 

(Leica SP8) using 471 nm laser illumination (constant 5% laser power) and a 20X objective 

(NA 0.70). Three fields of view (FOVs) were analyzed per coverslip. Regions of interest 

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

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

Software (version 3.1.3.16308, Leica Microsystems); the background signal was 

determined in areas of the culture lacking neurons and was subtracted from all the intensity 

records; fluorescence intensity values were exported as .csv files. Two to three coverslips 

across 3 independent cultures were used for this analysis (WT = 8 coverslips across 3 

independent cultures; KO = 7 coverslips across 3 independent cultures). Note that cells 

exhibiting a range in fluorescence intensity values limited to within 10% of maximal 
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fluorescence intensity across the entire recording (i.e. fluorescence intensity of 90% of 

maximum or greater) were removed from all subsequent analyses, resulting in a total of 

27/1044 cells removed across WT coverslips (2.9%) and 66/1155 cells removed across 

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

abnormally high fluorescence values that could have confound our analysis; however, it 

might also eliminate cells with very small calcium transients, skewing our results towards 

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

Single Neuron and Network Analysis Package, FluoroSNNAP 

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

open-source, interactive plugin for MATLAB (MATLAB R2014a, the Mathworks Inc.) 

for ΔF/F0 conversion from raw F data, spike probability inference, and network ensemble 

analysis. Once the raw fluorescence .csv file is imported, the analysis package generates a 

mock image or stack by randomly placing all the traced ROIs contained in the .csv file, 

which serves to interact with the imported data by selecting individual ROIs and visualizing 

their time-varying traces. By selecting the option “Convert raw fluorescence data to 

deltaF/F” the difference in fluorescence (ΔF/F0) was computed by taking the average of all 

the pixels within each ROI (raw fluorescence trace) and subtracting each value with the 

mean of the <50% values in the previous 10 frames (adjustable parameter), and then 

dividing that product by the mean of the lower 50% values in the previous 10 frames (Patel 

et al., 2015). Selection of the module “Infer underlying spike probability” calculates the 

spike probability of each individual ROI using a fast, non-negative deconvolution method 

developed by Vogelstein et al. (2010). This inferred spike probability algorithm represents 

neuronal activity better than ΔF/F (Vogelstein et al., 2010; Miller et al., 2014). Network 

https://www.seas.upenn.edu/~molneuro/software.html
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ensembles, defined as the group of co-activate neurons in a high-activity frame, were 

calculated by thresholding spike probability data to 3 standard deviations (SDs) above zero, 

determined from spike probabilities of the entire population in each FOV; this serves to 

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

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

1,000 times to identify the statistically significant number of groups of co-active neurons, 

using a significant level of p<0.05 (Miller et al., 2014). For distribution analyses the median 

raw Fluo-4 AM fluorescence intensity (in this case defined as baseline fluorescence) and 

the difference between maximum and minimum fluorescence intensity values (in this case 

defined as ΔF, fluorescence intensity range) across all frames were obtained for each ROI 

(cell) collected in the present study and plotted as relative frequency distributions. Violin 

plots were generated in RStudio, and distributions were compared using the non-parametric 

Mann-Whitney U test.  

2.4.9 MTT cell viability assay 

Cell viability was tested in WT and Panx1 KO neuronal cultures NuncTM
 LabTekTM 

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

Diphenyltetrazolium Bromide]) cell proliferation Assay Kit (V13154, Thermo-Fisher) and 

following the manufacturer’s instructions. Briefly, 12 mM of MTT stock solution 

(Component A) were prepared by adding 1 mL of PBS to a 5 mg vial of MTT; 20 µL of 

this 12 mM MTT solution was added to each well containing neurons bathed in 180 µ L of 

fresh BrainPhysTM without Phenol Red (05791, STEMCELL Technologies) and incubated 

for 4 hours at 37 °C and 5% CO2; wells without neurons were used as negative controls. 

After this step, ¾ of the medium were removed and 100 µL of DMSO were added in, 
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mixing thoroughly the contents of the well and incubating for 10 minutes at 37 °C. After 

this, the resulting solution was mixed once again, and the absorbance was read at 540 nm 

using a microplate reader (Infinite®PRO microplate reader, Tecan Life Sciences). All 

absorbance values represent the average of 9 scans per well and were normalized to blank 

wells (wells without neurons). Six wells per culture per group were used for this assay (n 

= 3 per group).   

2.4.10 Synaptosome preparation and Western blotting 

Synaptic proteins were extracted using Syn-PER™ Synaptic Protein Extraction Reagent 

(87793, Thermo-Fisher) according to the manufacturer’s instructions. Briefly, WT and 

Panx1 KO P14 and P29 cortices were dissected and weighed and then submerged in ice-

cold Syn-PER reagent (1 mL/100 mg) supplemented with protease inhibitor cocktail 

(P8340, Milipore-Sigma). After homogenization on ice, 10%-20% of the homogenate was 

stored at -80°C for future analysis; the remaining of the homogenate was centrifuged at 

1200 X g for 10 minutes at 4°C. The pellet was discarded, and the supernatant transferred 

to a new tube, for a new round of centrifugation at 15,000 X g for 20 minutes at 4°C, 

obtaining synaptosomes. This pellet was resuspended in Syn-PER™ reagent using 150 μL 

per 100 mg of brain tissue. This synaptosome suspension was stored in 5% (v/v) DMSO at 

-80°C until analysis. On the day of analysis, 50 μL of the synaptosome suspension was 

placed in a new tube and centrifuged to collect the pellet. Protein was extracted by adding 

200 μL of PBS-based RIPA lysis buffer (1% IGEPAL, 0.5% sodium deoxycholate, 0.1% 

SDS, supplemented with PI cocktail, PMSF and Na orthovanadate) and immersion in ice 

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

buffer, DTT and β−ME before loading 10 µg of protein per lane onto 10% PAGE gels 
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(TGX Stain-Free FastCast Acrylamide Kit 161-0183, Bio-Rad) and protein separation was 

achieved by application of 200 V. Following electrophoresis, gels were exposed to 30 s 

UV (G-box imager) to obtain the Stain-Free signal (total protein) and then transferred to 

polyvinyldene fluoride (PVDF) for 1 hour at 100 V. Following this, the Stain-free signal 

was captured by UV light (5 s), rinsed with deionized water for 30 s, blocked in 5% skim 

milk in PBS supplemented with 0.1% Tween 20, incubated with primary antibodies at 4°C 

overnight, and secondary antibodies for 1 h at RT after three washes in PBST. The 

immunoreactive bands were visualized by enhanced chemiluminescence and quantified 

using ImageJ (http://imagej.nih.gov/ij/). To determine the cortical specificity and extent of 

Panx1 KO of the excitatory-specific Panx1 KO model (Panx1 cKOE), we made whole 

lysates from the cortices and cerebelli of Panx1f/f and Panx1 cKOE littermates using PBS-

based RIPA lysis buffer and processed as described above. 

2.4.11 Experimental Design and Statistical Analysis 

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

consisted of equal numbers of male and female mice. Note that separate analyses of male 

and female groups revealed no sex-specific differences in the overall effects and so the 

sexes were combined. For in vitro experiments, appropriate controls are clearly identified 

in detail in the figures and figure legends. Treatment timelines and all other relevant details 

are described in the results and figure legends and where appropriate, illustrated on the 

figures themselves. Researchers were blinded to the identity of the treatment/experimental 

groups at all stages of the analysis, except for Western blot analysis. Data are presented as 

means ± SEM. Significance comparisons were calculated using unpaired Student t-test, 

one-way ANOVA and two-way ANOVA for grouped analyses. Bonferroni’s correction 

http://imagej.nih.gov/ij/
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was used for multiple comparisons when appropriate. When interactions were statistically 

significant while using two-way ANOVA for grouped analysis, a simple effect ANOVA 

with multiple comparison were performed using Bonferroni’s correction. For non-normally 

distributed data we used non-parametric tests. Details of normality tests can be found in 

Table 1. Statistical significance was determined by a p value <0.05 in all tests used in the 

present study. Data was analyzed using GraphPad Prism version 6.0d (GraphPad Software, 

San Diego, CA), and RStudio (version 1.1.463, RStudio Inc). Significance is denoted as 

p< 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). Results of statistical tests 

are described in detail in the Table 2.1 Statistical Table; superscript letters throughout the 

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

2.4.11.1 Table 2.1. Statistical table 

   Table 1. Statistical table 

 Fig. 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 
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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, 

inhibitory neurons 

Normal distribution Simple effect 

ANOVAǂ with 

Bonferroni’s 
correction 

 p = 0.7500, -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 age 

interaction 

Normal distribution Two-way ANOVA F (1, 16) = 

84.46 

p < 0.0001 

i2 3B Genotype effect  Normal distribution Two-way ANOVA F (1, 16) = 
144.7 

p < 0.0001 
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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 

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 
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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 

m1

0 

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 

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 = 0.0240; 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 
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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; 

df=4 

p = 0.4326; -

0.1602 to 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 

2.5 Results 

2.5.1 Increased network ensembles and altered Ca2+ dynamics in Panx1 KO 

cortical neurons  

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

Ca2+ imaging in primary cortical neuron cultures from WT and Panx1 KO mice 

(Figure 2.1). Spontaneous developing networks in cultured cortical neurons exhibit self-

sustaining bursts lasting a few hundred milliseconds occurring at 0.05 Hz to 0.1 Hz 

between DIV8-21 (Habets et al., 1987; Murphy et al., 1992; Maeda et al., 1995; Tibau et 

al., 2013). Considering these characteristics and other experimental factors (minimization 

of phototoxicity, imaging multiple fields-of-view; FOV), we imaged DIV12-14 cultures at 

0.2 Hz (pixel dwell time = 36 ns; total frame capture time = 135 ms) for 10 minutes (120 

frames). To tease out the effects of Panx1 KO on network properties we performed 
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computational modeling of our Ca2+ imaging data using the MATLAB based open-source 

package, FluoroSNNAP (Fluorescence Single Neuron and Network Analysis Package). 

FluoroSNNAP allowed us to determine the number and properties of network ensembles, 

which are defined as groups of neurons that undergo statistically significant  co-activation. 

These ensembles are identified by their contribution to a so-called ‘high-activity frame’ 

characterized by a statistically significant proportion of activated neurons (Miller et al., 

2014; Patel et al., 2015). Within this algorithm, statistically significant (p <0.05) high 

activity frames are identified by comparing the mean activity level of a given frame with a 

computationally-derived activity threshold calculated using the inferred spike activity data 

of each cell permutated 1,000 times across the entirety of the recording period. 

