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K+-recycling defect is a long-standing hypothesis for deafness mechanism of Connexin26 (Cx26, GJB2) mutations, which cause the most common hereditary deafness and are responsible for >50% of nonsyndromic hearing loss. The hypothesis states that Cx26 deficiency may disrupt inner ear gap junctions and compromise sinking and recycling of expelled K+ ions after hair cell excitation, causing accumulation of K+-ions in the extracellular space around hair cells producing K+-toxicity, which eventually induces hair cell degeneration and hearing loss. However, this hypothesis has never been directly evidenced, even though it has been widely referred to. Recently, more and more experiments demonstrate that this hypothesis may not be a deafness mechanism underlying Cx26 deficiency. In this review article, we summarized recent advances on the K+-recycling and mechanisms underlying Cx26 deficiency induced hearing loss. The mechanisms underlying K+-sinking, which is the first step for K+-recycling in the cochlea, and Cx26 deficiency induced cochlear developmental disorders, which are responsible for Cx26 deficiency induced congenital deafness and associated with disruption of permeability of inner ear gap junctional channels to miRNAs, are also summarized and discussed.

Keywords: potassium recycling, deafness mechanism, connexin, gap junction, nonsyndromic hearing loss, cochlear development, miRNA, inner ear


INTRODUCTION

Connexin26 (Cx26, GJB2) gene mutations are responsible for >50% of nonsyndromic hearing loss, causing either congenital deafness or late-onset progressive hearing loss (Zhao et al., 2006; del Castillo and del Castillo, 2011; Chan and Chang, 2014). Cochlear implants can restore hearing function of patients with Cx26 mutants, indicating major pathology of deafness in the cochlea. Several deafness mechanisms have been proposed, such as disruption of K+-recycling in the cochlea to cause cell degeneration and deafness (Santos-Sacchi and Dallos, 1983; Kikuchi et al., 1995; Zhao et al., 2006) and elimination of IP3-Ca++ wave spreading in the cochlear sensory epithelium (Beltramello et al., 2005). In particular, the hypothesis of K+-recycling defect has been long-term considered as the deafness mechanism of Cx26 deficiency and widely referred to. However, recent studies demonstrated that K+-recycling hypothesis may not be a deafness mechanism of Cx26 deficiency. In this review article, we will summarize recent advances on the studies of K+-recycling and Cx26 deficiency deafness mechanisms. Other information, such as gap junctional function in the cochlea, connexin deafness mutations and phenotypes, and deficiency-induced pathological changes in the cochlea, has been summarized extensively by previous reviews (e.g., Zhao et al., 2006; del Castillo and del Castillo, 2011; Chan and Chang, 2014; Wingard and Zhao, 2015).


K+-Recycling in the Cochlea and Hypothesized Mechanism for Cx26 Deficiency Induced Hearing Loss

The cochlea is the auditory sensory organ, composed of three fluid-filled compartments, scala tympani (ST), scala media (SM) and scala vestibuli (SV). The ST and SV are filled with perilymph which is similar to the extracellular fluid with a high concentration of Na+ and low concentration of K+, whereas the SM is filled with endolymph which is similar to intracellular fluid with a low concentration of Na+ and high concentration of K+ (Figure 1A). The endolymph in the SM also possesses a high positive endocochlear potential (EP, +110–120 mV), which drives K+-ions in the endolymph passing through the mechano-transduction channels at hair cell’s hair bundles during acoustic simulation to produce auditory receptor current and potential, i.e., cochlear microphonics (CM). Influx K+ ions are then expelled out to the extracellular space through the lateral wall, which locates in the perilymph at the ST, to restore cell polarization. To avoid K+-toxicity and maintain hair cell function, the expelled K+ round hair cells needs to be removed. The K+-recycling hypothesis states that the expelled K+ ions are sunken by neighboring supporting cells and transported back to the endolymph via gap junction-mediated intracellular pathway between cells (Figures 1, 2).


[image: image]

FIGURE 1. K+-recycling in the cochlea and hypothesized deafness mechanism of Cx26 deficiency. (A) Cochlear structure and K+-recycling pathways in the cochlea. Cx26 and Cx30 colocalized in most cochlear tissues and cells but not in hair cells. SLM, spiral limbus; SV, stria vascularis. Modified from Forge et al. (2003), Zhao and Yu (2006) and Liu and Zhao (2008). (B) Permeability of Cx26 and Cx30 gap junctional channels to ions and small molecules. Cx30 channels are impermeability to negative charged molecules, such as miRNAs. Based on Yum et al. (2010) and Zong et al. (2016). (C) The hypothesized K+-recycling defect as a mechanism for Cx26 deficiency induced hearing loss. GJ, gap junction.
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FIGURE 2. Schematic drawing of the mechanism of ATP-P2X purinergic receptor-depended K+-sinking in the cochlear supporting cells. Based on Zhu and Zhao (2010).



This gap junction-mediated K+-recycling mechanism has been proposed since inner ear gap junctions were found about 35 years ago (Santos-Sacchi and Dallos, 1983; Kikuchi et al., 1995). After Cx26 mutations were found to be associated with hearing loss (Kelsell et al., 1997), this hypothesis was further linked to the mechanism of Cx26 mutations induced hearing loss (Figure 1C), since Cx26 is a predominant isoform in the cochlea (Kikuchi et al., 1995; Lautermann et al., 1998; Forge et al., 2003; Zhao and Yu, 2006; Liu and Zhao, 2008). That is, Cx26 mutations may impair inner ear gap junctions and disrupt the gap junction-mediated K+-recycling pathway in the cochlea, thereby causing K+ accumulation around hair cells producing toxicity, which eventually leads to hair cell degeneration and hearing loss (Figure 1C). Undoubtedly, K+-sinking and recycling in the cochlea are important and required for maintaining normal hair cell function and hearing. However, as a deafness mechanism of Cx26 deficiency, it lacks direct evidence, even though it has been widely referred to.



Cx26 Deficiency Does Not Disrupt Inner Ear Gap Junctional Permeability and K+-Recycling Defect Hypothesis Is Not a Deafness Mechanism of Cx26 Deficiency

Recently, more and more experiments demonstrated that this hypothesized K+-recycling defect mechanism may not be a deafness mechanism of Cx26 deficiency. As described above, the hypothesis of disruption of K+-recycling by Cx26 deficiency causing hearing loss includes the following key-steps (Figure 1C): (I) Cx26 deficiency impairs cochlear gap junction permeability, thereby disrupting K+-transport between cochlear supporting cells. (II) Disruption of K+-recycling pathways leads to K+-accumulation around hair cells producing toxicity inducing hair cell degeneration. (III) Hair cell degeneration eventually causes hearing loss.

However, recent studies demonstrated that inner ear gap junctions in Cx26 knockout (KO) mice still remain permeability due to existence of co-expressed Cx30 (Zhu et al., 2015b). It has been found that gap junctions between cochlear supporting cells in Cx26 KO mice still retain good permeability to fluorescent dye ethidium bromide (EB; Zhu et al., 2015b), which molecular weight is 314 Da. This data suggests that inner ear gap junctions in Cx26 KO mice are still permeable to ions, including K+ ions.

Moreover, although Cx26 KO can induce congenital deafness and hair cell degeneration (Cohen-Salmon et al., 2002; Sun et al., 2009; Wang et al., 2009), hearing loss in Cx26 KO mice occurs in advance of hair cell degeneration (Liang et al., 2012), rather than behind the cell degeneration as assumed by the K+-recycling defect hypothesis. Also, deafness occurs in whole-frequency region (Liang et al., 2012), while the cell degeneration in Cx26 KO mice mainly locates at the middle and high frequency regions (Sun et al., 2009; Liang et al., 2012). These data further indicate that hair cell degeneration is not a primary cause for Cx26 deficiency induced hearing loss.

In addition, recent studies also showed that if Cx26 is conditionally deleted after postnatal day 4–5 (P4–5), mice demonstrated a progressive, late-onset hearing loss and had no apparent hair cell degeneration (Chen et al., 2014; Zhu et al., 2015a). Thus, Cx26 deficiency can cause hearing loss even without hair cell degeneration. Taken together, these findings indicate that the hypothesis of K+-recycling defect could not be a deafness mechanism for Cx26 deficiency induced hearing loss.



K+-Sinking in the Cochlear Supporting Cells

K+-sinking or re-entering into the supporting cells is the first step for K+-recycling (Figure 2). However, it has been found that K+-sinking in the cochlear supporting cells is dependent on ATP-P2X receptors rather than Cx26 expression (Zhu and Zhao, 2010). ATP is an intracellular energy source. In the extracellular space, ATP can also act as a signaling molecule to activate purinergic (P2) receptors at the rest membrane potential evoking inward currents. P2 receptors have two subtypes: P2X ATP-gated ionotropic receptors and P2Y G-protein coupled metabotropic receptors. It has been found that the physiological level of ATP can activate P2X purinergic receptors producing inward currents in the cochlear supporting cells at normal physiological rest membrane potential (Zhu and Zhao, 2010). The inward current is linearly increased with extracellular K+ concentration increased, indicating that this inward current is mainly carried by K+ ions. Without ATP, no inward K current is visible in the cochlear supporting cells for high-concentration of extracellular K+ challenge (Zhu and Zhao, 2010). Interestingly, P2X2, which is a predominant P2X isoform in the cochlea, mutations can also induce nonsyndromic hearing loss (Yan et al., 2013; Faletra et al., 2014). These data demonstrate that K+-sinking is important for hair cell and hearing function. However, so far, there is no evidence indicating that this K+-sinking process is relative to Cx26 expression and that Cx26 deficiency can impair this K+-sinking process.



Cx26 Deficiency Deafness Mechanisms

In the clinical, Cx26 mutations can cause both congenital deafness and late-onset hearing loss (del Castillo and del Castillo, 2011; Chan and Chang, 2014), also implicating that Cx26 deficiency induced hearing loss may have different underlying deafness mechanisms rather than a unique deafness mechanism as assumed by K+-recycling defect hypothesis.

For congenital deafness, Cx26 deficient mouse models show cochlear developmental disorders, hair cell degeneration and EP reduction (Cohen-Salmon et al., 2002; Sun et al., 2009; Wang et al., 2009; Liang et al., 2012; Chen et al., 2014). As mentioned above, hair cell degeneration is not a primary cause for Cx26 deficiency induced hearing loss, since deafness appears in whole-frequency range and occurs in ahead of hair cell degeneration (Liang et al., 2012). Also, EP reduction is not a determined factor for deafness (Chen et al., 2014). However, it has been found that deletion of Cx26 before P4–5 can induce cochlear developmental disorders with congenital deafness, while deletion of Cx26 after P4–5 produces neither congenital deafness nor cochlear developmental disorders (Chen et al., 2014). These data strongly indicate that the congenital deafness is associated with cochlear developmental disorders. It has been found that deletion of Cx26 before P4–5 can induce the tectorial membrane attached at the inner sulcus cells leading to loss of the under-tectorial-membrane space; the cochlear tunnel is also filled (Wang et al., 2009; Liang et al., 2012; Chen et al., 2014). These developmental disorders can cause the tectorial membrane becoming immovable and are unable to stimulate hair cell transduction channels to produce auditory receptor current during acoustic stimulation (Liang et al., 2012), thereby leading to hearing loss.

Mouse models also showed that late-onset hearing loss caused by Cx26 deficiency was not associated with hair cell degeneration (Zhu et al., 2015a). Conditional KO (cKO) of Cx26 in the cochlea after birth could produce late-onset hearing loss. However, Cx26 cKO mice had no hair cell loss (Zhu et al., 2015a). It has been found that progressive, late-onset hearing loss is associated with the progressive reduction of outer hair cell (OHC) electromotility and active cochlear amplification (Zhu et al., 2013, 2015a), although there are neither connexin expression nor gap junctions in hair cells (Kikuchi et al., 1995; Zhao and Santos-Sacchi, 1999; Zhao and Yu, 2006; Yu and Zhao, 2009). These data further indicate that the K+-recycling defect hypothesis is not responsible for Cx26 deficiency induced late-onset hearing loss.



Mechanisms Underlying Cx26 Deficiency Induced Cochlear Developmental Disorders and Gap Junction-Mediated miRNA Intercellular Transfer and Communication

Currently, the detailed mechanisms underlying Cx26 deficiency inducing cochlear developmental disorders are still unclear. However, recent experiments demonstrated that Cx26 deficiency-induced cochlear developmental disorders may result from the disruption of permeability of inner ear gap junctions to miRNAs (Zhu et al., 2015b).