Figure 2.1A depicts Fluo-4 and FluoroSNNAP analyses from exemplary FOV and 

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

cultures. Figure 2.1Ai depicts two sequential Fluo-4 AM fluorescence frames captured 

from an exemplary WT FOV (left side) and an exemplary Panx1 KO FOV (right side) 

cultured cortical neurons. An increase in Fluo-4 AM fluorescence intensity in exemplary 

WT cell #75 highlighted in ‘high-activity’ frame #27 (on the right) is evident upon 

comparison with the preceding frame (#26). Similarly, an increase in Fluo-4 fluorescence 

intensity in exemplary Panx1 KO cell #85 highlighted in ‘high-activity’ frame #30 (on the 

right) is evident upon comparison with preceding frame (#29). The FluoroSNNAP-

computed ΔF/F (Figure 2.1Ai middle panels) and inferred activity (Figure 2.1Ai bottom 

panels) of these two exemplary cells is also shown across all frames. Figure 2.1Aii depicts 

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

bottom panels) across all 120 frames from the wildtype (left) and Panx1 KO (right) 
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exemplary FOV. In this exemplary FOV, there are more red crosses (spikes from cells 

participating in a network ensemble) in the Panx1 KO raster plot. Note that total of 27/1044 

cells (2.9%) were removed from WT (2.9%) and 66/1155 cells (5.7%) were from 

Panx1 KO coverslips according to our exclusion criteria (cells exhibiting sustained 

fluorescence intensity at 90% of maximum or greater). Consistent with this exemplary data, 

overall, Panx1 KO cultures exhibited a significant increase in network ensembles (Figure 

2.1Bi; p = 0.0014a1) and number of cells per ensemble (Figure 2.1Bii; p < 0.0001a2), as 

well as a significant increase in core ensembles (co-active groups of neurons active in more 

than one network ensemble; Figure 2.1Ci; p = 0.0071b1). These changes in network 

properties were still observed when all the above excluded cells were included. We then 

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

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

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

intensity range) for each neuron recorded during our imaging sessions. Panx1 KO neurons 

exhibited a significant increase in the baseline intensity of Ca2+ transients (Figure 2.1D; p 

< 0.0001c) and range of fluorescence compared to WT neurons (Figure 2.1E; p < 0.0001d). 

Additionally, we examined cell-type composition and cell viability. WT and Panx1 KO 

DIV12-13 cortical neuron cultures were composed of highly similar percentages of 

excitatory neurons (~80%), inhibitory neurons (~16%), and astrocytes (2-4%; Figure 2.1F; 

p = 0.9702e4,8, p = 0.7500e5,9, p = 0.1026e6,10 respectively). The low percentage of 

interneurons is consistent with previous data from this developmental timepoint (Habets et 

al., 1987; Benson et al., 1994; Frega et al., 2014; Johnson et al., 2015). Similarly, cell 

viability assessed by the conversion of MTT to formazan (MTT assay) was not 
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significantly different between the two groups (Figure 2.1G; p = 0.9089f). Taken together, 

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

cortical neurons.  
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Figure 2.1. Increased network ensembles and altered Ca2+ dynamics in Panx1 KO cortical neurons 

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

cultures. Ca2+ imaging data was collected using confocal microscopy in DIV12 primary cortical neurons 

using Fluo-4-AM. A MATLAB based program called FluoroSNNAP was used to determine network 

ensemble properties. A(i) Confocal micrographs of exemplary fields of view (FOVs) of WT and Panx1 KO 

(labelled as KO) demonstrating Fluo-4-AM derived Ca2+ activity from low and high activity frames (as 

indicated), along with the FluoroSNNAP output ∆F/F (middle panels) and inferred spikes (bottom panels) 

from the identified WT (#75) and KO (#85) cells. A.(ii). Percentage of active neurons in each frame from 

the example FOVs (top panels). The red line indicates the threshold for a statistically significant number 

of coactive cells in a frame used by FluoroSNNAP (3 standard deviations; SD). Raster plots of WT and 

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

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

part A are also highlighted in red. B. Network ensemble data from WT and Panx1 KO DIV12 primary 

neuron cultures. B.(i). The mean number of network ensembles was increased in Panx1 KO cultures (WT: 

4.0 ± 0.6, KO: 7.6 ± 0.7 network ensembles; t(13) = 4.1, p = 0.0014a1; n = 7-8 coverslips from 3 independent 

cultures; **p < 0.01). B(ii). The number of cells involved in network ensembles was also increased in 

Panx1 KO neurons (WT: 5.0 ± 0.6, KO: 8.5 ± 0.6 cell per ensemble; t(13) = 4.4, p < 0.0001a2; n = 20-21 

network ensembles from 3 independent cultures; ****p < 0.0001). C. Core network ensemble data from 

WT and Panx1 KO DIV12 primary neuron cultures.  C(i). The mean number of core ensembles (co-

activated neurons participating in more than one ensemble) was increased in Panx1 KO cultures (WT: 1.2 

± 0.3, KO: 2.7 ± 0.5 core ensembles; t(39) = 2.8, p = 0.0071b1; n = 20-21 network ensembles from 3 

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

different between the analyzed groups (WT: 3.1 ± 0.3, KO: 3.7 ± 0.3 cells per core ensemble; t(30) = 1.3, p 

= 0.1968b2; n = 12-20 core ensembles from 3 independent cultures; n.s., not significant). D. Distributions 

and violin plots of resting and total change (maximum minus minimum) in Fluo-4 AM fluorescence 

intensities in DIV12-14 primary cortical neuronal cultures. D(i). Frequency distributions of Fluo-4 AM 

Ca2+ indicator dye fluorescence intensities of WT (red) and Panx1 KO (blue) revealed a right shift towards 

higher median Ca2+ levels at baseline (defined the as raw median fluorescence intensity value for each 

neuron; WT median = 37, n = 1017 cells; KO median = 58.50, n = 1089 cells; p < 0.0001c; Mann-Whitney 

U = 316,969; data compiled from 7-8 coverslips from 3 independent cultures per condition; ****p < 

0.0001). Dotted lines represent the mean of each distribution; a.u., arbitrary units. E. Similarly, the 

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

range) was right-shifted and significant larger in Panx1 KO neurons (WT median = 16, n = 1017 cells; 

KO median = 25, n = 1089 cells; p < 0.0001d; Mann-Whitney U = 294,294; data compiled from a total of 

7-8 coverslips across 3 independent cultures per condition; ****p < 0.0001). Dotted lines represent the 

mean of each distribution; a.u., arbitrary units. F. WT and Panx1 KO cortical neuronal cultures have a 

similar cell-type composition. F(i). Representative images of WT and Panx1 KO cortical neurons labeled 
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with the pan-neuronal marker MAP2, interneuron marker Gad67, and the astrocytic marker GFAP. Scale 

bar, 100 µm. F(ii). The proportion of excitatory neurons, inhibitory neurons, and astrocytes was similar 

between groups (WT excitatory neurons = 81.4% ± 1.3%, KO excitatory neurons = 79.8% ± 1.6%, p = 

0.9702e8; WT inhibitory neurons = 17.1% ± 1.3%, KO inhibitory neurons = 15.2% ± 1.0%, p = 0.7500e9; 

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

Bonferroni’s multiple comparison test, n = 16 FOV from 2 independent cultures; n.s., not significant). G. 

WT and Panx1 cortical neurons have similar cell viability. Conversion of MTT to formazan (absorbance 

measured at 540 nm) was not significant between groups (WT = 100% ± 2.5%, KO = 98.62% ± 8.5%; p 

= 0.9089f; t(4) = 0.128;  n = 3 independent cultures; n.s., not significant). Data are presented as mean ± 

SEM. 

2.5.2 Panx1 is enriched in synaptic compartments  

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

fractions were prepared and validated by enrichment for PSD-95, and exclusion of the 

astrocyte protein glial fibrillary acidic protein (GFAP) by Western blotting (Figure 2.2A). 

The synaptosome fractions demonstrated specific enrichment of Panx1 (Figure 2.2Aiii; p 

= 0.0093g6,8). Western blot analysis of whole cortical lysates from WT (C57BL/6J) mice 

revealed a dramatic drop in Panx1 expression from P7 to P14, and further, from P14 to P29 

(Figure 2.2Bii; p <0.0001g2, p = 0.0006g3), consistent with previous reports demonstrating 

peak Panx1 transcript expression at embryonic day (E) 18 followed by a precipitous 

postnatal decrease (Ray et al., 2005; Vogt et al., 2005).   

Figure 2.2. Panx1 is enriched in synaptic compartments A. Synaptic protein extraction and isolation 

revealed Panx1 enrichment in cortical synaptic compartments. A(i). Protocol for synaptosome preparation 

from dissected cortical tissue using SynPerTM. A(ii). Western blot of subcellular fractionations obtained 

from a P14 WT brain and probed with PSD-95 (top panel), Panx1 (second panel), and GFAP (third panel), 

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

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

synaptic compartments as determined by higher immunoreactivity in P3 (synaptosomes) relative to 

homogenate (H). As expected, PSD-95 was also enriched in P3 (Panx1, p = 0.0093g6,8; PSD-95, p 

<0.0001g5,7; Simple effect ANOVA with Bonferroni’s multiple comparison test; n = 3 animals; **p <0.01, 

****p<0.0001). B. Panx1 cortical expression is developmentally down regulated B(i). Western blot of WT 
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dissected whole cortical tissues from P7-P63 animals, probed with Panx1 (top panel), and Stain=Free (total 

protein) at the bottom. B(ii). Panx1 expression decreased with age (age, F(3,8) = 365.9, p <0.0001h1; n = 3 

animals per group; ****p<0.0001) with levels markedly dropping from P7 to P14 (p<0.0001h2; P14-P29, 

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

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

 

 

 

2.5.3 Increased PSD-95 and altered postsynaptic receptor expression in Panx1 

KO cortical synaptosomes  

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

expression in cortical synaptosomes dropped markedly (~80%) between P14 and P29 

(Figure 2.3A,B; p <0.0001g3,4,7). Panx1 was not detected in cortical synaptosomes from 

global Panx1 KO mice (Figure 2.3A,B). Consistent with the rapid development of 
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dendritic spines in the first month of postnatal life (Miller, 1986; Zuo et al., 2005; Romand 

et al., 2011), expression of PSD-95 increased significantly between P14 and P29 (Figure 

2.3B; p <0.0001h3). Somewhat unexpectedly, PSD-95 was further increased in Panx1 KO 

synaptosomes relative to synaptosomes from age-matched WT controls (P14, p <0.0001h4; 

P29, p = 0.0220h5). These changes were accompanied by significant increases in GluA1 

and GluN2A in Panx1 KO synaptosomes (Figure 2.3B; p = 0.0082i2 and p = 0.0126l2, 

respectively). Interestingly, the developmental increase in GluN1 was more pronounced in 

WT synaptosomes (p = 0.0009m7), whereas GluN2B levels in Panx1 KO synaptosomes 

were higher at P14 and showed a more marked developmental decline at P29 (p = 0.0488o3, 

p = 0.0240o5). Because the elevated PSD-95 and altered expression of glutamate 

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

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

of dendritic spines in cortical neurons ex vivo.  

Figure 2.3. Increased PSD-95 and altered postsynaptic receptor expression in Panx1 KO cortical 

synaptosomes. A. Representative Western blots of cortical synaptosome preparations from WT and 

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

(GluA1, GluA2, GluN1, GluN2A, GluN2B). The BioRad Stain-Free reagent (bottom panel) was used to 

quantify total protein for normalization. Molecular weight markers are indicated in kilodaltons (kDa). B. 

Quantification of protein expression levels of Panx1, PSD-95, and post-synaptic glutamate receptors. 