Cx26 deficiency can cause disorders in the cochlear development (Wang et al., 2009; Liang et al., 2012; Chen et al., 2014), indicating that gap junction-mediated intercellular communication has a crucial role in cochlear development. Organ development relies on well-orchestrated intercellular communication to coordinate gene expression. Gene expression can be regulated by many factors at many stages, such as cis-element enhancers and promoters, epigenetic modifications such as chromatin modification and DNA methylation, trans-element transcription factors and non-coding RNAs at post-transcriptional level miRNA and mRNA polyA polymerization. However, except small non-coding regulatory RNAs, none of these regulators undergo intercellular exchange through gap junctional channels.

MicroRNAs (miRNAs) are small non-coding regulatory RNAs and ~20–25 nucleotides long (Bartel, 2004), forming a linear molecule with a diameter of <1.0 nm which is on the same order as the gap junction channel pore size (Brink et al., 2012). miRNAs play an important role in many physiological and pathological processes, including organ development. It has been found that deficiency of miRNAs can cause cochlear development disorders (Soukup et al., 2009; Conte et al., 2013). Cx26 deficiency induced cochlear developmental disorders are also found to be associated with the disruption of miRNA intercellular communication. It has been found that Cx26 KO disrupts permeability of inner ear gap junctions to miRNAs and the cochlea has developmental disorders, whereas Cx30 KO does not influence miRNA permeability and the cochlea displays normal development (Zhu et al., 2015b). Moreover, deafness mutation of Cx26 p.R75W can disrupt miRNA permeability (Zong et al., 2016), and Cx26 p.R75W transgenic mice also display cochlear developmental disorders and the cochlear tunnel is filled (Kudo et al., 2003). In addition, it has been found that miRNA expression is associated with gap junctional coupling. miR-96 has a critical role in the cochlear development (Conte et al., 2013). It has been found that miR-96 expression in the cochlea has a rapid increase at P2–3 just before the cochlear tunnel opening (Zhu et al., 2015b). However, this increasing peak is absent in Cx26 KO mice (Zhu et al., 2015b) in which the cochlear tunnel is filled (Chen et al., 2014; Zhu et al., 2015b). In Cx30 KO mice, in which the cochlear tunnel is developed normally (Teubner et al., 2003; Zhu et al., 2015b), the peak remains (Zhu et al., 2015b). These data indicate that Cx26 deficiency-induced cochlear developmental disorders may be associated with the disruption of permeability of inner ear gap junctions to miRNAs (Zhu et al., 2015b). However, the detailed underlying mechanism is still unclear. These data also demonstrate that the gap junction-mediated miRNA intercellular communication may have an important role in initiation and synchronization of miRNA expression among cells.

Previous studies demonstrated that miRNAs can be exchanged between cells in a gap junction-dependent manner (Valiunas et al., 2005, 2015; Kizana et al., 2009; Katakowski et al., 2010; Gregory et al., 2011; Lim et al., 2011; van Rooij et al., 2012; Hong et al., 2015; Suzhi et al., 2015; Menachem et al., 2016) and play a crucial role in the tumor generation and progression (Aasen et al., 2016). Our recent study further demonstrated that miRNAs can pass through gap junctional channels and regulate gene expression in neighboring cells to achieve an intercellular genetic communication (Zong et al., 2016). Moreover, we found that this gap junction-mediated miRNA intercellular gene regulation is connexin-dependent. For example, consistent with Cx30 channels impermeable to negative-charged molecules (Manthey et al., 2001; Beltramello et al., 2003), Cx30 channels are impermeable to miRNAs (Zong et al., 2016), since miRNAs appear anionic in physiological pH. Cx26 and Cx30 are predominant connexin isoforms in the cochlea (Forge et al., 2003; Zhao and Yu, 2006). Cx26 gap junctional channels are permeable to both anionic and cationic molecules, and are mainly responsible for permeability to anionic molecules in the cochlea (Zhao, 2005). Thus, Cx26 deficiency can affect passage of miRNAs in the cochlea, whereas Cx30 KO has no effect (Zhu et al., 2015b). This is consistent with finding that Cx26 KO but not Cx30 KO produces cochlear developmental disorders (Liang et al., 2012; Chen et al., 2014; Zhu et al., 2015b).

It has been reported that Cx26 expression in Cx30 KO mice is also reduced but not abolished (Ahmad et al., 2007; Ortolano et al., 2008); compensation of Cx26 expression can restore hearing function in Cx30 KO mice (Ahmad et al., 2007). These data further indicate that the Cx26 channels in the cochlea can be efficient to achieve permeability to anionic molecules, including miRNAs. These data also indicate that deafness in Cx30 KO mice resulted from differing underlying mechanisms as both Cx26 and Cx30 are reduced. Cx30 can assemble heterozygous (heterotypic/heteromeric) gap junctional channels with Cx26 in the cochlea (Zhao and Santos-Sacchi, 2000). Also, gap junctions formed in the Cx26/30 co-expressed cell line showed good permeability to fluorescent dyes (Yum et al., 2010; Zong et al., 2016) and miRNAs (Zong et al., 2016). It seems that there is no significant difference in permeation of Cx30, Cx26 and Cx26/30 heterozygous channels to K+ ions (Figure 1B).

Our recent study also demonstrated that the gap junction-mediated miRNA intercellular gene regulation is not specific to miRNAs (Zong et al., 2016). This is consistent with the fact that all miRNAs have a uniform structure and similar size (Bartel, 2004). Therefore, gap junctions can mediate all of miRNAs expression among cells and Cx26 deficiency can disrupt all of miRNAs intercellular transfer and cell-to-cell communication in the cochlea. Furthermore, considering one miRNA can affect the stability of hundreds of mRNAs and silence multiple genes (Bartel, 2004, 2009), thus, Cx26 deficiency can produce a broad effect and affect many gene expressions and regulations, which undoubtedly will affect cochlear development. However, the cochlear development is a complex process, involving coordination of many gene expressions and regulations. So far, the detailed mechanisms about how disruption of miRNA intercellular communication by Cx26 deficiency affects gene regulations to influence cochlear development still remain unclear.



Summary

The K+-recycling defect hypothesis states that Cx26 deficiency may impair inner ear gap junctions and disrupt the gap junction-mediated K+-recycling pathway in the cochlea, thereby causing K+-ion accumulation around hair cells and toxicity, which eventually leads to hair cell degeneration and hearing loss. However, recent studies demonstrate that deletion of Cx26 can still retain inner ear gap junction permeability to ions, since co-expressed Cx30 exists. Hearing loss in Cx26 deficient mice also occurs in advance of hair cell degeneration or even without hair cell loss. Finally, the first step K+-sinking for K+-recycling in the cochlea is associated with ATP-purinergic P2X receptor activity rather than Cx26 expression. These data strongly suggest that K+ recycling hypothesis is not a Cx26 deficiency deafness mechanism, although the K+-recycling is important for normal hearing.

The fact that Cx26 deficiency can cause congenital deafness and late-onset hearing loss also demonstrates that they have different underlying deafness mechanisms rather than a unique deafness mechanism as assumed by K+-recycling defect hypothesis. Using different Cx26 deficient mouse models, it has been found that the congenital deafness induced by Cx26 deficiency is mainly resulted from cochlear developmental disorders, whereas the late-onset hearing loss is associated with the reduction of active cochlear amplification (Zhu et al., 2013, 2015a). Recent experiments further demonstrated that cochlear developmental disorders induced by Cx26 deficiency may be associated with disruption of gap junction-mediated miRNA intercellular communication for gene regulation in the cochlea. Advances in ATP-P2X purinergic receptor-mediated K+-sinking and gap junction-mediated miRNA intercellular gene regulation are also benefit to studies in other systems. However, many detailed mechanisms and key points, such as how disruption of miRNA intercellular transfer by Cx26 deficiency affects cochlear development, how miRNA intercellular transfer triggers and synchronizes miRNA expression among cells, and detailed mechanisms underlying ATP-purinergic receptor-mediated K+-sinking, still remain unclear and need to be further investigated in future.
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Brain microvascular endothelial cells (BMECs) separate the peripheral blood from the brain. These cells, which are surrounded by basal lamina, pericytes and glial cells, are highly interconnected through tight and gap junctions. Their permeability properties restrict the transfer of potentially useful therapeutic agents. In such a hermetic system, the gap junctional exchange of small molecules between cerebral endothelial and non-endothelial cells is crucial for maintaining tissue homeostasis. MicroRNA were shown to cross gap junction channels, thereby modulating gene expression and function of the recipient cell. It was also shown that, when altered, BMEC could be regenerated by endothelial cells derived from pluripotent stem cells. Here, we discuss the transfer of microRNA through gap junctions between BMEC, the regeneration of BMEC from induced pluripotent stem cells that could be engineered to express specific microRNA, and how such an innovative approach could benefit to the treatment of glioblastoma and other neurological diseases.
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INTRODUCTION

Human brain microvascular endothelial cells (BMECs) interact with astrocytes and pericytes to form a functional “neurovascular unit” called the blood–brain barrier (BBB), which protects the central nervous system by preventing the transfer of circulating molecules from the bloodstream to the brain parenchyma. A drawback of this efficient barricade is its ability to restrict the transfer of potentially useful neurotherapeutic agents. In the recent years, microvascular endothelial cells derived from induced pluripotent stem cells (iPSC) were used to further explore BBB development and maintenance by co-culture with neural cells. These iPSC appeared also as a biological tools to screen neuropharmaceuticals (Lippmann et al., 2013, 2014a; Cecchelli et al., 2014; Minami et al., 2015; Katt et al., 2016; Appelt-Menzel et al., 2017; Yamamizu et al., 2017). Meanwhile, analysis of gap junction channels between heterotypic cells suggested promising applications by blocking or promoting microRNA transfer and delivery (Valiunas et al., 2005; Lemcke et al., 2015). This short review focuses on how we could deal with these specific aspects of the BBB biology to transfer therapeutic microRNAs to the brain.



BMEC AS A GATEWAY FOR DRUG DELIVERY TO THE BRAIN

As compared to other endothelial cells, the highly polarized BMEC demonstrate specific features. They form circumferential tight junction complexes, establishing a high-resistance paracellular barrier to small hydrophilic molecules and ions. The rate of transcytosis is low, although this remains the preferred pathway for the selective transport of plasma macromolecules. The expression of selective influx/efflux transporters such as ATP binding cassette (ABC) efflux transporters against concentration gradients is another characteristic aspect of these cells. Finally, the absence of leukocyte adhesion molecules, together with tight junctions, prevents the entry of peripheral immune cells in the absence of trauma or disease (Abbott et al., 2006; Chow and Gu, 2015). These BMEC specific features are a physical challenge and rate-limiting step for therapeutically targeting brain cells (Joshi et al., 2017). Importantly, the microvascular network of the brain is dense and so intricate that every neuron or glial cell is less than 20 μm from a blood capillary. In other words, a molecule that would cross the BBB will be immediately delivered to every neuron within the brain (Pardridge, 2002). The protective function of the BBB can be severely impaired during neurodegenerative and neuroinflammatory disorders, ischemic stroke and central nervous system (CNS) tumor development. An altered BBB may influence the treatment efficacy of these diseases with drugs that may not traverse the BBB to reach their target in the diseased brain while the delivery of others is hampered by disturbed transport mechanisms (Schenk and de Vries, 2016; Reinhold and Rittner, 2017). In brain tumors, vasogenic edema, elevated intracranial pressure, hypoxia, and neo-angiogenesis also contribute to create a chaotic situation that affects drug bioavailability (Saunus et al., 2017).

Small, lipophilic compounds and some hydrophobic molecules can cross the BBB. In contrast, biologic drugs such as nucleic acids, recombinant proteins, antibodies, and peptides are usually too large to be transferred through the BBB. This delivery could be promoted by re-engineering these large molecules into brain-penetrating neuropharmaceuticals (Pardridge, 2015a,b). Their delivery to the brain after intravenous injection could be also slightly improved by co-administration of low doses of a hyperosmolar solution (Gray et al., 2010; Kwon et al., 2010) or by disrupting the BBB with microbubble-enhanced ultrasound (Tan et al., 2016). Gene vectors have been injected directly into the brain to circumvent the BBB (Do Thi et al., 2004; Yang et al., 2013) but the innate difficulty of the method and the risks induced by such an approach make it hardly applicable over long-term clinical trials (Joshi et al., 2017).

Another strategy would be to control the functions of BMEC into the intact endothelium. These cells have a short time life when compared to other cerebral cell types (i.e., of about 2 months) and this life time could be further reduced by inflammation. The renewal of BMEC is ensured within few hours, either by cell division of neighboring endothelial cells or by the cell differentiation of circulating blood cells. Embryonic stem cells can differentiate into any cell type including endothelial cells (Levenberg et al., 2002; Wang et al., 2007; Kane et al., 2010; Nourse et al., 2010) and their properties are recapitulated by iPSC, which hold great promise for regenerative medicine (Kane et al., 2011; Kimbrel and Lanza, 2016). Such iPSC-derived endothelial cells have been combined with cardiomyocytes, and smooth muscle cells to improve cardiac function after acute myocardial infarction in a porcine model (Ye et al., 2014). It remains to be determined if they could modify the BBB composition, which would allow to engineer these cells, e.g., to express a specific microRNA or small silencing RNA (siRNA), before using them to repair an altered BBB while introducing new functions that facilitate drug delivery to the brain.



GAP JUNCTIONAL INTERCELLULAR COMMUNICATIONS

The renewal of microvascular endothelial cells is followed by the rapid re-establishment of intercellular junctions. The gap junctional intercellular communication (GJIC) can only be established if the cells are closely joined by tight junctions [and especially express adhesion proteins such as zonulae occludens ZO-1 (Zhang et al., 2003; Sin et al., 2012; Lippmann et al., 2014b; Minami et al., 2015)]. For instance, adhesion of cells to an endothelial monolayer is usually achieved in less than 1 h, cell–cell communication is established in 1–2 h and the gap junctional shuttling of microRNA observed within 3 h in vitro (Thuringer et al., 2015b, 2016a). The gap junction proteins, namely connexins (Cx) Cx37, Cx40, and Cx43 are expressed in BMEC (Vis et al., 1998; De Bock et al., 2011, 2017; Kaneko et al., 2015; Bader et al., 2017) as well as in iPSC which display intercellular dye transfer as expected for GJIC (see below). Interestingly, the glioblastoma microenvironment up-regulates the gene expression of tight junction proteins in iPSC-derived BMEC (Minami et al., 2015). Healthy and diseased glial cells separated by 3–4 nm also form functional gap junctions (Baker et al., 2014; Stamatovic et al., 2016), mostly composed of Cx30 and Cx43 (Wallraff et al., 2006; De Bock et al., 2017). In all cases, remodeling of gap junctions occurs constantly with a high turnover rate; i.e., Cx typically have short half-life of about 1.5–6 h in mammalian cells (Laird, 2006; Herve et al., 2007). Heterocellular gap junctions formed by Cx43 are largely described between BMEC and glial cells in vitro, and induce barrier properties in non-brain blood vessels in transplantation studies (Janzer and Raff, 1987; Abbott et al., 2006). In vivo, the basal lamina may limit the formation of gap junctions in most of the brain vasculature but pathological situations such as glioblastoma cell invasion that degrade the basal lamina, increase the probability of developing such communications (Bart et al., 2000; Vajkoczy and Menger, 2004; Alves et al., 2011).

The GJIC established between cancer and healthy cells permits the direct transfer of cytosolic messengers, including single strand of 22-nucleotide non-coding RNA that modify gene expression and functions of recipient cells (Valiunas et al., 2005; Lemcke et al., 2015). The GJIC-mediated intercellular transfer of mature microRNA was reported to be Cx-dependent (Zong et al., 2016). The permeability of Cx-formed gap junctions to microRNAs, responds to the following order: Cx43 > Cx26/30 > Cx26 > Cx31 > Cx30 = Cx-null with Cx43 having high permeability and Cx30 being poorly permeable to microRNAs (Zong et al., 2016). This is consistent with previous reports that Cx30 channels are impermeable to negatively charged molecules; i.e., all nucleotides including microRNA being anionic at physiological pH. We have detected in vitro microRNA exchanges between human microvascular endothelial (HMEC) and colon cancer cells through Cx43-formed gap junctions (Thuringer et al., 2016b). More specifically, the transfer of miR-145 from HMECs to tumor cells was observed to inhibit angiogenesis and tumor growth. Similar exchanges were observed between HMECs and glioblastoma cells, highlighting the crucial role of Cx43-formed gap junctions in the regulation of BBB genes (Thuringer et al., 2016a).

The opening of gap junction channels can also lead to the transfer of pathologic microRNAs such as miR-5096 that promotes glioblastoma cell invasion (Hong et al., 2015; Thuringer et al., 2016a, 2017). We evidenced such a transfer between HMEC and glioblastoma cell lines, indicating that microRNAs have to be carefully selected and evaluated for their ability to favor tumor regression. Of note, miR-5096 was shown to down-regulate Cx43 expression in glioma cells. More specifically, in co-culture experiments, membrane GJIC plaques disappeared in glioma cells while they drastically increased in HMEC (Thuringer et al., 2016a), maybe explaining why BBB remains hermetic to glioma metastasis (Blecharz et al., 2015; Steeg, 2016; Saunus et al., 2017). Despite of the absence of GJIC, glioma cells were still able to transfer miR-5096 to HMEC through the release of exosomes (Thuringer et al., 2017). Whether other microRNAs could be transferred from glioma cells to BMEC or reciprocally and how it could interfere with invasion process remains to be determined. Additionally to forming GJIC, hemichannels also participate in cell–cell communication (De Bock et al., 2017): firstly, by behaving as docking sites for exosomes, allowing therefore direct transfer of exosomal microRNA to neighboring cells (Soares et al., 2015); and secondly, by secreting microRNA into the intercellular spaces, compensating therefore the loss of glial endfeet of proliferating cancer cells and the increase in the perivascular space observed in tumor satellites (Noell et al., 2012).

Thus, the GJIC could be used to transfer therapeutic microRNA from the iPSC to neighboring cells in order to block the invasiveness and clinical aggravation of different forms of cancer.



THE USE OF GAP JUNCTIONAL SHUTTLING FOR GLIOBLASTOMA THERAPY

Glioblastomas are the most prevalent and aggressive brain cancer and arise from glial cells. The diffuse invasive nature of glioblastoma precludes its complete surgical resection, which inevitably leads to tumor recurrence and patient death. Since the first histological observations of Hans Scherer (Scherer, 1940), the occurrence of perivascular invasion has been described in multiple experimental tumor models (Farin et al., 2006; Winkler et al., 2009). This invasion is more important in vascular endothelial growth factor (VEGF)-deficient glioblastoma cells (Blouw et al., 2003; Du et al., 2008) and brain tumor xenografts treated with anti-VEGF blocking antibodies such as bevacizumab (Rubenstein et al., 2000; Kunkel et al., 2001; de Groot et al., 2010; Carbonell et al., 2013; Baker et al., 2014). Clinical glioblastomas resistant to the anti-VEGF bevacizumab therapy also show a tendency toward increased perivascular invasion (Clark et al., 2012). Altogether, neoangiogenesis is dispensable for brain tumor progression and antiangiogenic drugs fail to meaningfully extend survival of patients with a glioblastoma. Conversely, this perivascular invasion could offer an opportunity to deliver effective drugs to cancer cells and our hypothesis is that engineered BMEC could be used for that purpose and deliver microRNA that limit cancer cell invasion and tumor growth (Figure 1).
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FIGURE 1. Hypothetical cell based therapeutic intervention in glioblastoma. (A) Induced pluripotent stem cells (iPSC) of human origin (i.e., umbilical cord, bone marrow, biopsied tissue sample from diseased patient, or the immortalized cell line hBMEC/D3) are pre-differentiated with neural cells and retinoic acid in vitro (Lippmann et al., 2013, 2014a). After 2 days in co-culture, cells sorting with anti-von Willebrand Factor (vWF) antibody are iPSC-derived BMEC. These cells can be sub-cultured as a pure monolayer expressing typical endothelial and BBB markers. (B) In the following day, iPSC-derived BMEC are loaded with the microRNA (miRNA) of interest, using the lipofectamine transfection procedure as previously described (Thuringer et al., 2016a). (C) After 12 h in culture, transfected cells are dissociated and suspended in a conventional infusion medium then injected directly into the patient’s carotid artery. (D) Schematic diagrams of the GJ-mediated shuttling of microRNA at the microvascular level in situ. The blue box areas are enlarged in the scheme below. Note the expected diffusion of miRNA from the iPSC-derived BMEC (yellow) to a large number of cells (bystander effect). Two modes of miRNA transfer from BMEC to glioblastoma cells are proposed: direct via gap-junction channels (upper panel), and indirect via the release of miRNA either free or contained in exosomes, to the intercellular space (lower panel). In the two modes, the Cx43 expression is required at the plasma membrane of cells, forming gap junction or hemichannel (Soares et al., 2015; De Bock et al., 2017).



Biocompatibility

To develop such a therapeutic strategy, the first parameter to deal with is biocompatibility. A first approach consists of isolating and culturing primary BMEC collected from patient tissue samples. Adult BMEC have been cultured successfully by many laboratories but rapidly lose their phenotype (Kniesel and Wolburg, 2000; Roux and Couraud, 2005; Lyck et al., 2009). In addition, given that brain vasculature comprises only 0.1% of the brain by volume, such techniques require a significant amount of brain material to achieve a reasonable yield of BMEC, limiting high throughput applications. A scalable alternative is the use of immortalized brain endothelial cell lines such as the hCMEC/D3 human brain endothelial cell line (Weksler et al., 2005). While these cells maintain many aspects of their primary BMEC counterparts and represent very useful tools for certain applications, they lack significant barrier function (Ogunshola, 2011; Naik and Cucullo, 2012).

Induced pluripotent stem cells may be another alternative. These cells are currently explored in the treatment of a wide variety of diseases, given their ability to differentiate into every cell type (Kimbrel and Lanza, 2016). Lippmann colleagues have established the method to generate BMEC from human iPSC by co-differentiation with neural cells and retinoic acid, leading to differentiated cells which exhibit properties similar to those of tissue-derived BMEC (Lippmann et al., 2012, 2013, 2014a; Hollmann et al., 2017). Some projects aim to use iPSC to recapitulate 3D human neuron/neurovasculature interactions ‘on a chip’ in vitro and reconstitute the neurovascular unit, allowing pharmacological drug testing on cells derived from patients of different ages, metabolic conditions or neuro-pathologies (Brown et al., 2015; Walter et al., 2016).

Undifferentiated human embryonic stem cells express mRNA for almost all known Cx subtypes and display intercellular dye transfer, which is characteristic of GJIC (Huettner et al., 2006). iPSC obtained through reprogramming somatic fibroblasts cells also express most Cx subtypes (Oyamada et al., 2013) and stem cells of various sources express Cx43 (Kar et al., 2012). In undifferentiated cord-blood-derived iPSC, the gap junction plaques mostly contain Cx43 (Beckmann et al., 2016). Cx43 is upregulated during the reprogramming process and Cx43 knockdown via short interfering RNA significantly impairs reprogramming efficiency (Sharovskaya et al., 2012; Ke et al., 2013).

The expression of Cx43 in reprogrammed cells suggests that circulating iPSC may adhere and form Cx43 gap junction plaques with BMEC, then integrate the microvascular endothelium. We have reported that dissociated HMEC (donor), pre-loaded with a fluorescent dye, then plated onto unlabeled HMEC monolayer (acceptor), were rapidly integrated into the monolayer and formed functional gap junctions with HMEC within 2 h (Thuringer et al., 2016a). Actually, all the cells expressing Cx43 proteins, such as SW480 colon cancer cells and human monocytes, communicate with the microvascular endothelium and may pass through the monolayer (Thuringer et al., 2015a,b). Of note, glioma cells also establish Cx43 gap junction with HMEC, thereby reinforcing the barrier (Thuringer et al., 2016a).