Expression levels for each protein were normalized to total protein and expressed as a percent of WT P14 

values; n = 5 animals per group analyzed in five independent experiments. Panx1 significantly decreased 

from P14 to P29 in WT cortical synaptosomes (P14 = 100 ± 9.4%; P29 = 13.4 ± 1.2%, p <0.0001i3,4,7, 

simple effect ANOVA with Bonferroni’s multiple comparison test; ****p <0.0001). No Panx1 signal was 

detected in Panx1 KO cortical synaptosomes. PSD-95 significantly increased with age in both WT and 

Panx1 KO, and was also significantly higher in Panx1 KO relative to WT within age-matched controls 

(age: F(1,16) = 37.4, p <0.0001j3; genotype: F(1,6 = 175.8, p <0.0001j2; interaction: F(1,16) = 4.2, p = 0.0570j1; 

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

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

<0.0001). GluA1 and GluN2a also exhibited age-matched increases in expression in Panx1 KO cortical 
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synaptosomes (GluA1: genotype, F(1,16) = 9.090, WT P14 = 100 ± 7.2%, KO P14 = 155.6 ± 24.4%; WT 

P29 = 93.42 ± 14.9%, KO P29 = 168.4 ± 31.7%, p = 0.0082k2; GluN2A: F(1,16) =  7.892, WT P14 = 100 ± 

12.2%, KO P14 = 167.8 ± 31.20%; WT P29 = 121.4 ± 23.2%, KO P29 = 201.3 ± 33.3%,, p = 0.0126n2), 

GluN1 developmental upregulation was more pronounced in the WT group (p = 0.0009m1-8), whereas 

GluN2B immunoreactivity in Panx1 KO synaptosomes exhibited  a steeper developmental decline at P29 

compared to WT (age: F(1,16) = 4.547, p = 0.0488o3; WT P14 = 100 ± 6.5%, WT P29 = 97.1 ± 16.6%, p 

>0.9999o4; KO P14 = 133.1 ± 11.9%, KO P29 = 88.6 ± 5.9%; p = 0.0014o5; two-way ANOVA with 

Bonferroni’s multiple comparison test; *p<0.05). Data are presented as mean ± SEM. For additional 

statistical information results see Table 2.1 Statistical Tablei1-o5. 
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2.5.4 Increased dendritic spine densities in cortical neurons from Panx1 KO mice  

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

age-matched Panx1 KO cortical synaptosomes, we tested the hypothesis that Panx1 

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

Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate), which allows for 

relatively sparse labelling of somatosensory layer 5 pyramidal neurons (Figure 4A). As 

predicted, spine densities from the apical dendritic tuft of layer 5 pyramidal neurons were 

significantly higher in global Panx1 KO mice than age-matched WT controls at both P14 

and P29 (Figure 2.4Bi,Bii; P14, p = 0.0014p1; P29, p <0.0001q1). These changes were 

consistent with the increased synaptosome PSD-95 expression observed at P14 and P29. 

Next, because Panx1 has also been detected in astrocytes (Huang et al., 2007; Iglesias et 

al., 2009), microglia (Burma et al., 2017), and several vascular system cell types (Begandt 

et al., 2017) in various contexts, we also generated a conditional glutamatergic neuron-

specific (Emx-1IRES-cre;Panx1f/f) Panx1 KO (Panx1 cKOE). Consistent with the global 

Panx1 KO, spine densities in Panx1 cKOE were significantly higher than in Panx1f/f 

controls (Figure 2.4Biii; p = 0.0104r1). The Cre-based recombination in the Emx1-

expressing lineage begins as early as E10.5 (Gorski et al., 2002). Western blot analysis 

(Figure 2.4Biv) of Panx1 cKOE and control (Panx1f/f) cortical (Cx) and cerebellar (Cb) 

lysates demonstrates substantial reduction of Panx1 immunoreactivity in Panx1 cKOE 

cortical lysates, confirming Panx1 KO in cortical excitatory neurons (comprising the 

majority of cortical tissue). Notably, mean spine lengths were not significantly different 

with either Panx1 KO line, suggesting the additional spines do not represent abnormally 

long spines or filopodia, (Miller and Peters, 1981; Ziv and Smith, 1996; Zuo et al., 2005; 
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for review see Sala and Segal, 2014). Panx1 KO primary cortical neurons grown in culture 

for DIV12-14 exhibited significantly higher densities of dendritic protrusions resembling 

dendritic spines (Figure 2.4C). A similar proportion of dendritic protrusions co-localized 

with PSD-95 in both WT and Panx1 KO cortical neurons and spine lengths were not 

significantly different between groups. Together these results suggest that deletion of 

Panx1 in glutamatergic cortical neurons increases spine density in a cell-autonomous way.  

Figure 2.4. Increased dendritic spine density in Panx1 KO cortical neurons A. Experimental set-up for 

DiI labeling of apical dendrites of layer 5 somatosensory neurons ex vivo. On the left is a representative 

micrograph of a WT P14 mouse cortex labeled on the pial surface with DiI with an overlay delimiting the 

somatosensory cortex and cortical layers. A yellow arrow denotes the cell bodies of the layer 5 cortical 

neuron, shown in the inset; scale bar, 100 µm. On the right, a 100 µm segment of the primary apical 

dendrite of the cell in the inset, traversing layer 2/3; scale bar, 20 µm. Scale bar, 500 µm. B. Increased 

dendritic spine density in Panx1 KO cortical neurons.  B(i). Representative maximum intensity projections 

of Panx1 WT (left) and Panx1 KO (right) neurons at P14. Scale bar, 1 µm. Average spine density was 

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

= 0.0014p1; t(14) = 3.9, unpaired t-test, n = 8 animals per genotype; **p < 0.001). Average spine length was 

not significantly different (WT, 1.64 ± 0.06 µm; KO, 1.58 ± 0.04 µm, p = 0.4133p2; t(14) = 0.8, unpaired t-

test, n = 8 animals per genotype; n.s., not significant). B(ii). At P29. average spine density was significantly 

higher in Panx1 KO (WT, 20.3 ± 0.5 spines per 10 µm; KO, 25.6 ± 0.8 spines per 10 µm; t(12) = 5.8, p < 

0.0001q1, unpaired t-test, n = 7 animals per genotype; ****p < 0.0001). Average spine length was not 

significantly different (WT, 1.47 ± 0.01 µm; KO, 1.50 ± 0.03 µm, p = 0.4274q2; t(12) = 0.8, unpaired t-test, 

n = 8 animals per genotype; n.s., not significant). B(iii). Similarly, average spine density was significantly 

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

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

25.3 ± 0.8 spines per 10 µm t(4) = 4.6; p = 0.0104r1, unpaired t-test, n = 3 mice per genotype; *p <0.05). 

Average spine length was not significantly different (Panx1f/f, 1.43 ± 0.03 µm; cKOE, 1.50 ± 0.08 µm, p = 

0.4326p2; t(4) = 0.9, unpaired t-test, n = 3 animals per genotype; n.s., not significant). Biv, Top, 

representative Western blot of cortical (Cx) and cerebellar (Cb) lysates from control (Panx1f/f) and Panx1 

cKOE mice. Bottom, Genotyping results assaying for the presence of Cre and Emx1 in Panx1f/f and Panx1 

cKOE. See Methods for more details.. C. Increased dendritic spine density and PSD-95-positive spine 

density in cultured cortical neurons at DIV12-14.C(i). Representative maximum intensity projections of 

primary neurite (longest neurite) distal segments from WT and Panx1 KO cultured cortical neurons. 

Dendritic spines were identified using fluorophore-conjugated phalloidin (F-actin; blue). PSD-95 puncta 
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(white) were quantified (PSD-95+ spines). Scale bar, 10 µm. C(ii). Quantification revealed increased mean 

spine density (WT, 10 ± 0.6 spines per 10 µm; KO, 16 ± 0.5 spines per 10 µm, t(25) = 8.4, p <0.0001s1; 

unpaired t-test, n = 10-17 cells from 3 independent cultures; ****p<0.0001), and increased of PSD-95-

positive spines in Panx1 KO cultured cortical neurons (WT, 1.5 ± 0.3 spines per 10 µm; KO, 3.9 ± 0.6 

spines per 10 µm, t(25) = 4.2, p = 0.003s2; unpaired t-test, n = 10-17 neurons from 3 independent cultures; 

***p<0.001). Spine length was not different between groups (p = 0.2047s3). Data are presented as mean ± 

SEM. 
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2.6 Discussion 

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

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

PSD-95 in wildtype and Panx1 KO cortical neurons, suggesting Panx1 KO does not simply 

induce a selective proliferation of immature spines, but rather increases the number of 

spines with very similar properties to those found in WT cortical neurons. Our results 

suggest that this increase in dendritic spine density underlies the larger number of network 

ensembles observed in Panx1 KO cortical cultures (Figure 2.5). These findings are 

consistent with recent evidence demonstrating that incorporation of a cell into a network 

ensemble requires the development of spines and synapses (Jung and Herms, 2014; as 

reviewed in Hoshiba et al., 2017; Frank et al., 2018). While cortical cultures, in which we 

performed our network analysis, are known to contain abundant autaptic connections, these 

are also highly abundant within the developing rodent neocortex. Lübke et al.  (1996) 

reported that autaptic contacts are found in most layer 5 cortical neurons in situ in the 

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

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

pyramidal neurons in developing mouse prefrontal cortex and human frontal lobe (acute 

brain slices) that persist into adulthood, promoting neuronal responsiveness, burst firing 

and coincidence detection. Thus, not only might Panx1 KO impact autapses in culture but 

also potentially in vivo. It is also important to note that our understanding of the 

contribution of spine development and synaptic strengthening to spontaneous network 

development is still relatively limited and we cannot yet determine whether the ~20-30% 

increases in spine density we observed ex vivo and in vitro equates directly to 20-30% 
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increases in the number of synapses. Finally, given that not all synapses/cells are recruited 

to shape the development of neuronal network ensembles, and since our current 

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

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

be engaged in enhanced coupling. Moreover, rescue experiments in which Panx1 is re-

expressed in control and Panx1 KO neurons are now needed to determine whether the role 

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

 

Figure 2.5. Loss of Panx1 in developing cortical neurons increases spine density and network 

ensembles. Dendritic spines receive the bulk of excitatory synapses in the cerebral cortex. Panx1 

expression is developmentally regulated. Panx1 levels, high early in postnatal developmental, decrease 

progressively as neurons mature and form synapses (evidenced by increasingly PSD-95 expression with 

age). Analysis of Ca2+ transients in cultured neurons reveals that Panx1 KO cortical cultures exhibit more, 

and larger, groups of activated neurons, known as network ensembles. Panx1 KO cortical neurons exhibit 

increased spine densities in vitro and ex vivo. These results suggest that Panx1 acts as negative regulator 

of dendritic spine density in cortical neurons, impacting how neurons integrate into networks.  

 

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

Panx1 KO mice by focusing on a different region of the brain, the cortex, and by focus on 

potential developmental contributions. Previous studies focused primarily on the 
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hippocampal CA1 region at one month of age or older (Prochnow et al., 2012; Ardiles et 

al., 2014). These studies showed increased CA1 LTP (Prochnow et al., 2009; Ardiles et al., 

2014) as well as a reduction in LTD (Ardiles et al., 2014) associated with Panx1 KO; albeit, 

these effects were observed uniquely in adult animals (3 months for the Prochnow et al. 

study, 9-12 months for the Ardiles et al. study). Ardiles et al. (2014) found that 

hippocampal Panx1 expression levels were greatly reduced between young (one month) 

and older (9-12 month-old) animals, which is consistent with our findings over our earlier 

age range, and suggest that the decline in Panx1 levels begins in the early postnatal period 

and continues on with increasing age. More recent work showed that Panx1 channels are 

strongly active under ictal conditions in human brain cortical tissue from epilepsy patients 

and in the CA1 region of the hippocampus following kainic acid seizure induction (Dossi 

et al., 2018), suggesting that in pathological conditions Panx1 is positively correlated with 

excitability; although the mechanistic underpinnings, such as the possible interneuronal or 

glial contributions to this effect, have not yet been fully resolved. Relatedly, because Panx1 

has been detected in multiple cell types and has been associated with cell death processes 

(reviewed in Sandilos and Bayliss, 2012; Thompson, 2015; Swayne and Boyce, 2017), we 

analyzed the cellular composition and viability of our cortical cultures. Wildtype and 

Panx1 KO cultures were comprised of similar percentages of excitatory neurons, inhibitory 

neurons and astrocytes. The majority of cells in both wildtype and Panx1 KO cultures were 

excitatory neurons (~80%). Inhibitory neurons, although less abundant (~16% in our 

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

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

neurons (Ray et al., 2005; Vogt et al., 2005; Zoidl et al., 2007), and this is consistent with 
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our Western blot data from Panx1 cKOE (glutamatergic-specific Panx1 KO) and control 

(Panx1f/f) lysates. Cortical control (Panx1f/f) lysates exhibited a minor residual Panx1 

immunoreactivity, which likely reflects expression in inhibitory neurons. While together 

our results suggest that the impact of Panx1 KO on dendritic spine formation is cell-

autonomous (glutamatergic neurons), a potential contribution of inhibitory neuron Panx1 

to network ensemble development remains to be determined. 