Route of Administration

Another question regarding the delivering of iPSC to reconstitute BMEC is the route of administration. Until now, gene vectors have been injected directly into the brain to circumvent the BBB (Do Thi et al., 2004; Yang et al., 2013); but the innate risk due to direct intra-brain administration makes this method hardly applicable in clinics. Convection-enhanced delivery, in which one or more catheters are carefully placed in the brain parenchyma for therapeutic delivery, may be a solution, this technology is currently tested in phase III clinical trial in patients with a glioblastoma (Debinski and Tatter, 2009). If validated, this approach could be used also for future iPSC-based therapies. A less complex although still tricky strategy would be to inject iPSC directly into the carotid artery, knowing that the arterial pressure is strong enough to prevent the cell adhesion in its duct.

What Should We Transfer?

A third question is the identification of the microRNA to transfer to diseased cells through iPSC-derived BMEC (Lopez-Ramirez et al., 2016; Shea et al., 2016). The transfer of mature miR-4519 and miR-5096 from glioma cells to astrocytes enhance the glioma pro-invasive potential (Hong et al., 2015), e.g., several microRNAs associated with survival and chemotherapy resistance passed through gap junctions formed between astrocytes and lung tumor cells in vitro (Menachem et al., 2016). Conversely, the transfer of miR-124-3p between transfected and non-transfected glioma cells has anti-proliferative effects (Suzhi et al., 2015), and the transfer of miR-145-5p to glioma cells has anti-tumor properties (Thuringer et al., 2016a,b). Additionally, some microRNAs regulate expression and/or function of Cx for several types of cancer (Calderon and Retamal, 2016). These observations suggest that iPSC will have to be engineered to express and transfer not only selected microRNA with antitumor effects but also inhibitors of specific pro-tumorigenic microRNAs (anti-miRs) (Gurwitz, 2016).

Efficacy

Finally, the mode of transfer between engineered iPSC and tumor cells will have to be determined as GJIC-mediated microRNA transfer may be more efficient than microvesicle/exosome-based intercellular transport (Zong et al., 2016). As indicated above, Cx43, which is highly expressed in many cell types, is involved in both GJIC-mediated and exosome-mediated transfer of microRNA. The bystander effect described with suicide gene therapeutic approaches involves both GJIC formation and exosome delivery (Yamasaki and Katoh, 1988a,b; Elshami et al., 1996; Mesnil et al., 1996; Dilber and Smith, 1997; Vrionis et al., 1997; Duflot-Dancer et al., 1998; Touraine et al., 1998; Yang et al., 1998). The GJIC-mediated bystander effect can be amplified by treatments, such as intraperitoneal injection of retinoic acid, that increase GJIC (Stahl and Sies, 1998; Touraine et al., 1998; Bertram and Vine, 2005; Kong et al., 2016). Strategies that promote the formation of GIJC between iPSC-derived BMEC and target cells in the brain may therefore increase the efficacy of this therapeutic approach.



CONCLUSION

The use of iPSC is an emerging strategy that remains to be validated in the treatment of various diseases. Because the BBB is a limitation to the treatment of neurological diseases including brain cancer, iPSC-derived BMEC engineered to transfer microRNA, anti-miR or siRNA to target cells could be one of these new therapeutic applications. The transfer of selected single strand RNA through Cx43-containing gap junction channels between iPSC-derived BMEC and neuronal target cells could potentially improve the control of neurological diseases through modulation of gene expression and function in target cells. An unresolved issue is the best small RNA to transfer via GJIC, as it has to respect Cx43 expression and limit target cell development. Several practical issues have now to be solved to develop this approach to treat glioblastoma and potentially other neurological diseases.
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Background: Mutations leading to changes in properties, regulation, or expression of connexin-made channels have been implicated in 28 distinct human hereditary diseases. Eight of these result from variants of connexin 26 (Cx26), a protein critically involved in cell-cell signaling in the inner ear and skin. Lack of non-toxic drugs with defined mechanisms of action poses a serious obstacle to therapeutic interventions for diseases caused by mutant connexins. In particular, molecules that specifically modulate connexin hemichannel function without affecting gap junction channels are considered of primary importance for the study of connexin hemichannel role in physiological as well as pathological conditions. Monoclonal antibodies developed in the last three decades have become the most important class of therapeutic biologicals. Recombinant methods permit rapid selection and improvement of monoclonal antibodies from libraries with large diversity.

Methods: By screening a combinatorial library of human single-chain fragment variable (scFv) antibodies expressed in phage, we identified a candidate that binds an extracellular epitope of Cx26. We characterized antibody action using a variety of biochemical and biophysical assays in HeLa cells, organotypic cultures of mouse cochlea and human keratinocyte-derived cells.

Results: We determined that the antibody is a remarkably efficient, non-toxic, and completely reversible inhibitor of hemichannels formed by connexin 26 and does not affect direct cell-cell communication via gap junction channels. Importantly, we also demonstrate that the antibody efficiently inhibits hyperative mutant Cx26 hemichannels implicated in autosomal dominant non-syndromic hearing impairment accompanied by keratitis and hystrix-like ichthyosis-deafness (KID/HID) syndrome. We solved the crystal structure of the antibody, identified residues that are critical for binding and used molecular dynamics to uncover its mechanism of action.

Conclusions: Although further studies will be necessary to validate the effect of the antibody in vivo, the methodology described here can be extended to select antibodies against hemichannels composed by other connexin isoforms and, consequently, to target other pathologies associated with hyperactive hemichannels. Our study highlights the potential of this approach and identifies connexins as therapeutic targets addressable by screening phage display libraries expressing human randomized antibodies.

Keywords: syndromic autosomal hereditary deafness, cochlea, keratinocytes, connexins, antibody library, antibody structure, epitope identification


INTRODUCTION

Connexin-made channels are essential and widespread constituents of the cell-cell communication pathways that enable the direct exchange of nutrients and signaling molecules between adjacent cells (Goodenough and Paul, 2009) or between cell cytoplasm and the extracellular milieu (Saez and Leybaert, 2014). Channel constituents are structurally homogeneous plasma membrane proteins encoded by twenty one connexin genes in the human genome (http://www.genenames.org/cgi-bin/genefamilies/set/314). Connexin proteins share the same topology that comprises four transmembrane domains (TM1–TM4) connected by two extracellular loops (EC1 and EC2) and a cytoplasmic loop (CL), while the N- and C-termini (NT, CT) of the protein extend into the cytoplasm of the cell (Maeda et al., 2009). Connexins are post-translationally oligomerized to form hexameric assemblies, known as connexons or hemichannels, prior to membrane insertion either within the endoplasmic reticulum or in the trans-Golgi network (Esseltine and Laird, 2016). Connexin hemichannels are then trafficked to the plasma membrane, where the head-to-head docking of two hemichannels from adjacent cells promotes the formation of an intercellular (gap junction) channel. These channels are characterized by an aqueous pore with a diameter typically >1 nm (Maeda et al., 2009; Esseltine and Laird, 2016; Zong et al., 2016), and are permeable to several current-carrying anions and cations and low molecular weight molecules, including glycolytic intermediates, vitamins, amino acids, nucleotides, as well as some of the more important second messengers involved in cell signaling (Niessen et al., 2000; Beltramello et al., 2005; Bedner et al., 2006; Hernandez et al., 2007; Kanaporis et al., 2008).

Unpaired connexin hemichannels in the cell plasma membrane are kept in a predominantly closed state by at least one of the following mechanisms (Saez et al., 2005; Fasciani et al., 2013; Saez and Leybaert, 2014): (a) pore occlusion by mM levels of extracellular Ca2+ and Mg2+; (b) negative membrane potential; (c) post-translational modifications (e.g., phosphorylation). Open hemichannels lack ion selectivity and mediate autocrine/paracrine signaling by the release or uptake of small molecules including ATP, amino acids, reduced glutathione, NAD+, prostaglandin E2, and cyclic nucleotides, which are critical for cell-cell communication and the regulation of inflammatory responses (Saez and Leybaert, 2014).

Mutations leading to changes in properties, regulation or expression of connexin-made channels have been implicated in 28 distinct human hereditary diseases (Srinivas et al., 2017). Eight of these, including KID/HID syndrome, result from GJB2 gene variants. Four diseases, including clouston syndrome or hidrotic ectodermal dysplasia (HED), have been linked to variants of GJB6, a gene located just 30 kb telomeric to GJB2 on chromosome 13. These two genes encode respectively human connexin 26 (Cx26, where 26 indicated the molecular weight of the protein in kDa) and connexin 30 (Cx30), two structurally and functionally related gap junction proteins expressed in skin and inner ear (Forge et al., 2003; Zhao and Yu, 2006). Epidermal disorders associated with pathological variants of Cx26 or Cx30, for which there is no cure, can be highly incapacitating or disfiguring, and in some cases even fatal (Martin and van Steensel, 2015).

Mouse models for Cx26 and Cx30 mutants displayed auditory (Leibovici et al., 2008; Wingard and Zhao, 2015) and skin phenotypes of variable severity (Mese et al., 2011; Schutz et al., 2011; Bosen et al., 2014, 2015; Garcia et al., 2016). Of the thirteen dominant Cx26 mutations responsible for KID/HID syndrome (G11E, G12R, N14K, N14Y, S17F, I30N, A40V, G45E, D50A, D50N, D50Y, A88V) at least eight are thought to translate into hyperactive or “leaky” hemichannels (G11E, G12R, N14K, N14Y, A40V, G45E, D50A, D50N, A88V) (Retamal et al., 2015) that do not close correctly in response to extracellular Ca2+ or show an altered permeability to this critically important cation and second messenger (Stong et al., 2006; Gerido et al., 2007; Lee and White, 2009; Mhaske et al., 2013; Garcia et al., 2015) compromising cell viability in vitro (Stong et al., 2006; Lee and White, 2009). Of note, mice with ectopic expression of wild type Cx26 from the epidermis-specific involucrin promoter demonstrated increased ATP release in keratinocytes, which delayed epidermal barrier recovery and promoted a psoriasiform response (Djalilian et al., 2006). Therefore, it has been proposed that increased ATP levels act as a paracrine messenger and, by altering epidermal factors that control the proliferation and differentiation of keratinocytes, play a critical role in the etiology of skin conditions (Essenfelder et al., 2004; Garcia et al., 2016). Lack of non-toxic inhibitors with defined mechanisms of action poses a serious obstacle to therapeutic interventions for diseases caused by aberrant connexin hemichannels (Saez and Leybaert, 2014; Bruzzone, 2015).

Antibodies have become a key tool in drug discovery. Their ability to bind an antigen with a high degree of affinity and specificity is leading them to become the largest and fastest growing class of therapeutic proteins (Frenzel et al., 2016). Here, we report the identification of a human recombinant antibody that perturbs hemichannel function. For antibody discovery, we screened a single-chain fragment variable (scFv) combinatorial antibody library expressed in phage (Zhang et al., 2012). Each scFv of human immunoglobulins is formed by a heavy chain variable domain, VH, connected by a linker to a light chain variable domain, VL (Lerner, 2016). The advantage of a synthetic phage library (McCafferty et al., 1990; Barbas et al., 1991; Breitling et al., 1991; Burton et al., 1991; Clackson et al., 1991) is that it enables full control over the in vitro selection process, allows to obtain highly functional binders rapidly and at lower cost, does not rely on adjuvants which can unfold proteins, and may contain over 40 billion highly stable human antibody clones (Weber et al., 2014). The antibody we selected is not toxic to cells, reversibly inhibits hemichannel currents and strongly reduces the activity of some Cx26 hyperactive mutants.



MATERIALS AND METHODS


Statistical Analysis

Data are given as mean ± standard error of the mean (s.e.m.). Comparisons between two or more groups were conducted by using two-tailed analysis of variance (ANOVA) or paired t-test, as indicated in the figure legends. The Mann–Whitney U-test was used for data which were not normally distributed and/or had dissimilar variance. P-values are indicated by letter P, where P < 0.05 was selected as the criterion for statistical significance. No statistical methods were used to predetermine sample size. The experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. No pre-established criteria were used to include/exclude samples or animals.



Cell Lines

All cell lines were routinely checked for mycoplasma contamination using the Venor® GeM Classic kit (Minerva Biolobs, Cat. No. 11-1025).