The mechanisms governing spine formation and plasticity are poorly understood 

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

age- and brain region-specific, making it difficult to directly compare these previous 

studies with our own. For example the major chloride extruder in neurons, KCC2, 

differentially regulates brain-derived neurotrophic factor (BDNF)-dependent dendritic 

spine development in CA1 and somatosensory neurons during the first postnatal week 

(Awad et al., 2018). This study suggests molecular mechanisms of dendritic spine 

formation in different brain regions might not be completely generalizable. Moreover, 

mounting evidence implicates Panx1 as a possible chloride permeable channel (Ma et al., 

2012; Nomura et al., 2017) and thus this differential regulation and of a chloride extruder 

could directly impact on Panx1 in spine formation; although it remains to be confirmed 

whether Panx1 channel function itself is implicated in the regulation of spine development. 

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

2018), is expressed at higher levels in the hippocampus than in the cortex (Awad et al., 

2018), suggesting fundamental differences in baseline levels of key molecular effectors of 

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

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

Turrigiano, 2014), and its overexpression increases synaptic contact stability (El-Husseini 

et al., 2000). Moreover, most spines lacking a PSD do not persist >1 day, and further, a 

reduction in PSD-95 precedes spine loss (Cane et al., 2014). BDNF-dependent PSD-95 

delivery into spines requires tubulin polymerization (Hu et al., 2011). Microtubule spine 

invasion is thought to be necessary for kinesin-based transport of cargo required for spine 

stabilization (for review, see Dent, 2017); although the mechanisms regulating this process 

are still relatively unknown. A recent report described an interaction between Panx1 and 

Crmp2 (Xu et al., 2018), a protein that regulates microtubule stabilization and elongation 

(Fukata et al., 2002; Niwa et al., 2017). Block of Panx1 with probenecid reduces the Panx1-

Crmp2 interaction and concomitantly results in increased microtubule stability and 

enhance neurite outgrowth (Xu et al., 2018). Moreover, deletion of Crmp2 reduces 

dendritic spine density (Zhang et al., 2016). Of note, synaptosome fractions of WT and 

Panx1 KO cortices at P14 and P29 exhibited similar Crmp2 protein levels (data not shown). 

Together these findings suggest a working model in which Panx1 sequesters Crmp2 by 

physical interaction until a specific cue, possibility a local elevation in extracellular ATP 

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

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

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

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

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

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

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

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

human PANX1 variant associated with multi-organ developmental abnormalities and 

marked intellectual disability (Shao et al., 2016). Moreover, single nucleotide 

polymorphisms affecting Panx1 transcript levels have been implicated in ASD (Davis et 

al., 2012). Therefore, understanding the developmental role of Panx1 could provide 

important insights into variations in normal brain development as well as risk of 

neurodegenerative and neuropsychiatric disease. 
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3 Chapter 3: Panx1 regulates spiny protrusion dynamics in 
developing neurons 

 

This manuscript has been posted as a preprint on the bioRxiv server 

Juan C. Sanchez-Arias, Becca Candlish, and Leigh Anne Swayne (2020) Pannexin 1 regulates 

spiny protrusion dynamics in developing neurons. bioRxiv. 2020.03.02.973917v2 

https://doi.org/10.1101/2020.03.02.973917 

This work was done with help of Becca Candlish who contributed to the production and 

maintenance of neuronal cultures for live-cell imaging experiments. Juan C. Sanchez Arias 

and Leigh Anne Swayne wrote the manuscript. 

 

Note small editorial changes have been made to the version available in bioRxiv. Since 

“Panx1” was already define in the introduction, “Panx1” is used throughout this 

chapter. This work is currently under revision (with positive reviews at eNeuro #eN-

NWR-0079-20) at the time of thesis submission. Ultimately, the linked to the 

published paper will be accessible from the bioRxiv document 

 

3.1 Abstract 

The integration of neurons into networks relies on the formation of dendritic spines. These 

specialized structures arise from dynamic filopodia-like spiny protrusions. Recently, it was 

discovered that cortical neurons lacking the channel protein Panx1 exhibited larger and 

more complicated neuronal networks, as well as, higher dendritic spine densities. Here, we 

expanded on those findings to investigate whether the increase in dendritic spine density 

associated with lack of Panx1 was due to differences in the rates of spine dynamics. Using 

a fluorescent membrane tag (mCherry-CD9-10) to visualize spiny protrusions in 

developing neurons (at 10 days-in-vitro, DIV10) we confirmed that lack of Panx1 leads to 

higher spiny protrusion density while transient transfection of Panx1 leads to decreased 

spiny protrusion density. To quantify the impact of Panx1 expression on spiny protrusion 

formation, elimination, and motility, we used live cell imaging in DIV10 neurons (1 frame 
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every 5 seconds for 10 minutes). We discovered, that at DIV10, loss of Panx1 stabilized 

spiny protrusions. Notably, re-expression of Panx1 in Panx1 KO neurons resulted in a 

significant increase in spiny protrusion motility and turnover. In summary, these new data 

revealed that Panx1 regulates the development of dendritic spines by controlling protrusion 

dynamics. 

3.2 Significance statement 

Cells in the brain form intricate and specialized networks - neuronal networks - in charge 

of processing sensations, executing movement commands, and storing memories. To do 

this, brain cells extend microscopic protrusions - spiny protrusions - which are highly 

dynamic and survey the local environment to contact other cells. Those contact sites are 

known as synapses and undergo further stabilization and maturation establishing the 

function and efficiency of neuronal networks. Our work shows that removal of Panx1 

increases the stability and decreases the turnover of spiny protrusion on young neurons. 

3.3 Introduction 

Panx1 is a four transmembrane domain protein that forms channels permeable to ion 

and metabolites with various activation mechanisms and diverse (patho)physiological 

implications (for review Boyce et al., 2018; Chiu et al., 2018). Panx1 is broadly and highly 

expressed in the brain during postnatal early development (Ray et al., 2005; Vogt et al., 

2005) and localized and enriched in synaptic compartments (Zoidl et al., 2007; Sanchez-

Arias et al., 2019). 

Recent reports have implicated Panx1 in neurite outgrowth, hippocampal synaptic 

plasticity, and the development of neuronal networks and dendritic spines in cortical 
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neurons (Prochnow et al., 2012; Wicki-Stordeur and Swayne, 2013; Ardiles et al., 2014; 

Sanchez-Arias et al., 2019). While the behavioural features resulting from a loss of Panx1 

have not been thoroughly characterized, a handful of studies have detected important 

phenotypes like anxiety, increased wakefulness, and spatial learning deficits (Prochnow et 

al., 2012; Ardiles et al., 2014; Kovalzon et al., 2017; Gajardo et al., 2018). Notably, 

dendritic spine development has been linked to each of these behaviours. For example, 

dendritic spine density is increased in various neurodevelopmental disorders in which 

clinical manifestations include anxiety, intellectual disability, and stereotypical movements 

(Phillips and Pozzo-Miller, 2015). Moreover, sleep promotes dendritic spine and spiny 

protrusion turnover in the cortex and hippocampus (Yang and Gan, 2012; Spano et al., 

2019), which facilitates network sparsity and memory consolidation (Li et al., 2017; Frank 

et al., 2018). Dendritic spine-based synapses result from spiny protrusions (including 

dendritic filopodia)  actively extending to contact presynaptic boutons during 

developmental excitatory synaptogenesis; upon contact, spiny protrusions stabilize and 

evolve into mature dendritic spines along active presynaptic boutons (Ziv and Smith, 1996; 

Fiala et al., 1998). These steps are critical in establishing network ensembles and Hebbian 

plasticity (Hoshiba et al., 2017). 

In light of this evidence, we investigated the role of Panx1 in spiny protrusion 

dynamics in cultured primary cortical neurons at 10 days-in-vitro (DIV10). We first 

established an approach to study spiny protrusions using a fluorescent membrane tag 

(mCherry-CD9-10), allowing us to visualize these characteristically long and thin 

structures. Then, we transiently transfected WT and Panx1 KO neuronal cultures with 

EGFP or Panx1EGFP (as well as mCherry-CD9-10) and analyzed spiny protrusions in 
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fixed and living neurons at DIV10. We confirmed that loss of Panx1 leads to higher spiny 

protrusion density while over-expression and rescue of Panx1 leads to decreased density. 

Using live cell imaging we observed increased stability and decreased turnover of spiny 

protrusions in Panx1 KO neurons, while re-expression of Panx1 resulted in a significant 

increase in spiny protrusion motility and turnover. In summary, these new data reveal an 

inverse relationship between Panx1 expression and dendritic spine stability. 

3.4 Materials and Methods  

3.4.1 Table 3.1. Key Resources Table 

Reagent or Resource Source Identifier RRID 

Experimental Models: Organisms/Strains 

Cortical neuron 

cultures from P0 

C57BL/6J 

The Jackson Laboratory Cat# 

JAX:000664 

RRID:IMSR_JAX:000664 

Cortical neuron 

cultures from P0 Panx1 

KO on a C57BL/6J 

background 

(Dvoriantchikova et al., 2012; Sanchez-

Arias et al., 2019) 

NA NA 

Recombinant DNA 

mCherry-CD9-10 Addgene Plasmid #55013 RRID:Addgene_55013 

pEGFP-N1 Clontech (Takara Bio) - discontinued Cat# 6085-1 NA 

Panx1EGFP (Penuela et al., 2007) NA NA 

Chemicals, Recombinant Proteins  

DMEM/F12 Thermo Fisher Scientific  NA 

NeuroCultTM STEMCELL Tech. Cat# 05713 NA 

BrainPhysTM  STEMCELL Tech. Cat# 05790 NA 

NeurocultTM SM1 STEMCELL Tech. Cat# 05711 NA 

GlutaMAX Thermo Fisher Scientific Cat# 35050061 NA 

Penicillin/Streptomycin Thermo Fisher Scientific Cat# 15140122 NA 

Gentamicin MilliporeSigma G1397 NA 

Poly-D-lysine 

hydrobromide (PDL) 

MilliporeSigma P6407 NA 

Dispase-1 MilliporeSigma D4818-2MG NA 

Papain MilliporeSigma P4762-25MG NA 
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DNAse-1 MilliporeSigma 11284932001 NA 

Cytosine β-D-

arabinofuranoside (ara-

C) 

MilliporeSigma C1768 NA 

Lipofectamine2000 Thermo Fisher Scientific Cat# 11668027 NA 

OptiMEMTM
 I Thermo Fisher Scientific Cat# 31985062 NA 

Probenecid (water-

soluble) 

Thermo Fisher Scientific Cat# P36400 NA 

My-Taq Extract PCR 

Kit 

Vectashield 

Bioline 

Vector Laboratories 

BIO-21126 

H-1000 

NA 

RRID:AB_2336789 

Software and Algorithms  

FIJI (FIJI is just 

ImageJ) 

NIH, (Schindelin et al., 2012) NA RRID:SCR_002285 

MultiStackReg v1.45 

R Project for Statistical 

Computing (version 

3.6.2) 

Brad Busse (http://bradbusse.net/Multi-

StackReg1.45_.jar) 

The R Foundation 

NA 

NA 

NA 

RRID:SCR_001905 

Rstudio Rstudio Inc. NA RRID:SCR_000432 

tidyverse package for 

R 

CRAN NA RRID:SCR_014601 

DaBest package for R CRAN, (Ho et al., 2019) NA NA 

Adobe Photoshop CS6 

Leica Application Suite 

Software version 

3.1.3.16308 

Adobe Systems Inc. 

Leica Microsystems GmbH 

NA 

NA 

RRID:SCR_014199 

RRID:SCR_013673 

Equipment 

Leica TCS SP8 Leica Microsystems GmbH NA NA 

8-well Nunc™ Lab-

Tek™ 

Chambered-coverglass 

PDL precoated 

coverslips 

Thermo Fisher Scientific  

 

 

NeuVitro 

155411PK 

 

 

GG-12-PDL 

NA 

 

 

NA 

3.4.2 Experimental animals 

All animal procedures were approved by the University of Victoria Animal Care 

Committee and performed in accordance with the guidelines set by the Canadian Council 

on Animal Care. Male and female postnatal day (P)0-P1 were used in this study. C57BL/6J 
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mice were obtained from The Jackson Laboratory (#000664). The global Panx1 KO strain 

in this study was derived from the Panx1Vsh null mice originally generated by Dr. Valery 

Shestopalov (Dvoriantchikova et al., 2012). Note that this strain was developed using 

targeted mutagenesis on 129-embryonic stem cells (129-ESCs, 129X1/SvJ x 129S1/Sv) 

with C57BL/6J as the recipient strain and backcrossed for 5 generations by the original 

authors. Recent comparative genomic analysis revealed the original Panx1Vsh null mice 

contained a loss of function passenger mutation in Casp4 (Casp11), common to five 129-

substrains (129X1/SvJ, 129S1/SvImJ, 129S2/SvPas, 129S6/SvEvTac and 129P3/J) and 

predicted to have passenger mutations in these additional genes Mmp1a, Olfr832, Fbxl12, 

ENSMUSG00000095186, and ENSMUSG00000095891 (Vanden Berghe et al., 2015). 

These mice were further back-crossed in-house onto a C57BL/6J for at least 6 generations 

(Sanchez-Arias et al., 2019). Mice were housed under a 12 h light/dark cycle starting at 

8:00 A.M., with food and water ad libitum; temperature was maintained between 20 and 

25ºC and humidity at 40-65%.  

3.4.3 Primary cortical neuron cultures and transfections 

Primary cortical neuron cultures were prepared as previously described (Sanchez-Arias 

et al., 2019). Briefly, cortices from male and female P0 pups from timed-pregnant WT and 

Panx1 KO breeding pairs were microdissected and incubated with papain, dispase-1, and 

DNAse-1 for 40 minutes in HBSS followed by mechanical dissociation in DMEM/F12 

medium supplemented with Neurocult™ SM1, GlutaMAX, and penicillin/streptomycin 

(P/S). Then, 125,000 cells were plated in Nun™ Lab-Tek™ 8-well chambered 

coverglasses coated with PDL. After 1-2 hours after plating, the medium was replaced with 

Neurocult™ supplemented with Neurocult™ SM1, GlutaMAX, P/S, and gentamicin. From 
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4 days-in-vitro (DIV) onwards, partial (half) medium changes were done with BrianPhys™ 

maturation medium (Bardy et al., 2015); to limit proliferation of glial cells, ara-C was 

added to the medium at DIV4. Transfections were performed at DIV6 using 

Lipofectamine©2000. DNA/lipid complexes were diluted in OptiMEM-I® at ratio of 2 µg 

DNA:1 µL lipofectamine ratio and incubated at room temperature for 30 minutes. Then, 

these DNA/lipid complexes were added to cells in BrainPhys™ medium without 

antibiotics and incubated for 1-1.5 hours. Neurons were transfected with either pEGFP-N1 

(250 ng) or Panx1EGFP (250 ng, gift from Silvia Penuela and Dale Laird). All transfections 

contained mCherry-CD9-10 (250 ng, was a gift from Michael Davidson; Addgene plasmid 

#55013; http://n2t.net/addgene:55013; RRID:Addgene_55013) to visualize neurons and 

spiny protrusions (Figure 1). All neurons in this study were used at DIV10. Neurons used 

for fixed quantifications were plated on PDL-coated coverslips 

3.4.4 Genotyping 

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

CGCGGTTGTAGACTTTGTCA, and GTCCCTACAGGAGGCACTGA) were used to 

genotype mice as previously described (Sanchez-Arias et al., 2019). Genomic DNA was 

extracted from tail-clips using MyTaq™Extract PCR Kit. DNA from WT mice amplifies 

a single 585 bp band, whereas DNA from global Panx1 KO mice have a single 900 bp 

band. 

3.4.5 Imaging and analysis of spiny protrusions in live cortical neurons 

Cortical neurons plated on chambered coverglasses in BrainPhys™ at 37°C and 5% CO2 

and primary and secondary dendrite segments of 67-76 µm were imaged (1024×256, pixel 

size: 0.06 µm) every 5 seconds for 10 minutes and 0.7 μm z-step using a Leica TSC SP8 

http://n2t.net/addgene:55013
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microscope in resonant mode (8,000 Hz) with a 63× water immersion objective (1.20 NA). 

Images were exported to FIJI for analysis. First, the four-dimensionality (x,y,z,t) was 

reduced by creating maximum z projections before additional image processing and x-y 

drift was corrected with MultiStackReg v1.45 (developed by Brad Busse 

http://bradbusse.net/MultiStackReg1.45_.jar) when required. Then, images were subjected 

to a low-pass filter using a Gaussian blur (kernel size 2) and thresholded using the triangle 

method (Zack et al., 1977). From these binary images, outlines for each time frame were 

created and temporal colour-coded (Figure 3A,B). Spiny protrusions were manually 

counted, and four basic characteristics were recorded: formation, elimination, lability, and 

motility. We defined formation as any de novo appearance of a spiny protrusion within the 

time-lapse recording; elimination was defined as the complete disappearance of a spiny 

protrusion. Lability was defined as spiny protrusions that were formed and eliminated 

within the duration of the time-lapse, typically short-lived and lasting 1-3 minutes (Figure 

3C). To assess spiny protrusion motility, we annotated partial extensions and partial 

retractions of individual spiny protrusions (Figure 3C). The survival fraction of spiny 

protrusions was calculated by dividing the number of spiny protrusions at the end of each 

time-lapse (10-minute mark) by the number of spiny protrusions at the start (0-minute 

mark). The overall turnover rate was calculated as the net per cent gain and loss (sum of 

formation, elimination, and lability) of spiny protrusions divided by the number of spiny 

protrusions at the start of the time-lapse. Lastly, the overall movement change of spiny 

protrusions (Δ movement) was calculated by adding the basic dynamic characteristics 

(formation, elimination, lability, and motility) divided by the number of spiny protrusion 

at 0 min. Representative images were processed uniformly with a Gaussian blur of 0.5 

http://bradbusse.net/MultiStackReg1.45_.jar
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pixels, and uniform adjustments to levels and contrast were made using Photoshop CS6 

Extended suite (Adobe Systems Inc.).  

3.4.6 Experimental design and statistical analysis 

For all experiments 3 independent cultures were used. Neurons from either WT and 

Panx1 KO were plated randomly in coverglasses and coverslips by one experimenter, and 

all transfections, imaging, and image analysis were performed blindly. Neurons with signs 

of blebbing or which focal planes were lost during image acquisition were excluded from 

analysis. Relevant details are described in Results, figure legends, and where appropriate, 

illustrated on the figures themselves. Data are presented as mean ± standard deviation. Data 

analysis using bootstrap estimation (5000 bootstrap resamples), determination of effect 

size, bias-corrected confidence intervals, and Cumming estimation plots were generated 

using the dabestR package for R (Bernard, 2019; Calin-Jageman and Cumming, 2019; Ho 

et al., 2019). Null-hypothesis significance testing was performed using R (version 3.6.2) 

and a p value < 0.05 was used as the significant threshold for these tests. Normality was 

tested using the Shapiro-Wilk test (McDonald, 2014). Group analyses for normally 

distributed data were performed with a two-way ANOVA coupled to multiple comparisons 

with Bonferroni’s correction. For non-normally distributed data Kruskal-Wallis pairwise 

comparisons with Bonferroni’s correction were used. 

3.4.6.1 Table 3.2. Statistical Table 

 Fig. Comparison Effect size [95CI] Pair.Comp. Type of test 

a1 3.2Bi Spiny protrusion density (# / 10 µm) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

2.36 [1.28; 3.54] 

-3.24 [-4.54; -2.21] 

-3.72 [-5.17; -2.15] 

-6.08 [-7.84; -4.51] 

 

 

0.03517 * 

0.00268 ** 

0.00026 *** 

7.10e-09 **** 

Two-way ANOVA with Bonferroni’s correction 

 Df Mean2 F Pr(

>F) 
genotype 1 9.61 2.679 0.1

095 
plasmid 1 252.48 70.432 2.3

4e-

10 

interaction 1 22.05 6.151 0.0

174 
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a2 3.2Bii Spiny protrusion length (µm) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

-0.13 [-0.397; 0.131] 

0.105 [-0.21; 0.417] 

0.031 [-0.31; 0.36] 

0.161 [-0.178; 0.53] 

 

 

>0.9999 

>0.9999 

>0.9999 

>0.9999 

Two-way ANOVA with Bonferroni’s correction 

 Df Mean2 F Pr(

>F) 
genotype 1 0.1133 0.618 0.4

36 
plasmid 1 0.2018 1.101 0.3

00 
interaction 1 0.0085 0.046 0.8

31 
 

b1 3.4Bi Spiny protrusion formation (%) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

-3.02 [-5.39; -0.803] 

3.75 [-0.755; 10.3] 

5.21 [1.21; 9.14] 

8.23 [ 4.54; 11.8] 

 

 

0.2267 

>0.9999 

0.2111 

0.0028 ** 

Kruskal-Wallis chi-squared = 14.593, df = 3, 

 p-value = 0.0022 

 

b2 3.4Bii Spiny protrusion elimination (%) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

-2.57 [-5.85; -0.209] 

5.27 [0.455; 11.5] 

9.06 [4.02; 13.8] 

11.6 [7.5; 15.8] 

 

 

0.62307 

0.15616 

0.00959 

0.00024 *** 

Kruskal-Wallis chi-squared = 25.245, df = 3,  

 p-value = 1.372e-05 

 

b3 3.4Biii Spiny protrusion lability (%) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

-1.11 [-3.17; 0.786] 

2.34 [-0.966; 6.76] 

6.2 [2.5; 9.81] 

7.31 [3.92; 10.6] 

 

 

>0.9999 

>0.9999 

0.0291 ** 

0.0034 ** 

Kruskal-Wallis chi-squared = 13.421, df = 3,  

p-value = 0.00381 

 

b4 3.4Biv Spiny protrusion motility (%) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

-13.3 [-18.5; -8.42] 

0.816 [-7.12; 9.33] 

-3.1 [-9.89; 3.97] 

10.2 [4.53; 16] 

 

 

0.00016 *** 

>0.9999 

>0.9999 

0.03582 * 

Kruskal-Wallis chi-squared = 20.442, df = 3,  

p-value = 0.0001374 

 

c1 3.5Bi Spiny protrusion survival fraction (%) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

2.21 [0.0663; 5.03] 

-4.4 [-9.04; -0.308] 

-8.19  -12.3; -3.65] 