The FreeStyle™ 293-F cell line (ThermoFisher, Cat. No. R79007) was maintained in Freestyle 293 Expression Medium (ThermoFisher, Cat. No. 12338026). The XL1-Blue cell line (Agilent, Cat. No. 200228) was maintained in SB medium composed of 32 g/L tryptone (Oxoid, Cat. No. LP0042), 20 g/L yeast extract (Oxoid, Cat. No. LP0021), 5 g/L sodium chloride (Shanghai Sangon Biotech, Cat. No. ST1218—1 kg), and 20 μg/ml tetracycline (ShanghaiSangon Biotech, Cat. No. BS731—10 ml), pH 7.5. The culture was shaken at 37°C until an optical density (OD) of 0.5–0.7 was obtained at 600 nm.

HeLa DH cells (Sigma-Aldrich, Cat. No. 96112022) or HaCaT cells (Cell Lines Service GmbH, Cat. No. 300493) were seeded onto round glass coverslips (Fisher Scientific, Cat. No. FIS#12-542A) at different degrees of confluence, depending on the type of assay. Cells were maintained in Dulbecco's modified Eagle's medium (ThermoFisher, Cat.No. 41965039) containing 10% (v/v) FBS (Gibco-Invitrogen, Cat.No. 10270-106) and 1% penicillin/streptomycin (Gibco-Invitrogen, Cat.No. 15070-063). Twenty four hours after plating, a lipofectamine transfection reagent (Lipofectamine 2000, Cat. No. 11668-019) was used to transiently transfect HeLa DH or HaCaT cells with a construct comprising the coding region of Cx26, or its G45E or D50N mutants, fused or not to Venus (a circularly permuted yellow fluorescence mutant of the green fluorescent protein) at the C-terminal end (Beltramello et al., 2005). For some experiments, HeLa DH or HaCaT cells were transduced with a lentivirus expressing Cx26, or its G45E or D50N mutants, fused to Venus, either directly or after application of doxycycline.



Patch Clamp Electrical Measurements

Glass coverslips with adherent connexin-expressing HeLa DH or HaCaT cells were continuously superfused at 2 ml/min at 20–23°C with an extracellular solution (EXP) containing (in mM): 140 NaCl, 5 KCl, 10 HEPES, 2 sodium pyruvate, 4 tetraethylammonium chloride (TEA-Cl), 4 CsCl, 5 glucose, and a reduced (0.2 mM) Ca2+ concentration (pH 7.4, 323 mOsm).

Cells expressing Cx26–Venus were selected for patch clamp recordings by visual inspection using fluorescence microscopy, whereas cells expressing untagged Cx26 were selected based on their ability to uptake Lucifer Yellow (CH dilithium salt, Sigma-Aldrich, Cat. No. L0259) (DeVries and Schwartz, 1992; Saez and Leybaert, 2014) after 5 min of incubation in Ca2+-free (0 mM) EXP containing 1 mM of the dye.

Patch pipettes were filled with an intracellular solution containing (in mM): 115 KAsp, 10 NaCl, 10 KCl, 1 MgCl2, 10 HEPES, 1 CaCl2, and 5 BAPTA tetrapotassium salt (pH 7.2, 311 mOsm) and filtered through 0.22-mm pores (Millipore). Filled pipettes had resistances of 4–6 MΩ when immersed in EXP. Hemichannel currents were assayed in EXP under whole cell patch clamp recording conditions.

The antibody was dissolved in EXP and delivered through a glass micropipette pulled to a 8 μm diameter tip from B150F glass (World Precision Instruments, Sarasota, USA). During antibody delivery, the superfusion was stopped. To block connexin hemichannels, CaCl2 was added at the indicated final concentrations to EXP, whereas ZnCl2 was added at 100 μM final concentration.



ATP Release Assay

HaCaT cells were transduced with a doxyxycline-inducible lentivirus expressing Cx26 and plated at a density of 1.5 × 103 cells/well in 96-well plates 24 h before the experiment. Cx26 expression was induced by doxycycline addition to the culture medium 8 h before the measurement of ATP release. Complete DMEM was removed and cells were washed once with serum-free DMEM. Plates were then incubated for 30 min at 37°C and 5% CO2. In order to test the ability of the antibody to inhibit ATP release through Cx26 hemichannels, abEC1.1 was subsequently added to the wells to a final concentration of 400 nM, and cells were incubated in the above-mentioned conditions for an additional 30 min. Immediately before starting the ATP release-stimulation protocol, cells were washed once with a solution (NCS) containing a normal (1.8 mM) Ca2+ concentration and (in mM): 137 NaCl, 5.36 KCl, 0.81 MgSO4, 0.44 KH2PO4, 0.18 Na2HPO4, 25 HEPES, and 5.55 Glucose (pH7.3). Cells were then washed a second time either with the same NCS or with a solution (ZCS) containing 0 mM Ca2+ concentration and (in mM): 137 NaCl, 5.36 KCl, 0.44 KH2PO4, 0.18 Na2HPO4, 0.1 EGTA, 25 HEPES, and 5.55 Glucose (pH7.3). To stimulate the release of ATP through Cx26 hemichannels, cells were incubated in NCS, ZCS, or ZCS supplemented with abEC1.1 (400 nM) for 10 min at 37°C. The amount of ATP released in these conditions was measured with a bioluminescent ATP assay kit (Molecular Probes-A22066) and bioluminescence was measured by a luminometer (Perkin Elmer Victor Light 1420). For each experiment, ATP standard curves were generated using serially-diluted concentrations of ATP and were used to convert measurements of luminescence signals into ATP concentrations.



Lactate Dehydrogenase (LDH) Release Assay

LDH release was estimated by measuring optical absorbance (A) at 490 nm, using a Cytotoxicity LDH Assay Kit-WST (Dojindo Molecular Technologies, Cat. No. CK12) according to the manufacturer's instruction. Briefly, HaCaT cells were seeded in 96-well plates at 8,000 cells per well density and cultured in 100 μl DMEM medium (HyClone, Cat. No. SH30022.01) without sodium pyruvate and penicillin/streptomycin antibiotics, and supplemented with 5% FBS (Gibco, Cat. No. 10099141). For each sample, A was measured by a PerkinElmer Enspire plate reader. Untransfected cells incubated in normal medium were used as minimum absorbance (Amin) controls, whereas untransfected cells exposed to 1% Triton X-100 for 30 min before testing were used as maximum absorbance (Amax) controls. Percent LDH release (R) was estimated by substituting A-values into the following formula:

[image: image]

and averaging the results over homogenous sets of eight wells.



Cochlear Organotypic Cultures

Ethics Statement

All experiments involving the use of animals (mice) were performed in accordance with a protocol approved by the Italian Ministry of Health (Prot. n.1276, date 19/01/2016).

Preparation

Cochleae from P5 C57BL6/N mice of both sexes were quickly dissected in ice-cold Hepes buffered (pH 7.2) HBSS (ThermoFisher, Cat. No. 14025050), placed onto glass coverslips coated with Cell-Tak (Biocoat, Cat.No. 354240) and incubated overnight at 37°C in DMEM/F12 (ThermoFisher, Cat. No. 11320-074) supplemented with 5% FBS (ThermoFisher, Cat. No. 10270-106) and 100 μg/ml ampicillin (Sigma-Aldrich, Cat.N. A0166).

Ca2+ Imaging and Dye Transfer Assays

Cochlear cultures were incubated for 40 min at 37°C in DMEM/F12, supplemented with fluo-4 AM (16 μM, Thermo Fisher Scientific, Cat. No.F-14201). The incubation medium contained also pluronic F-127 (0.1%, w/v), and sulfinpyrazone (250 μM) to prevent dye sequestration and secretion. Samples were then transferred on the stage of a spinning disk confocal microscope (DSU, Olympus) and perfused with extracellular solution for 20 min at 1 ml/min to allow for de-esterification. The perfusion medium (EXM) contained (in mM): NaCl 135, KCl 5.8, CaCl2 1.3, NaH2PO4 0.7, MgCl2 0.9, Hepes-NaOH 10, d-glucose 6, pyruvate 2, amino acids, and vitamins (pH 7.48, 307 mOsm). The abEC1.1 antibody was diluted in EXM at a final concentration of 952 nM and applied to the cochlear preparation for 20 min before starting the recording. The antibody was delivered through a glass micropipette pulled to a 8 μm diameter tip on a vertical two-stage puller (PP-830, Narishige) from B150F glass (World Precision Instruments, Sarasota, USA). Experiments were performed at near-physiological temperature (34–36°C).

Fluorescence excitation was produced by light emitted by a 488 nm diode laser (COMPACT-150G-488-SM, World Star Tech) filtered through a narrow band filter (Semrock, Cat. No. FF02-482/18-25). Fluo-4 emission was filtered through a 535/43 m OD6 bandpass interference filter (Edmund Optics). Confocal fluorescence images were formed by a water immersion objective (40x, N.A. 0.8, LumPlanFL, Olympus) and projected on a scientific-grade camera (PCO.Edge, PCO AG) controlled by software developed in the laboratory. Images were acquired at one frame per second with a typical exposure time of 100 ms, stored on disk and processed off-line using the Matlab 7.0 software package (The MathWorks Inc.). Ca2+ signals were quantified pixel-by-pixel as relative changes of fluorescence emission intensity (ΔF/F0), where F0 is fluorescence at the beginning of the recording, F is fluorescence at time t and Δ F = F −F0.

For dye transfer assays, patch clamp glass micropipettes were filled with Lucifer Yellow, which is broadly used also as gap junction channel permeability probe (Hernandez et al., 2007), dissolved at 220 μM (final concentration) in a 320 mOsm intracellular solution containing (in mM): KCl 134, NaCl 4, MgCl2 1, HEPES 20, EGTA 10 (adjusted to pH 7.3 with KOH), and filtered through 0.22 μm pores (Millipore). Pipette resistances were 3–4 MOhm when immersed in the bath. One cell (donor) was patch clamped and maintained in the cell-attach configuration for a few seconds to establish a baseline. The patch of membrane under the pipette sealed to the donor cell was subsequently ruptured, allowing Lucifer Yellow to fill the cell, while leaving the seal intact (whole cell recording conditions). The cell was held at its zero current level using the current clamp configuration of the patch clamp amplifier (Axopatch 200B, Molecular devices). Fluorescence images were acquired at one frame per second with a typical exposure time of 100 ms, and displayed as (F – Fbck)/(Fmax – Fbck), where Fmax is the asymptotic maximal value reached in the injected cell and Fbck is autofluorescence.



Selection of Cx26 Antibodies from Combinatorial Antibody Phage Libraries

A peptide corresponding to residues 41–56 of Cx26 (KEVWGDEQADFVCNTL = pepEC1.1) was synthesized and labeled with biotin at the N-terminus (Chinese Peptide Company, Hangzhou Economic and Technological Development Zone, China).

Streptavidin-coated magnetic beads (Pierce, Cat. No. 88817) were mixed in Tween phosphate buffer (PBST) with biotinilated pepEC1.1 and screened against a scFv combinatorial library expressed in phage (Zhang et al., 2012). For the phage panning process (Barbas et al., 2004; Lee et al., 2007), specific clones were enriched by binding to immobilized pepEC1.1, followed by elution with Glycine-HCl (pH 2.2) and repropagation of phage in XL1-Blue cells. After four rounds of panning, 150 colonies were picked and analyzed by phage ELISA (see below). Positive colonies were sequenced and analyzed using the international ImMunoGeneTics information system® (Lefranc et al., 2015). Complementarity determining regions 3 (CDR3s) were aligned with Clustal X (Larkin et al., 2007) and a phylogenetic tree was constructed using CLC Genomics Workbench 8.0 (CLCbio). The genes encoding the scFv candidates, identified by analysis of the phylogenetic tree, were cloned into a modified pFUSE expression vector (Invivogen, Cat. No. pfuse-hg1fc2) to obtain scFv-Fc fusion proteins. 293-F cells were transfected with the scFv-Fc vectors and the expressed fusion proteins were purified using HiTrap Protein A HP columns (GE Healthcare, Cat. No.17-0403-03) with ÄKTApurifier 100 (GE Healthcare). After purification, the buffer was exchanged to PBS (pH 7.4). The purified scFv-Fc proteins were kept either at 4°C, for short-term storage, or at −80°C for longer-term conservation.