-10.4 [-14; -6.58] 

 

 

0.81748 

0.2034 

0.00909 ** 

0.00028 *** 

Kruskal-Wallis chi-squared = 24.351, df = 3,  

p-value = 2.11e-05 

 

c2 3.5Bii Spiny protrusion turnover (%) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

-4.48 [-7.73; -2.01] 

6.68 [0.967; 14.7] 

8.07 [2.84; 13] 

12.5 [8.06; 17] 

 

 

0.0092 ** 

0.5205 

>0.9999 

0.0027 ** 

Kruskal-Wallis chi-squared = 19.895, df = 3,  

p-value = 0.0001784 

 

c3 3.5Biii Spiny protrusion Δ movement (%) 

 

WT-EGFP vs. Panx1 KO-EGFP 

WT-EGFP vs. WT-Panx1EGFP 

WT-EGFP vs. Panx1 KO-Panx1EGFP 

Panx1 KO-EGFP vs. Panx1 KO-Panx1EGFP 

 

 

-17.8 [-23.6; -11.9] 

7.49 [-3.45; 20.1] 

4.98 [-4.1; 13.8] 

22.8 [15; 30.4] 

 

 

6.2e-05 **** 
>0.9999 

>0.9999 

0.00033 *** 

Kruskal-Wallis chi-squared = 28.526, df = 3, p-

value = 2.816e-06  

 

Fig., Figure, Pair Comp, Pairwise comparison; 95CI, 95% confidence interval  Significance codes:  <0.0001 

‘****’,  <0.001, ‘***’,  <0.01 ‘**’, <0.05 ‘*’ 
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3.5 Results 

3.5.1 A novel approach to visualize and quantify spiny protrusions in cortical 

neurons 

Spiny protrusions (including filopodia) are characteristically highly dynamic, thin, and 

long. As dendritic arbors mature, these transient structures stabilize into mature dendritic 

spines. Most methods used to detect these structures rely on cytoplasmic volume markers 

such as GFP (and its variants) or membrane-bound lipophilic dyes (DiI, DiO, etc). The 

former approach allows for sparse labelling but fails to fully label thin processes such a 

spiny protrusions (Figure 1), while the latter achieves clear visualization of these structures 

by labelling the membrane at the expense of widespread labelling (Mancuso et al., 2013). 

We transfected cortical neurons with the tetraspanin CD9-10 fused to a monomericred 

fluorescent protein mCherry (mCherry-CD9-10 was a gift from Michael Davidson, 

Addgene plasmid #55013), mCherry-CD9-10 facilitated detailed resolution of spiny 

protrusions in sparsely transfected cells (Figure 1).    

  

Figure .3.1. A novel approach to visualize and quantify spiny protrusions in cortical neurons. 

Representative maximum intensity projection of a dendritic segment from a neuron transfected with 

mCherry-CD9-10 and EGFP at DIV6 and fixed at DIV10. Thin and long spiny protrusions are more 

clearly visualized with mCherry CD9-10 (mid) than the cytoplasmic volume marker EGFP (bottom). 

Structures not clearly labeled with EGFP are denoted by “*” and those missed entirely are denoted with 

arrowheads. Scale bar 5 µm. 
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3.5.2 Transfection of Panx1 decreases spiny protrusion density in WT and 

Panx1 KO DIV10 neurons 

To investigate the impact of Panx1 expression, we transfected WT and Panx1 KO 

cortical neuronal cultures with mCherry-CD9-10 as well as EGFP (control) or Panx1EGFP 

(over-expression/rescue) at DIV6 and fixed the cells 4 days later at DIV10 (Figure 2A). 
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With EGFP control transfection we observed a 20% increase in spiny protrusion density in 

primary neurites of Panx1 KO neurons (effect size: 2.36 [95CI 1.28; 3.54], p = 0.03517, 

a1). In Panx1EGFP-expressing cultures we observed a 27% decrease in spiny protrusion 

density in WT neurons (Figure 2Bi, effect size: -3.24 [95CI -4.54; -2.21], p = 0.00268, a1) 

and a 42.5% density reduction in Panx1 KO neurons (Figure 2Bi, effect size: -6.08 [95CI 

-7.84; -4.51], p <0.0001, a1). Spiny protrusion length was not significantly different 

amongst the groups (Figure 2Bii, a2). These results suggest spiny protrusion density is in-

versely proportional to Panx1 expression levels. 

 

Figure 3.2. Spiny protrusion density is inversely related to Panx1 expression levels in DIV10 neurons. 

A. Representative maximum intensity projections of WT and Panx1 KO cultured cortical neurons 

transfected with mCherry-CD9-10 and either EGFP (Ai) or Panx1EGFP (Aii) as well as cropped images 

of their respective dendritic segments from a primary neurite. Scale bar: 50, and 5 µm. B. Effect of 

Panx1 expression in spiny protrusion density and length in developing cortical neurons transfected with 

mCherry-CD-9-10 and either EGFP or Panx1EGFP using Cumming estimation plots. Bi. With EGFP 

expression, spiny protrusion density was higher with Panx1 KO neurons (WT-EGFP: 12.0 ± 0.3 spiny 

protrusions per 10 µm; Panx1 KO EGFP: 14.4 ± 0.5 spiny protrusions per 10 µm, p = 0.03517, two-way 

ANOVA with Bonferroni’s multiple-comparison test). With Panx1EGFP expression, spiny protrusion 

density was decreased in both WT and Panx1 KO neurons (WT-Panx1EGFP: 8.8 ± 0.5 spiny protrusions 

per 10 µm, p = 0.00268; Panx1 KO-Panx1EGFP: 8.3 ± 0.8 spiny protrusions per 10 µm, p < 0.0001, 

two-way ANOVA with Bonferroni’s multiple-comparison test, a1). Bii. No significant differences in 

spiny protrusion length were found between groups (WT-EGFP: 2.0 ± 0.3 µm; Panx1 KO EGFP: 1.9 ± 

0.4 µm, p > 0. 9999, two-way ANOVA with Bonferroni’s multiple-comparison test, a2; WT-

Panx1EGFP: 2.1 ± 0.1 µm; Panx1 KO Panx1EGFP: 2.1 ± 0.2 µm, p > 0. 9999, two-way ANOVA with 

Bonferroni’s multiple-comparison test). Data are presented as mean ± standard deviation. N = cells, all 

analyzed cells were obtained from 3 independent cultures. Effect sizes are reported in the main text and 
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Table 2. Red arrowheads on the y-axis on the bottom panel of Cumming estimation plots represent WT-

EGFP means. s.p., spiny protrusion. <0.0001, ‘****’; <0.001, ‘***’; <0.01 ‘**’; <0.05 ‘*’. 

 

3.5.3 Measuring spiny protrusion dynamics in living neurons using a membrane 

marker 

To investigate the mechanisms contributing to differences in spiny protrusion densities 

between groups, we acquired 10-minute time-lapses (one frame every 5 seconds) of 

primary and secondary dendrites from cortical neurons at DIV10. These cultures were 

transfected with mCherry-CD9-10 and either EGFP or Panx1EGFP at DIV6. At DIV10, 

dendrites harbour highly dynamic, thin, and long spiny protrusion that are the precursors 

for dendritic spines (Ziv and Smith, 1996; Fiala et al., 1998). We reduced the 

dimensionality of the time-lapses by creating maximum z-projections, and then images 
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were passed through a low-pass filter and thresholded to create outlines (Figure 3A). The 

dendritic silhouettes (Figure 3B) were then temporally colour-coded to facilitate the 

detection of formation, elimination, liability, retraction, and growth of spiny protrusions 

(Figure 3C). 

 

 

Figure 3.3. Image analysis strategy to quantify spiny protrusion dynamics in cortical cultures. 

Ten minutes time-lapses were acquired by imaging dendrite segments from cortical neurons every 5 

seconds. Note that this a DIV10 WT cortical neuron transfected with mCherry-CD9-10 and Panx1EGFP; 

only mCherry-CD9-10 is shown. The dimensionality of these recordings was reduced by creating 

maximum z-projections. Images were thresholded to create outlines (A, scale bar 10 µm), which were 

temporally colour-coded (B, scale bar 10 µm), allowing the visualization of various events such as the 

percentage of spiny protrusion (relative to time 0) undergoing formation (de novo appearance), elimination 

(complete disappearance by the end of the time-lapse), lability (appearance and disappearance by the end 

of the time-lapse), and retraction/extension (incomplete shrinkage or growth to an existing protrusion) 

shown in (C, scale bar 2 µm). Note that examples in C (cropped to show highlight the event in question) 

come from different cultures and different genotypes all at DIV10 transfected with mCherry-CD9-10 and 
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either EGFP or Panx1EGFP at DIV6. The example for elimination (†) comes from the neurite in B. Data 

in Figure 4 includes quantification of these examples. See Methods for further details.  

3.5.4 Basic characteristics of spiny protrusion dynamics in WT and Panx1 KO 

neurons at DIV10 

Using the above approach, we observed that transfection of Panx1EGFP in Panx1 KO 

neurons significantly increased the percentage of formation and elimination of spiny 

protrusions compared to EGFP transfection of Panx1 KO neurons (Figure 4A & 4Bi-ii, 

formation – effect size KO-EGFP vs. KO-Panx1EGFP: 8.23% [95CI 4.54%; 11.8%], 

p  = 0.0028, b1; elimination - effect size KO-EGFP vs. KO-Panx1EGFP: 11.6% [95CI 

7.5%; 15.8%], p = 0.00024 b2), while no significant differences were observed between 

Panx1EGFP and EGFP transfection in WT neurons (p > 0.9999, b1). Similarly, no signifi-

cant differences were observed between genotypes with EGFP (control) transfection 

(Figure 4Bi-ii, formation – effect size WT-EGFP vs. KO-EGFP: -3.02% [95CI -5.39%; -

0.803%], p = 0.2267, b1; elimination – effect size WT-EGFP vs. KO-EGFP: -2.57% [95CI 

-5.85%; -0.209%], p = 0.62307, b2).  We next quantified spiny protrusion lability within 

our experimental groups. Transient expression of Panx1EGFP in Panx1 KO neurons sig-

nificantly increased spiny protrusion lability; there were no significant effects of 

Panx1EGFP expression in WT neurons (Figure 4Biii, effect size KO-EGFP vs. KO-

Panx1EGFP: 7.31% [95CI 3.92%; 10.6%], p = 0.0034; effect size WT-EGFP vs. 

WT-Panx1EGFP: 2.34% [95CI  -0.966%; 6.76%], p > 0.9999, b3). There was also no 

significant effect of EGFP expression between WT and Panx1 KO neurons (effect size 

WT-EGFP vs. KO-EGFP: -1.11%[95CI -3.17%; 0.786%], p >0.9999, b3). Additionally, 
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within groups transiently expressing EGFP, Panx1 KO neurons exhibited significantly 

reduced spiny protrusion motility (Figure 4Biv, effect size WT-EGFP vs. KO-EGFP:  

-13.3% [95CI -18.5%; -8.42%], p = 0.00016, b4). Intriguingly, transient Panx1EGFP 

expression increased spiny protrusion motility in Panx1 KO neurons only (effect size KO-

EGFP vs. KO-Panx1EGFP: 10.2% [95CI 4.53%; 16%], p = 0.03582, b4). Together these 

results suggest that spiny protrusion dynamics roughly correlate with Panx1 expression 

levels. 

Figure 3.4. Basic characteristics of spiny protrusion dynamics in WT and Panx1 KO neurons at 

DIV10. A. Representative colour-coded outlines of WT and Panx1 KO neurons transfected with 

mCherry-CD9-10 and either EGFP or Panx1EGFP showing examples of spiny protrusion formation, 

elimination, lability, and motility events (arrowheads). These examples are cropped from the full regions 

of analysis from primary neurites. B. Effect of Panx1 expression on spiny protrusion formation, 

elimination, lability, and motility in WT and Panx1 KO using Cumming estimation plots. Bi. Spiny 

protrusion formation was significantly higher in Panx1 KO neurons transiently expressing Panx1EGFP 

compared to those expressing EGFP (KO-EGFP: 0.2% ± 0.1%, KO-Panx1EGFP: 4.6% ± 1.3%, p = 

0.0028, Kruskal-Wallis test, b1). No significant differences were observed between genotypes in EGFP-

expressing neurons (WT-EGFP: 1.7% ± 0.7%; Panx1 KO-EGFP: 0.2% ± 0.1%, p = 0.2267, 

Kruskal-Wallis test, b1). Bii. Similarly, only transient expression of Panx1EGFP in Panx1 KO neurons 

increased spiny protrusion elimination (KO-EGFP: 0.3% ± 0.15%; KO-Panx1EGFP: 4.6% ± 1.28%, p = 

0.00024, Kruskal-Wallis test, b2). No significant differences were found between WT and Panx1 EGFP-

expressing cells (p = 0.62307, b2). Biii. Spiny protrusion lability was higher in Panx1 KO neurons 

transfected with Panx1EGFP (KO-EGFP: 2.1% ± 0.5%; KO-Panx1EGFP: 9.4% ± 1.7%, p = 0.0034, 

Kruskal-Wallis test, b3), beyond that observed in WT expressing EGFP control (p = 0.0291, 

Kruskal-Wallis test, b3). Transient expression of Panx1EGFP in WT neurons had no significant effects (p 

>0.9999, b3). Biv. Spiny protrusion motility was significantly reduced in Panx1 KO neuron expressing 

EGFP control (WT-EGFP: 20.5% ± 2.3%; KO-EGFP: 7.2% ± 1.3%, p = 0.00016, Kruskal-Wallis test, 

b4). Transient Panx1EGFP expression increased spiny protrusion motility in Panx1 KO neurons only 

(KO-Panx1EGFP: 17.4% ± 2.8%, p = 0.03582, Kruskal-Wallis test, b4). N = cells, all analyzed cells were 

obtained from 3 independent cultures. Effect sizes are reported in the main text and Table 3.2. Red 

arrowheads on the y-axis on the bottom panel of Cumming estimation plots represent WT-EGFP means. 

s.p., spiny protrusion; <0.001, ‘***’; <0.01 ‘**’; <0.05 ‘*’. 
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3.5.5 Panx1 KO neuron spiny protrusions are more stable 

We used the basic characteristic measurements devised in Figure 3C to calculate spiny 

protrusion survival fraction, turnover, and overall change in movement (Δ movement). The 

number of spiny protrusions persisting at the end of the analysis period relative to time 0 

min, referred to as survival, was significantly reduced in Panx1EGFP expressing 

Panx1 KO neurons (Figure 5A & 5Bi, KO-EGFP vs. KO-Panx1EGFP: -10.4% [95CI -

14%; -6.58%], p = 0.00028, c1). This reduction of survival surpassed that seen in WT, 

EGFP expressing cells (effect size WT-EGFP vs. KO-Panx1EGFP: -8.19% [95CI -12.3%; 

-3.65%], p = 0.00909, c1). We next calculated turnover by adding together formation, elim-

ination, and lability, divided by the total number of spiny protrusions at time 0 min. With 

EGFP expression, turnover was significantly reduced in Panx1 KO neurons (Figure 5Bii, 
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effect size WT-EGFP vs. KO-EGFP: -4.48% [95CI -7.73%; -2.01%], p = 0.0092, c2). 

Within Panx1 KO cultures transient Panx1EGFP expression significantly increased turn-

over compared to EGFP control (effect size KO-EGFP vs. KO-Panx1EGFP: 5.24% [95CI 

2.87%; 8.66%], p = 0.0027, c2). Finally, to measure the overall change in spiny protrusion 

movement (Δ movement), we calculated the sum of the four basic dynamic characteristics 

(formation, elimination, lability, and motility). Within EGFP expressing cells, Δ movement 

was significantly reduced in Panx1 KO neurons compared to WT controls (Figure 5Biii 

panel, effect size WT-EGFP vs. KO-EGFP: -17.8 [95CI -23.6; -11.9], p < 0.0001). 

Transient Panx1EGFP expression resulted in increased Δ movement in Panx1 KO cultures 

only (effect size KO-EGFP vs. KO-Panx1EGFP: 22.8 [95CI 15; 30.4], p = 0.00033, c3). 

Altogether, these results suggest that Panx1 KO neuron spiny protrusions are more stable.  

Figure 3.5. Panx1 KO neuron spiny protrusion are more stable. A. Representative colour-coded 

outlines of WT and Panx1 KO neurons transfected with mCherry-CD9-10 and either EGFP or 

Panx1EGFP showing examples of spiny protrusion movement (arrowheads). These examples are 

cropped from the full regions of analysis from primary neurites. B. Cumming estimation plots of spiny 

protrusion second order metrics: survival fraction, turnover, and overall change in movement 

(Δ movement). Bi. Transient Panx1 expression in WT and Panx1 KO neurons decreased the survival 

fraction of spiny protrusions; however, this was only statistically significant in Panx1 KO neurons (WT-

EGFP: 94.5 ± 1.2%; WT-Panx1EGFP: 91.1% ± 1.9%, p = 0.2034, c1; Panx1-EGFP: 97.7% ± 0.5%; 

Panx1 KO-Panx1EGFP: 87.3% ± 1.9%, p = 0.00028, Kruskal-Wallis test, c1). Bii. In the EGFP-control-

expressing group, spiny protrusion turnover was reduced in Panx1 KO neurons (WT-EGFP: 7.5% ± 1.3; 

Panx1-EGFP: 3.1% ± 0.6%, p = 0.0092, Kruskal-Wallis test, c2). Transient expression of Panx1 

significantly increased spiny protrusion turnover in Panx1 KO neurons but not in WT neurons 

(WT-Panx1EGFP: 14.2% ± 3.3%, p > 0.9999; Panx1 KO-Panx1EGFP: 15.6% ± 2.34%, p = 0.0027, 

Kruskal-Wallis test, c2). Biii. Spiny protrusion overall movement change (Δ movement) was reduced in 
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Panx1 KO neurons (WT-EGFP: 28% ± 2.8%; KO-EGFP: 10.3% ± 1.5%, p <0.0001, Kruskal-Wallis 

test, c3). Panx1EGFP expression increased Δ movement in both WT (WT-Panx1EGFP: 35.5% ± 5.4%) 

and Panx1 KO neurons; however, this effect was only significant in Panx1 KO neurons (KO-

Panx1EGFP: 33% ± 3.8%, p = 0.00033, Kruskal-Wallis test, c3). N = cells, all analyzed cells were 

obtained from 3 independent cultures. Effect sizes are reported in the main text and Table 3.2. Red 

arrowheads on the y-axis on the bottom panel of Cumming estimation plots represent WT-EGFP means. 

s.p., spiny protrusion. <0.0001, ‘****’; <0.001, ‘***’; <0.01 ‘**’. 

 

3.6 Discussion 

Dendritic spine-based synapses account for the bulk of excitatory neurotransmission in 

the cerebral cortex and have been implicated in neurodevelopmental and neuropsychiatric 

disorders (Forrest et al., 2018; Kwon et al., 2019; Lima-Caldeira et al., 2019; Nishiyama, 

2019). Although the mechanisms underlying plasticity of existing dendritic spines have 
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been well characterized (Araya et al., 2014; Holtmaat et al., 2005; Sala & Segal, 2014; 

Schätzle et al., 2018), the processes involved in their formation are less well understood 

(Sando et al., 2017; Sigler et al., 2017; reviewed in Südhof, 2018). Here we identified a 

novel role for Panx1 in regulating the dynamics of developing dendritic spines, building 

on previous work showing that Panx1 KO cortical neurons exhibit higher dendritic spine 

density and more complex networks. Our investigation revealed a reciprocal relationship 

between Panx1 expression levels and spiny protrusion density and stability. Additionally, 

in order to make these discoveries, we optimized methods for the visualization and analysis 

of spiny protrusion dynamics, thereby providing a novel approach for similar types of 

studies. While the current study was focused on a single timepoint (DIV10), our intriguing 

results suggest that longitudinal analyses are now warranted. Although in vitro spine 

plasticity characteristics correlate highly with those observed in more complex 

experimental models (e.g. slice), it will be important to confirm our findings from primary 

cultures within more comprehensive model systems. 

Moreover, even though our global Panx1 KO mice have been backcrossed for over 10 

generations onto a C57BL/6J background (Sanchez-Arias et al., 2019), we cannot at this 

time rule out putative indirect contributions of potential passenger genetic variants to 

outcomes observed with Panx1 KO (Vanden Berghe et al., 2015). The original strain, on a 

129X1/SvJ background, in which Panx1f/f was generated to create the global Panx1 KO 

via a cross with a CMV-Cre line (Dvoriantchikova et al., 2012), contains a loss of function 

mutation in Casp4 (Casp11) and is predicted to have additional possible variants in 

Mmp1a, Olfr832, Fbxl12, ENSMUSG00000095186, and ENSMUSG00000095891 

(Vanden Berghe et al., 2015). In support of our interpretation that loss of Panx1 (rather 
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than a passenger variant) increases dendritic spine density in our global Panx1 KO cortical 

neurons, we previously replicated our observations from the global Panx1 KO in 

conditional Panx1 KO (Panx1f/f;Emx1IRES-Cre) strain compared with Panx1f/f littermates (i.e. 

same genetic background in conditional KO and control littermate mice). Further 

supporting a role for Panx1 in regulating dendritic spine density, transient expression of 

Panx1EGFP both in WT and Panx1 KO neurons rescued decreased spiny protrusion 

density when compared to control EGFP-expressing neurons (control). Taken together 

these data support the interpretation that Panx1 expression correlates negatively with spiny 

protrusion density. 

The relatively muted impact of Panx1EGFP over-expression in WT neurons, implies 

there could be a ceiling effect for Panx1 regulation of  spiny protrusion dynamics. 

Saturation of the effect of Panx1 could result from limited availability of machinery for 

properly trafficking the added and could be a consequence of self-regulation via ATP-

dependent internalization (Boyce et al., 2015; Boyce and Swayne, 2017). Alternatively, the 

effects of supplementary Panx1 could be constrained by limited amounts of endogenous 

interacting partners, such as Crmp2, Arp3c, and actin or saturation of downstream 

autocrine or paracrine purinergic signalling pathways related to its ATP release function 

(e.g. ATP stimulating glia; Abbracchio et al., 2009; Bhalla-Gehi et al., 2010; Wicki-

Stordeur and Swayne, 2013; Dahl, 2015; Yang et al., 2015; Xu et al., 2018). In contrast to 

WT neurons, transient expression of Panx1EGFP exhibited significant effects on spiny 

protrusion dynamics in Panx1 KO cultures. Somewhat consistent with previous results, in 

EGFP-control-expressing cultures, loss of Panx1 precociously stabilized spiny protrusions, 

pointing to a fundamentally different underlying molecular organization. 
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Consistent with this idea, recent work has identified  brain enriched and autism 

associated single nucleotide polymorphisms (SNPs) resulting in changes in Panx1 

expression levels; although the direction of this change (i.e. decrease or increase Panx1 

expression) was not identified (Davis et al., 2012). Further supporting a role for Panx1 in 

neuronal development, intellectual disability was observed in an individual with a germline 

single nucleotide polymorphism in PANX1 (Shao et al., 2016).  