Western Blot Analyses

The Cx26 coding sequence fused with 10*His and flag tag was cloned into a pFastBac1 baculovirus transfer vector and expressed using the Bac-to-Bac® Baculovirus Expression System (Life Technologies, Cat. No. 10359-016, 10360-014, 10584-027, 10712-024). The baculovirus infected Sf9 cells were cultivated in an ESF 921 insect cell culture medium (Expression Systems, Cat. No. 96-001-01) at 27°C for 48 h. The recombinant Cx26 protein was then purified using a modified protocol described previously (Dupont et al., 1991; Stauffer et al., 1991).

Alternatively, Hela DH cells transfectants expressing Cx26-Venus were used to isolate total cellular protein. Around 0.1 μg of protein supernatant was separated in a denaturating 10% polyacrylamide gel and transferred to a nitrocellulose membrane by electroblotting.

After blocking with 5% milk powder in washing buffer (TBST, composed of 10 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20, pH 7.5) for 1 h at room temperature, the nitrocellulose membrane was incubated overnight at 4°C with scFv-Fc fusion proteins (1 mg/ml, dilution factor 1:100). Membranes were washed three times with TBST and after 1 h they were incubated with goat anti-human horseradish peroxidase (HRP)-conjugated antibody (dilution factor 1:2,000; Sigma, Cat. No.A0170), which recognizes the Fc domain of the scFv-Fc fusion proteins. Finally, membranes were incubated with SuperSignal West Picochemiluminescence substrate (Pierce, Cat. No. 34087), which reacts with HRP, and examined using Bio-Rad ChemiDoc MP (Biorad).



ELISA and Phage Elisa

Ninety-six-well ELISA plates (Corning Costar, Cat. No. 3690) were filled with 25 μl per well of a solution containing avidin (1 μg/well; Pierce, Cat. No. 21121) dissolved in CBS buffer (pH 9.0). Plates were incubated at 4°C overnight or 37°C for 1 h. After washing with PBST buffer (0.05% TWEEN20 in PBS), 25 μl of a pepEC1.1 solution (0.05 μg/well, diluted in PBS) was added to each well and incubated for 1 h at 37°C. Wells were washed twice and blocked with 150 μl per well of M-PBST (5% milk in PBST) and incubated for 1 h at 37°C. After discarding the blocking solution, 25 μl of abEC1.1 solution (1 mg/ml, diluted in M-PBST buffer, dilution factor 1:100) were added and incubated for 1 h at 37°C, then washed eight times. Each well then received 50 μl of a solution containing goat anti-Human horseradish peroxidase-conjugated antibody (Sigma, Cat. No. A0170-1 ml) diluted in M-PBST buffer (dilution factor 1:5,000). Plates were incubated for 1 h at 37°C and then washed eight times. Finally, 50 μl of substrate ABTS solution (Roche, Cat. No. 11684302001) were added to each well and incubated for 20 min at room temperature. OD was read out at 405 nm on a PerkinElmer Enspire plate reader.

Relative affinity and specificity of scFv-phages and soluble scFvs was assessed against the pepEC1.1 antigen. To this end, 10 μg/ml of pepEC1.1 were used to coat a microtiter plate at 4°C overnight. Any remaining binding sites were blocked with Blotto (5% w/v of Bovine Serum Albumin in PBST; bovine serum albumin was purchased from Thermo Fisher, Cat. No. 23210). Approximately 25 μl per well of scFv-phage or soluble scFv supernatant from overnight cell cultures was added and incubated for 1 h at 37°C. For scFv-phage ELISA (Zhang et al., 2012), after washing, 25 μl of anti-M13 mAb horseradish peroxidase (HRP) conjugate (GE Healthcare, Cat. No. 27-9421-01) diluted 1:1000 in Blotto was added for 30 min at 37°C. For ELISA using soluble scFv, anti-Human horseradish peroxidase conjugate (Sigma, Cat. No. A0170-1 ml) in Blotto was added and incubated for 30 min at 37°C. Detection was accomplished by adding 50 μl of ABTS solution (Roche, Cat. No. 11684302001) and absorbance was measured at 405 nm.



Antibody Crystallization, Diffraction Data Collection, Structure Determination, and Refinement

Crystallization was carried out using the hanging drop vapor diffusion method. Crystals of the scFv domain of abEC1.1 grew in the drop consisting of 0.2 μL of the protein solution (8 mg/mL) and 0.2 μL of the reservoir solution (0.1 M HEPES, pH7.5, 3 M NaCl). Crystals were cryoprotected using the reservoir solution supplemented with 20% v/v glycerol and then flash cooled into the liquid nitrogen. Diffraction data were collected at the BL18U beam line of Shanghai Synchrotron Radiation Facility and processed with the HKL-3000 suite (Minor et al., 2006). The structure of the scFv domain of abEC1.1 was solved with the MR method using the programs Phaser (McCoy, 2007). The Fv fragment of a human antibody structure (PDB ID 2GHW) was used as the search model. Structure refinement was carried out using Refmac5 (Murshudov et al., 2011) and model building was facilitated with the program Coot (Emsley and Cowtan, 2004).



Molecular Modeling and Dynamics

The atomistic model of VH and VL (without linker) derived from the crystal structure was docked to the extracellular domain of a published model of Cx26 hemichannel embedded in the plasma membrane (Zonta et al., 2012) using the ClusPro 2.0 server (Comeau et al., 2004) in the antibody docking mode (Brenke et al., 2012). Among the 50 docking configuration generated by the software, we selected the only one in which the three CDRs of VH faced the EC1 loop of Cx26, and we tested its stability by performing a 70 ns molecular dynamics simulation using the Gromacs 4 package (Pronk et al., 2013) and the CHARMM 36 force field (Best et al., 2012). After molecular dynamics thermalization, we obtained a stable configuration in which VH and VL interacted with three adjacent protomers of the Cx26 hemichannel. Therefore, we added a second symmetrically docked pair of VH and VL and obtained a new configuration in which the pore lumen was completely covered.

The atomistic model system, containing the Cx26 hemichannel inserted in a phospholipid bilayer and the pair of docked antibodies, underwent a short energy minimization in vacuum, and was subsequently solvated with full atom TIP3P water, containing Cl− and K+ ions at a concentration of ~0.15 M in order to mimic a physiological ionic strength. After solvation, the total number of atoms was around 253,000. We then performed an equilibrium molecular dynamics simulation under periodic boundary conditions at constant pressure for an additional 200 ns.

Temperature T was kept fixed at 300 K in all simulations, and, where stated, the pressure P was fixed at 1 atm using Berendsen thermostat and barostat (Berendsen et al., 1984). Fast smooth Particle-Mesh Ewald summation (Darden et al., 1993) was used for long-range electrostatic interactions, with a cut off of 1.0 nm for the direct interactions.




RESULTS


Antibody Selection

Based on the crystal structure of Cx26 gap junction channels (Maeda et al., 2009) and a related molecular dynamics model of the Cx26 hemichannel (Zonta et al., 2012), we synthesized a bait peptide, which we named pepEC1.1, corresponding to residues 41–56 in the EC1 domain of Cx26. We investigated the conformation of pepEC1.1 in solution by circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy, and determined that the peptide did not fold in solution, therefore we screened the scFv phage library (Zhang et al., 2012) against pepEC1.1.

After two rounds of panning (see section Materials and Methods), an increased enzyme-linked immunosorbent assay (ELISA) signal was observed for the pepEC1.1 group compared to the control group (bovine serum albumin, BSA); the scFvs which specifically bound pepEC1.1 were enriched after four rounds of panning (Figure 1A). Seven hundred phage-infected clones were picked randomly from the third and fourth round of panning and tested for their ability to bind pepEC1.1 using phage ELISA. One hundred and fifty phage clones were selected from the original 700 clones as positive binders (pepEC1.1/control >2) (Figure 1B). Positive colonies were sequenced, complementarity-determining regions 3 (CDR3) were aligned and a phylogenetic tree was constructed (Figure 1B, inset). Based on the analysis of the phylogenetic tree, different scFv sequences were converted to the scFv-Fc format, in which the scFv domain is fused in one polypeptide chain to the hinge and fragment constant (Fc) domain of human immunoglobulin G1 (IgG1) (Bujak et al., 2014). The binding affinity of the scFv-Fc recombinant antibodies for pepEC1.1 was quantified by ELISA, and the most promising scFv-Fc candidate (Figure 1C) was named abEC1.1.
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FIGURE 1. Selection of antibodies in phage. (A) Optical density readout from a plate reader vs. panning round for a negative control antigen (BSA, red) and the pepEC1.1 bait peptide (blue); only pepEC1.1 shows a signal increase after two rounds of enrichment. (B) Phage ELISA results showing optical density readout from the plate reader vs. colony number, ranked by increasing signal intensity. Positive clones (pepEC1.1/BSA ratio > 2) were sequenced and a phylogenetic tree based on the heavy-chain CDR3 sequences was constructed (inset; clones are labeled by the protocol used to obtain them and the clone number of each protocol). (C,D) After purification, the binding specificity of the candidate antibody, abEC1.1, was tested by ELISA, against pepEC1.1 (C), and by western blot, against Cx26 proteins (D), fused with a 10*His and flag tag (29.4 kDa) and purified from a Sf9 expression system (left), or from proteins obtained from HeLa DH transfectants expressing the 52 kDa chimeric protein Cx26-Venus (right). The negative control peptide in (C) corresponds to residues 172 to 184 of Cx26 (sequence: AWPCPNTVDCFVSR), which form part of EC2.



In western blot analyses of Cx26 protein fused with a 10*His and flag tag (29.4 kDa) and purified from a Sf9 expression system (see section Materials and Methods), abEC1.1 showed a band between 25 and 32 kDa (Figure 1D, left). Likewise, using total cellular proteins obtained from HeLa DH cells (a clone virtually devoid of native connexins) transfected with Cx26-Venus (Beltramello et al., 2005), abEC1.1 showed a band between 46 and 58 kDa (Figure 1D, right), in agreement with the expected molecular weight of Cx26-Venus (52 kDa).



The abEC1.1 Antibody Inhibits Connexin Hemichannel Currents

To determine whether abEC1.1 binding to Cx26 interferes with hemichannel function, we performed patch clamp experiments on HeLa DH cells expressing Cx26-Venus. In low extracellular Ca2+ conditions (0.2 mM), which favor the opening of connexin hemichannels (Saez et al., 2005; Fasciani et al., 2013; Saez and Leybaert, 2014; Bennett et al., 2016), the dose-inhibition response curve of membrane conductance, normalized to pre-antibody application levels, vs. abEC1.1 concentration yielded a half maximal inhibitory concentration (IC50) of ~40 nM (Figures 2A,B). The inhibitory effect of abEC1.1 on Cx26 hemichannels was incomplete, leaving a residual conductance of 17.5% ± 4.1% (n = 4) at saturating concentrations (952 nM). Similar results were obtained in HeLa DH cells expressing Cx26 not fused to Venus (residual conductance at 952 nM: 15.9 ± 3.4%, n = 4, P = 0.8, ANOVA).
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FIGURE 2. The abEC1.1 antibody inhibits Cx26 hemichannel currents with IC50 of ~40 nM. (A) Membrane conductance measured with the step protocol in (B) and normalized to pre-antibody application levels, vs. abEC1.1 concentration. Each data point is the mean ± s.e.m. for n = 5 cells; the solid line is a least-square fit with a modified Hill equation y = α [1+(x/γ)n]−1 + β, where x is antibody concentration (in nM), α = 0.832, β = (1 −α) = 0.168, γ = 36.926 nM, and n = 2. (B) Representative whole cell currents elicited by shown voltage commands (top, black trace) in HeLa DH cells transiently transfected with Cx26-Venus; shown are mean (thick traces) ± s.e.m. (thin traces) for n = 5 cells before (blue traces, control) and after application of abEC1.1 at 952 nM for 15 min (green traces) in 0.2 mM Ca2+. Data were normalized to the mean value of the control response during the application of the +40 mV depolarization step. Top insets show normalized current immediately after the voltage commands to +40 mV (outward current) and −60 mV (tail current). Bottom inset shows time constant of a single exponential fit to the tail current decay over time. Asterisks indicate significance level between control condition and antibody application (**P < 0.01; ***P < 0.001, paired t-test). (C) Whole cell currents were reduced by extracellular Ca2+ in a concentration-dependent fashion (magenta and black traces) and were abrogated by adding 0.1 mM Zn2+ (gray trace) to the extracellular medium containing 0.2 mM Ca2+.



The currents affected by the antibody were inhibited by extracellular Ca2+, in a dose-dependent manner, and abrogated by Zn2+ (100 μM; Figure 2C), a non-specific Cx26 hemichannel blocker (Sanchez et al., 2014; Levit et al., 2015).



abEC1.1 Inhibits Connexin Hemichannels but Not Gap Junction Channels in Mouse Organotypic Cochlear Cultures

In the mammalian cochlea, ATP is released under various conditions (Housley et al., 2009) from the organ of Corti (Wangemann, 1996; Zhao et al., 2005) and the lateral wall (Munoz et al., 2001; Chen et al., 2015). Here, we used organotypic cochlear cultures from P5 mice (Beltramello et al., 2005). In this model system, which is known to express endogenous Cx26 (Ortolano et al., 2008), the release of ATP from connexin hemichannels plays a crucial role in intercellular Ca2+ signaling both in the lesser epithelial ridge (Anselmi et al., 2008; Majumder et al., 2010; Ceriani et al., 2016) and in the greater epithelial ridge (Tritsch et al., 2007; Schutz et al., 2010; Rodriguez et al., 2012; Wang and Bergles, 2015; Johnson et al., 2017). Incubating cochlear organotypic cultures with abEC1.1 for 15–20 min severely but reversibly reduced the frequency of spontaneous Ca2+ transients in the greater epithelial ridge, as well as the area of tissue invaded by each event (Figures 3A–D and Supplementary Video 1).
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FIGURE 3. The abEC1.1 antibody inhibits connexin hemichannels but not gap junction channels in the mouse postnatal cochlea. (A) False-color images of fluo-4 fluorescence change (ΔF/F0), encoded as shown by the color scale-bar, obtained as maximal projection rendering of all frames recorded in an apical turn culture from the greater epithelial ridge of a P5 mouse imaged for 5 min at one frame per second in the presence of the abEC1.1 antibody (left) and after antibody washout with normal extracellular solution (right). The experiment was replicated two times. (B) Fluo-4 traces generated from the experiment in (A) as pixel averages from 10 non-sensory cells of the greater epithelial ridge in the presence of the antibody (952 nM, top) and after washout (bottom); (C) Analysis of data in (B), showing frequency histograms of spontaneous cytosolic Ca2+ transients (events) in the presence of the antibody (952 nM, left) and after washout (right); in each graph, the solid black line (right ordinates) is the time integral of the corresponding frequency histogram and, as such, it tracks the mean number of events in the cell population from the onset of the recording. (D) Box plots showing distribution of areas invaded by intercellular Ca2+ waves in the presence of the antibody (952 nM, left) and after washout (right); invaded areas were significantly reduced in the presence of the antibody (***P < 0.001, two-tailed Mann-Whitney U-test). Data in (D) were obtained from two cochlear cultures, n = 117 Ca2+ waves in the washout and 74 in the antibody condition. Box plot conventions: the upper and lower whisker of the plot extend to the maximum value below Q3+1.5*IQR and the minimum value above Q1–1.5*IQR, respectively, where Q1 is the first quartile, Q3 is the third quartile, and IQR = Q3-Q1; outliers are not shown. (E) Dye transfer assays in the absence of abEC1.1 (Control, left) and after 4 h of incubation with abEC1.1 (952 nM, right). (F) Lucifer yellow fluorescence emission averaged over the cell body of (first order) cells adjacent to the injected cell, and normalized to the maximal fluorescence emission at t = 300 s; data are mean values (solid traces) ± s.e.m. (dashed lines) for n = 6 cells in each condition; the experiment was replicated three times.



Numerous studies have reported that connexins have half-lives of 1.5–3.5 h (Thomas et al., 2005; Esseltine and Laird, 2016), and that antibodies targeted to the extracellular domain of connexins may interfere with the assembly of gap junction channels (Riquelme et al., 2013). Therefore, we assayed dye transfer among non-sensory cells of the lesser epithelial ridge after incubating cochlear organotypic cultures for 4 h with abEC1.1 at a saturating concentration (952 nM). The cell-to-cell spreading of Lucifer Yellow over time was not hampered by the antibody (Figures 3E,F and Supplementary Video 2), indicating that abEC1.1 does not affect dye transfer through gap junction channels in this tissue.

The presence of gap junctions in these dye coupled cells was confirmed by immunolabeling detergent-permeabilized cochlear organotypic cultures with a commercial monoclonal anti-Cx26 antibody (Figure 4A). In non-permeabilized cultures, we detected abEC1.1 immunoreactivity in the apical plasma membrane (Figure 4B), consistent with the capacity of abEC1.1 to recognize surface-exposed Cx26 but not gap junction channels. These results are similar to those previously obtained with CELAb polyclonal antibodies (Clair et al., 2008) in organotypic cochlear cultures (Anselmi et al., 2008; Majumder et al., 2010). abEC1.1 immunoreactivity was eliminated by pre-incubating the antibody with its cognate peptide, pepEC1.1 (Figure 4C).
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FIGURE 4. Immunolabeling of non-sensory cells in cochlear organotypic cultures from P5 C57BL6/N mice. Shown are through-focus confocal sequences (z-stacks) taken at 0.5 μm intervals under the indicated labeling conditions using a laser scanning confocal microscope (Leica, TCS SP5) equipped with a 40X objective (Leica, HCX pl apo 1.25 0.75 oil). All samples were mounted onto glass slides with a mounting medium (FluorSave™ Reagent, Merk, Cat. No. 345789). Scale bars, 25 μm. (A) Cultures were fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature, permeabilized for 15 min with 0.1% v/v TritonX-100 at room temperature and incubated with CX-1E8, a commercial mouse monoclonal antiCx26 antibody (ThermoFisher, Cat. No. 33-5800). CX-1E8 was visualized with a goat-anti-mouse Alexa488-conjugated secondary antibody (Thermo Fisher, Cat. No. A-11029). Cells were counter-stained by labeling F-Actin with Alexa Fluor® 568 Phalloidin (ThermoFisher, Cat. No. A12380), diluted 1:200 in rinse solution, for 1 h at room temperature. (B) To label the plasma membrane, live cultures were counter stained with Wheat Germ Agglutinin (WGA) Texas Red®-X Conjugate (Thermofisher, Cat. No. W21405) following the manufacture's instruction. Cultures where then fixed, but not permeabilized, in 4% paraformaldehyde (PFA) for 20 min at room temperature, washed times times in PBS, then rinsed in PBS containing 2% BSA and incubated overnight at 4°C with abEC1.1 (2 μg/ml) dissolved in rinse solution (1% BSA in PBS), and finally washed three times in PBS (5 min each time). abEC1.1 was visualized with a Fluorescein AffiniPure Donkey Anti-Human IgG (H+L) secondary antibody (Jackson ImmunoResearch, Cat. No. 709-545-149), diluted 1:100 in rinse solution, and applied for 1 h at room temperature. (C) Cultures were incubated with abEC1.1 pre-empted by overnight incubation with cognate peptide (pepEC1.1, dissolved in DMSO) in a 1:10 (w/w) proportion and processed as in (B).



To examine potential cytotoxic effects of the antibody, cochlear organotypic cultures were incubated overnight in serum-free culture medium supplemented with abEC1.1 (952 nM). A subsequent live/dead fluorescence assay (Figure 5) showed an overwhelming proportion of viable cells, indistinguishable from controls not exposed to the antibody. In contrast, cell viability in these organotypic cultures was compromised after just 1 h of incubation with mefluoquine, a small-molecule analog of the anti-malarian drug quinine, which requires a concentration of 100 μM (used in these assays) to inhibit Cx26 hemichannels by ~70% (Levit et al., 2015), i.e., less than the maximal inhibition imparted by abEC1.1 at (non-toxic) concentrations <1 μM.
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FIGURE 5. The abEC1.1 antibody is not toxic to cells of the mouse postnatal cochlea. Green, calcein AM; red, Dextran-Texas Red 70,000 mW. GER, greater epithelial ridge; IHC, inner hair cells (single row); OHCs, outer hair cells (three rows); LER, lesser epithelial ridge. Scale bars: 20 μm. For these experiments, cochlear organotypic cultures, obtained from P5 C57BL6/N mouse pups, were incubated overnight for 16 h at 37°C and 5% CO2 in DMEM/F12 (without FBS) supplemented with abEC1.1 (952 nM). The following day, cultures were incubated for 5 min at room temperature in DMEM/F12, supplemented with Calcein AM (5 μM, ThermoFisher, Cat. No. C1430). The incubation medium contained also 0.1% w/v pluronic F-127 and sulfinpyrazone (250 μM) to prevent dye sequestration and secretion. Cultures were then transferred to the stage of a laser scanning multiphoton confocal microscope (Bergamo 2, Thorlabs) and incubated in extracellular solution (EXM) supplemented with Dextran-Texas Red 70,000 mW (1.78 μM, ThermoFisher, Cat. No. D1830) for 30 min. Calcein fluorescence was excited at λ = 780 nm and detected with a Semrock 525/40 nm band bandpass filter (FF02-525/40-25). Texas Red fluorescence was excited at λ = 1100 nm and detected with a Semrock 625/90 nm BrightLine® CARS bandpass emission filter (FF01-625/90-25). In live cells, the non-fluorescent calcein AM is converted to a green-fluorescent dye after acetoxymethyl ester hydrolisys by intracellular estares. Labeled dextrans are membrane-impermeable polysaccharides that are excluded from the cytoplasm of live cells, but bind extracellular structures or intracellular components of cells with compromised plasma membrane.





abEC1.1 Inhibits Connexin Hemichannels in Cultured Human Keratinocytes

To explore further the potential applications of this antibody, we performed patch clamp experiments in a keratinocyte cell line from adult human skin (HaCaT cells) which maintain full epidermal differentiation capacity (Boukamp et al., 1988). Wild type HaCaT cells exhibited negligible whole cell currents (<200 pA) in response to voltage commands in 0.2 mM extracellular Ca2+, whereas currents >2 nA were measured in HaCaT-Cx26, i.e., HaCaT cells in which stable expression of Cx26 was induced by lentiviral infection (Figure 6A). abEC1.1 (952 nM) inhibited these currents by > 80% (Figure 6B), consistent with the results obtained in HeLa DH transfectants.
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FIGURE 6. abEC1.1 inhibits keratinocytes hemichannel currents and ATP release, and is not toxic to cells. (A) Black traces at the top represent voltage commands applied under patch clamp conditions to elicit whole cell currents in wild type HaCaT cells (blue traces, middle) and in cells over-expressing Cx26 following lentiviral transduction (HaCaT-Cx26, blue trace, bottom); the experiment was replicated three times in each condition. (B) Whole cell currents elicited by shown voltage commands (top, black trace); shown are mean (thick traces) ± s.e.m. (thin traces) for n = 3 HaCat-Cx26 cells before (blue traces, control) and after application of abEC1.1 at 952 nM for 15 min (green traces). Data were normalized to the mean value of the control response during the application of the +40 mV depolarization step. Top insets show normalized current immediately after the voltage commands to +40 mV (outward current) and −60 mV (tail current). Bottom inset shows time constant of a single exponential fit to the tail current decay over time. Asterisks indicate significance level between control condition and antibody application (*P < 0.05; **P < 0.01, paired t-test). (C) LDH release assay (***P < 0.001, ANOVA); this experiment was replicated two times. Error bars represent s.e.m. (D) ATP release assay (**P < 0.01, ANOVA); this experiment was replicated two times. NCS, normal Ca2+ solution (1.8 mM Ca2+); ZCS, nominally Ca2+-free solution (0 mM Ca2+ and no added EGTA). Data are mean values ± s.e.m. for n = 4 wells in each condition.



To test antibody cytotoxicity in keratinocytes, we used a LDH release assay. LDH is a stable enzyme, present in all types of cells, which is normally retained in the cytoplasm, but is released into the medium in the presence of cytotoxic agents (see section Materials and Methods). abEC1.1, applied overnight at saturating concentrations (115, 400, and 952 nM) reduced slightly LDH release in both wild type and HaCaT-Cx26 cells, whereas incubation with mefluoquine (100 μM) for 1 h increased LDH release by >9-fold compared to control conditions (Figure 6C). These results indicate that abEC1.1 can be safely applied to cultured keratinocytes, whereas mefluoquine is toxic. In accord with the inhibition of ATP-dependent spontaneous Ca2+ signaling activity in cochlear organotypic cultures, abEC1.1 (400 nm) reduced also the release of ATP from cultured keratinocytes exposed to a Ca2+-free medium for 10 min (Figure 6D; see section Materials and Methods for further details).