In addition to playing a direct role in neurodevelopment, Panx1 is also indirectly 

involved through its interaction with Crmp2 and purinergic receptor signalling (Boyce et 

al., 2015; Boyce & Swayne, 2017; reviewed in Swayne & Boyce, 2017). Crmp2 auto-

antibodies have been implicated in ASD (Braunschweig et al., 2013), while suramin 

treatment corrected synaptic and behavioural phenotypes in the Fragile X mouse model (J. 

C. Naviaux et al., 2015; R. K. Naviaux et al., 2013, 2017). 

In summary, this work significantly advances our understanding of the role on Panx1 in 

dendritic spine development and underscores the importance of additional molecular 

mechanistic studies investigating intrinsic (e.g. Crmp2) and extrinsic (e.g. glia) pathways. 
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4 Chapter 4: General discussion 

 

The studies conducted in this dissertation investigated the role of the channel-forming 

protein Panx1 in the development of dendritic spines and neuronal networks. In this chapter 

I will integrate how these findings contribute and expand our understanding of Panx1 and 

its role in neuronal development. 

4.1 Elucidating a developmental role for Panx1 in the cerebral cortex 

Early studies suggested Panx1 transcript expression level changes coincided with the 

critical period for synaptogenesis and dendritic spine formation (Ray et al., 2005; Vogt et 

al., 2005). Additionally, pioneering work by Zoidl (2007) localized Panx1 to postsynaptic 

sites in cultured hippocampal neurons co-transfected with Panx1 and PSD-95. Moreover, 

in vitro and in vivo work from our group in Neuro2a cells and NPCs, implicated Panx1 in 

NPC maintenance, migration, and neurite formation and revealed interactions with 

important cytoskeletal regulators of neuronal morphology. Consistent with a role for Panx1 

in regulating synaptic biology, a series of studies using adult hippocampal slices implicated 

Panx1 in hippocampal excitatory synaptic plasticity (Prochnow et al., 2012; Ardiles et al., 

2014; Gajardo et al., 2018). Genetic or pharmacological disruption of Panx1 induced 

enhanced excitability and longer and more persistent LTP Despite these initial important 

advances in the characterization of neuronal Panx1, application of these findings to further 

our in vivo understanding of the role of Panx1 in neuronal morphology, specifically neurite 

formation, under healthy conditions remained a significant knowledge gap in the field. 
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Importantly, my work has revealed that Panx1 regulation of dendritic spine development 

and dynamics correlates with neuronal network formation. This places Panx1 as a central 

player in realizing  Hebb’s Postulate (Hebb, 1949):  

“When an axon of cell A is near enough to excite cell B and repeatedly or 

persistently takes part in firing it, some growth process or metabolic change takes 

place in one or both cells such that A’s efficiency, as one of the cells firing, is 

increased.”  

(on “cell ensembles”) “a diffuse structure comprising cells in the cortex and 

diencephalon, capable of acting briefly as a closed system, delivering facilitation to 

other such systems. Depending on functional requirements, individual cells could 

participate in different cell assemblies and be involved in multiple computations.” 

 

Hebb’s words would antecedent the discovery of LTP in rabbits in 1966 and the 

visualization synapses by electron-microscopy (Calverley and Jones, 1990; Bliss et al., 

2003); however, the accuracy of his statement is undeniable accurate and almost puzzling. 

Much like he proposed, neuronal activity can induce rapid dendritic spine morphogenesis, 

making dendritic spines, or in Hebb’s words “some growth process”, the substrate for 

synaptic plasticity (reviewed in Calverley and Jones, 1990; Harris, 1999; Maletic-Savatic 

et al., 1999; Sala and Segal, 2014). Moreover, Hebb’s description on cell ensembles still 

holds true today, as evidenced by longitudinal imaging of neuronal networks in vitro and 

in vivo in which spontaneous and task-specific (in the case of living animals) groups of 

significant co-activated neurons can clearly be identified  (Tibau et al., 2013; Miller et al., 
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2014; Carrillo-Reid et al., 2015, 2016). My novel findings presented in this dissertation 

placePanx1 as a significant player in this process. 

As mentioned above,  the development of cerebral cortex and its circuitry is characterized 

by critical periods (Hensch, 2004, 2005). Critical periods are strict time windows in which 

experience fine-tunes and reshapes cortical circuits with life-long consequences (Berardi 

et al., 2000; Hensch, 2005). As alluded to earlier in this dissertation, most developmental 

synaptogenesis occurs during critical period in the first and second postnatal weeks in 

rodents (Schlaggar et al., 1993; O’Leary et al., 1994; Micheva and Beaulieu, 1996), 

coinciding with the developmental downregulation of Panx1. My work has confirmed 

synaptic enrichment of Panx1 as well as developmental downregulation of synaptic Panx1 

protein in the cerebral cortex(Figure 2.1). Importantly, cortical synaptosome preparations 

from Panx1 KO mice exhibited increased PSD-95 and postsynaptic glutamate receptor 

content in early (P14) and late (P29) postnatal development (Figure 2.2). 

Complementing these biochemical findings approach, live cell Ca2+ imaging coupled to 

in silico network analysis revealed that cortical cultures derived from Panx1 KO mice 

exhibited more and larger neuronal networks(Figure 2.1). These observations were 

paralleled by increased dendritic spine density and dendritic spine positive for PSD-95 in 

Panx1 KO fixed cultured cortical neurons and increased spine density in layer 5 pyramidal 

neurons in both global and cell-type specific Panx1 KO fixed brain slices (Figure 2.4).  

While the exact mechanisms underlying dendritic spine genesis remain to be fully 

resolved, highly dynamic spiny protrusions stabilize and mature into dendritic spines as 

neurons develop by both synaptic activity-independent and dependent mechanisms in vitro 

and in vivo  (Ziv and Smith, 1996; Fiala et al., 1998; Maletic-Savatic et al., 1999; Prange 
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and Murphy, 2001; Trachtenberg et al., 2002; Yuste and Bonhoeffer, 2004). The findings 

from my investigation on spiny protrusions in live WT and Panx1 KO neurons transiently 

expressing EGFP or Panx1EGFP revealed Panx1 expression-associated increased motility 

and lability and Panx1 KO increased stabilization suggest that Panx1 regulation of 

dendritic spines is associated with Panx1 regulation of spiny protrusion dynamics. The 

stabilization of spiny protrusions is mainly driven by neuronal maturation (spiny 

protrusions become less dynamic with days in culture and age), components of the 

extracellular matrix, development of an active zone in a presynaptic partner, and PSD-95 

translocation into spiny protrusions (Ziv and Smith, 1996; Fiala et al., 1998; Dunaevsky et 

al., 1999; Friedman et al., 2000; Jontes and Smith, 2000; Korkotian and Segal, 2001; 

Prange and Murphy, 2001; Zuo et al., 2005a; Cane et al., 2014; Levy et al., 2014). Notably, 

PSD-95 delivery to spiny protrusions and dendritic spines requires complex cross-talk 

between actin and tubulin (Gu et al., 2008; Hu et al., 2011; Schätzle et al., 2018). It is 

reasonable to suggest that spiny protrusion stabilization and increased spine density found 

in Panx1 KO neurons could be partly secondary to increased delivery of PSD-95 to 

dendritic spines by mechanisms involving interactions with cytoskeletal elements 

regulating actin and tubulin (Frederiksen et al., 2019).  

What other signalling pathways might be involved in Panx1 regulation of dendritic 

spines? Given its role as an ATP channel, Panx1 likely has an impact on purinergic control 

of dendritic spine and neuronal network development. For example, anoxia-induced 

glutamatergic NMDA neurotransmission in  hippocampal slices can activate Panx1 

channels (Weilinger et al., 2012, 2016). While this NMDA-Panx1 signalling remains to be 

tested in healthy conditions, NMDA-mediated activation of Panx1 would result in ATP 
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release, activating ionotropic and metabotropic purinergic receptors and recruiting 

microglia processes to synapses (Paolicelli et al., 2011; Weinhard et al., 2018; Cserép et 

al., 2019). For example, genetic disruption of P2X7R purinergic signalling in a model of 

Rett syndrome (characterized by decreased spine density) led to decreased spine 

elimination and consequently increased spine density in cortical neurons (Garré et al., 

2020). Interestingly, pharmacological disruption of P2X7R signalling with suramin in 

animal models of Fragile X (Fmr1 KO) normalizes PSD size in spines, which is 

characteristically large in Fmr1 KO mice (Naviaux et al., 2013, 2015, 2017). These 

contrasting results could partly be explained by differential timing of these interventions, 

highlighting the importance of critical periods of brain plasticity (Hensch, 2005).  

In addition to regulating dendritic spines, purinergic signalling also shapes NPC 

development. Moreover, aberrant purinergic signalling is associated with developmental 

disorders. Furthermore, along these lines several risk genes associated with 

neurodevelopmental disorders have both NPC developmental as well as dendritic spine 

roles (Heavner and Smith, 2020). Consistent with its multiple roles in regulating neuronal 

development (both NPCs and dendritic spines), variants of Panx1 have been recently 

implicated in neurodevelopmental disorders NDDs). Several Panx1 SNPs were identified 

in an ASD GWAS-eQTL analysis by Davis et al (2012). This means the ASD-associated 

SNPs identified  in this study cause changes in Panx1 expression levels (albeit, the 

direction of expression change was not revealed). Another study described the discovery 

of a PANX1 variant associated multi-system disorder including intellectual disability (Shao 

et al., 2016). The neurological phenotype of Panx1 disruption is reminiscent of that of 

Syngap1 disruption (Gamache et al., 2020). Deletion of Syngap1, a Ras-GAP-activating 
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protein enriched in dendritic spines, results in increase dendritic spine density, increased 

levels of PSD-95, increased postsynaptic glutamate receptors, and altered neuronal 

networks (Clement et al., 2012; Aceti et al., 2015; Araki et al., 2015). Disruption of several 

of other ASD associated genes produce similar phenotypes (Forrest et al, 2018). Without 

discounting the convergence of similar dendritic spine phenotypes produced by disruption 

of these ASD-associated genes supports a model in which synaptic dysfunction plays a key 

pathogenic role.  

Overall, the findings presented in this thesis furthers our understanding on the 

complexity of the regulation of dendritic spine development and underscore the importance 

of Panx1 and similar dendritic spine-regulating genes in healthy brain development. Given 

the availability of pharmacological tools to modulate Panx1 function, and relatedly 

purinergic receptor signalling, these findings present potentials new avenues of therapeutic 

interventions for neurodevelopmental disorders. 

 

 Figure 4.1. Putative mechanisms for Panx1 regulation of dendritic spines. In Panx1+/+ (WT) neurons, 

postnatal developmental regulation of Panx1 expression levels could contribute to proper development of 

neuronal circuits via its role in purinergic signaling (activation of ionotropic P2X and metabotropic P2Y 

purinergic receptors, recruitment of microglia, and Panx1 ATP-internalization) and/or direct protein 

interactions with regulatory elements of the neuronal cytoskeleton that control dendritic spine maturation. 

Therefore, loss of Panx1 (Panx1-/-, Panx1 KO) could lead to impaired circuitry refinement during critical 

periods, resulting in increased stability and density of spiny protrusions and altered neuronal network 

connectivity as observed with Panx1 KO and risk genes for neurodevelopmental disorders. These putative 

mechanisms will require further validation in various experimental models. Glut, Glutamate; P2XR, 

ionotropic purinergic receptor; P2YR, metabotropic purinergic receptor; NMDAR, NMDA receptor; MTs, 

microtubules.  
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