Cellular uptake of fluorescent tracers allows real time measurements of membrane permeability properties via hemichannels (Saez and Leybaert, 2014). Lucifer Yellow uptake was undetectable in wild type HaCaT cells incubated for 5 min in nominally Ca2+-free (0 mM) extracellular medium (Figure 7A), but was prominent in HaCaT–Cx26 cells (Figure 7B). Dye uptake was inhibited either by pre-incubating HaCaT–Cx26 cells with abEC1.1 (952 nM) for 20 min in 0 mM Ca2+ (Figure 7C), or by maintaining the cells in 2 mM Ca2+ (Figure 7D). These results indicate that abEC1.1 abrogates dye uptake through connexin hemichannels.
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FIGURE 7. abEC1.1 inhibits dye uptake in keratinocytes. HaCaT cells, either wild type (WT, A) or stably expressing Cx26-Venus (B–D) were bathed in extracellular medium containing: (A, B) 0 mM Ca2+; (C) 0 mM Ca2++ 952 nM abEC1.1; (D) 2 mM Ca2+. Each experiment was replicated three times. Column (1) displays the cells before incubation with Lucifer Yellow (LY); column (2) shows the same field of view after the 5 min incubation with LY (1 mM, 5 min); column (3) is the difference between the two (2-1); scale bar, 50 μm. Box plots represent the distributions of fluorescence values measured in 50 different cells before (1) and after (2) incubation with LY (***p < 0.001, Mann-Whitney U test).



The D50N mutation of Cx26 causes the most common form of KID/HID, whereas the G45E mutation has been linked to lethal forms of the syndrome (Martin and van Steensel, 2015). We induced transient expression of G45E or D50N mutant hemichannels in HaCaT cells. As expected, most cells displayed visible sign of stress within few hours post transfection. Nonetheless, we succeeded to perform patch clamp experiments on some of them. In 0.2 mM extracellular Ca2+, Cx26 G45E hemichannel currents were similar to wild type Cx26 currents, whereas Cx26 D50N exhibited faster tail current kinetics, as previously reported for hemichannels expressed in Xenopous oocytes (Sanchez et al., 2013). Importantly, both G45E and D50N, continued to show inhibition by abEC1.1 (Figure 8).


[image: image]

FIGURE 8. The abEC1.1 antibody reduces the activity of hyperative Cx26 hemichannels in keratinocytes. (A) Model of a Cx26 hemichannel embedded in a phospholipid membrane; two of the amino acids implicated in KID/HID syndrome (G45, D50) are shown in yellow. (B) Representative whole cell currents elicited by shown voltage commands (black traces) applied to HaCaT cells expressing Cx26 mutants G45E or D50N. Data are mean values (thick traces) ± s.e.m (thin traces) for n = 3 cells in each set. Top insets show normalized current immediately after the voltage commands to +40 mV (outward current) and −60 mV (tail current). Bottom inset shows time constant for a single exponential fit to the tail current decay over time. Asterisks indicate significance level between control condition and antibody application (*P < 0.05; **P < 0.01, paired t-test).





Identification of Residues that are Critical for abEC1.1 Binding to Cx26 Hemichannels

Considering abEC1.1 a promising candidate, we solved the crystal structures of its scFv domain (Figure 9A; the statistics of data collection and structure refinement are summarized in Table 1). Five of the seven amino acids that link VH to VL were not solved, however the structure is compatible with that of a diabody (Holliger et al., 1993; Perisic et al., 1994). Therefore, abEC1.1 is expected to assemble as diabody-Fc, i.e a dimer of two scFv-Fc polypetides where VH and VL from one scFv, pair with the complementary domains of a second scFv (Wu et al., 2001).
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FIGURE 9. Critical determinants of abEC1.1 antibody binding to Cx26 hemichannels. (A) Structure of the scFv domain of abEC1.1, determined by X-ray crystallography. Left: two VL-VH pairs are shown in cartoon representation; one polypeptide is drawn in purple with complementarity-determining regions (CDRs) in cyan, the other in orange with CDRs in green. Right: alpha-carbon backbone; chain VL(1)-VH(1) is drawn in thick lines and VL(2)-VH(2) in thin lines; the red dashed line between G121 and S127 (1.39 nm) represents 5 of the 7 amino acids that were not solved between VL(1) and VH(1) (the corresponding line between VL(2) and VH(2) is not shown). (B) Residues critical for binding singled out in silico: green, antibody (ab) heavy chain (VH); red, antibody light chain (VL); two protomers of the Cx26 hemichannel (CxA, CxB), which interact with VH, are colored in cyan and pink, while the other protomers are colored in light gray; amino acids mentioned in the main text (Y34, H55, W104 for the antibody; N54, T55, L56 for the two connexins) are shown in licorice representation.





Table 1. Statistics of data collection and scFv structure refinement.
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To gain insight into the interaction of the antibody with its target, we combined the crystal structure of the scFv domain (Figure 9A) with an atomistic model of the Cx26 hemichannel (Zonta et al., 2012). In agreement with the results of Figure 2A, we simulated the docking two scFv diabodies to the extracellular domain of the hemichannel and used molecular dynamics to thermalize the interacting systems. In this computational model, three CDR residues of the abEC1.1 VH (Y34 in CDR1, H55 in CDR2, and W104 in CDR3) interacted with N56, T57, and L58 residues of Cx26 at the apex of the EC1 loop (Figure 9B and Supplementary Video 3).

To test this prediction, we mutated one by one the three putatively critical amino acids of abEC1.1. Patch clamp assays confirmed a significantly reduced blocking power of abEC1.1 mutants compared with wild type abEC1.1 (Figure 10). We performed also computer-simulated electrophysiological experiments. To speed up these time-consuming simulations, we removed the VH and VL domains of each bound scFv diabody that did not interact with the hemichannel (Supplementary Video 4). The starting configuration was stable within the simulated time window (150 ns) also in the presence of an external electrical potential. Small monatomic ions escaped through narrow holes at the interface between connexins and bound antibodies, as the latter did not create a perfect seal at the extracellular mouth of the hemichannel. Nevertheless, the bound antibodies reduced the simulated ionic current passing through the pore to 42 ± 14% of its control value (Figure 11A), in qualitative agreement with the experimental results (Figures 2A,B). In this model, the inhibitory effect of the antibodies is associated with a reduction of the hemichannel pore diameter following antibody binding to the EC1 epitope described above (Figures 11B,C). In agreement with these experimental results, molecular dynamics simulations showed that ATP escapes from the extracellular pore vestibule of the free hemichannel in few nanoseconds, whereas bound antibodies impede ATP release to the extracellular milieu (Supplementary Video 5).
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FIGURE 10. Effect of wild type abEC1.1, its mutants Y34S, H55A, W104S, and an isotype control antibody (Iso) on Cx26 hemichannel currents in HeLa DH transfectants. (A) Shown are mean values (thick traces) ± s.e.m. (thin traces) for n = 3 cells in each data set. All antibodies were applied by pressure at 952 nM concentration from a glass micropipette; Zn2+ was delivered through the perfusion at 0.1 mM concentration. (B) Membrane conductance (mean ± s.e.m.) from data in (A), normalized to pre-antibody application levels, was tested using the voltage protocol of Figure 2. Asterisks indicate significance level (***P < 0.001, ANOVA) relative to abEC1.1 effect on Cx26 (from Figure 2). Note that antibody residues mentioned in this article do not follow the Kabat numbering scheme.
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FIGURE 11. Molecular dynamics simulation of antibody effects on Cx26 hemichannels. Results obtained in the presence or absence of two bound antibodies are represented by green and blue traces, respectively. (A) Simulated electrophysiology experiments; for these simulations we applied an external constant electric field Ez = 0.0022 V/nm, which corresponds to a membrane potential of V = EzLz = 40 mV, where Lz represent the size of the simulation box in the z (i.e., the field) direction (Gumbart et al., 2012). The two traces represent the time course of a function the limit of which, for t approaching infinity, is the unitary hemichannel current. The limits, estimated by computing the average of function Q(t)/t over the last 50 ns of the corresponding molecular dynamic simulation, when the function fluctuated around a steady plateau level (shown in the graph as horizontal lines) were 10.6 ± 1.1 pA (in the absence of antibodies) and 4.4 ± 1.0 pA (in the presence of the antibodies) (P < 10−4). To reduce the large statistical errors due to the limited time windows, we computed the current with and without antibodies as the averages over the last 50 ns of the functions Q(t)/t, that is after it reaches a plateau. In order reduce the artifacts due to the finite size of the system (Gumbart et al., 2012) we imposed the same box size in both simulations. Next, we computed the ratio between these two averages whereas the error was estimated from the propagation of the standard errors. (B,C) Radius of the Cx26 hemichannel pore vs. axial pore coordinate (B) or time at z = −30 Å (C), where the change imparted by the presence of the bound antibodies is maximal; shown are mean (thick traces) ± s.e.m. (thin traces) with the corresponding p-values estimated from the last 10 ns of molecular dynamics simulation. P-values were computed with one-tail t-tests.



Altogether, these results indicate that abEC1.1 inhibits connexin hemichannels by binding an epitope at the apex of the EC1 loop.




DISCUSSION

By screening a phage library, we successfully isolated a human scFv that binds a peptide derived from the EC1 loop of Cx26, and converted it into the scFv-Fc format (Bujak et al., 2014). The latter offers several advantages over the phage display-derived scFv, including bivalent binding and longer half-life, and may be used in the clinic for therapeutic application (Beck and Reichert, 2011). However, antibodies selected on the basis of binding to a recombinant membrane protein or one of its domains may not bind the same protein when it is in its native context (Lipes et al., 2008). We provide compelling evidence that connexin hemichannels are the identified target of abEC1.1, as opposed to some off-target interaction.

First of all, abEC1.1 inhibited ionic currents through Cx26 hemichannels with IC50 of ~40 nM. Furthermore, variants of abEC1.1 carrying single amino acid substitutions in critical VH CDR positions, predicted to mediate the interaction with the Asparagine-Threonine-Leucine (N-T-L) amino acid motif at the apex of the EC1 loop, reduced significantly the ability of abEC1.1 to inhibit Cx26 hemichannel currents in HeLa DH transfectants.

abEC1.1 interfered not only with ionic conductance but also with the release of ATP, as demonstrated by our experiments with Cx26-expressing human keratinocyte-derived cells.

In addition, the antibody inhibited ATP-dependent spontaneous Ca2+ signaling activity (Tritsch et al., 2007; Schutz et al., 2010; Rodriguez et al., 2012; Wang and Bergles, 2015; Johnson et al., 2017) in the greater epithelial ridge of cochlear organotypic cultures obtained from P5 mice.

Of note, the results of dye transfer assays in cochlear tissue suggest that the fence function exerted by tight junctions (Rodriguez-Boulan and Nelson, 1989), which provide a boundary between the apical and basolateral plasma membrane domains to maintain cell polarity (Wilcox et al., 2001), was preserved in the superficial layer of non-sensory cells in these organotypic cultures.

Our atomistic model suggests that the inhibitory action of abEC1.1 is mediated by partial occlusion of the extracellular pore mouth and reduction of the hemichannel diameter. The difference between the residual current determined experimentally (18%) and that predicted by the model (42%) may be due the fact that large permeating molecules, not included in our ionic current simulations (e.g., ATP), remain stuck in the antibody-capped hemichannel, further reducing the residual ionic conductance. Despite these shortcomings, the model allowed us to identify critical residues in the binding interface. Thus, we are confident that the in silico analysis we performed here can aid antibody refinement by intelligent CDR editing, aimed at improving selectivity and performance, as well as at identifying new antibodies against different connexins.

Last, but not least, we show that abEC1.1, at sub-micromolar concentrations, inhibits Cx26 mutant hemichannels (G45E, D50N) expressed in a human keratinocyte cell line. Thus, these results are remarkable and promising, in a therapeutic perspective, as: (i) is abEC1.1 is a human monoclonal antibody, (ii) the D50N mutation causes the most common form of KID/HID syndrome, whereas (iii) the G45E mutation has been linked to lethal forms of the syndrome (Martin and van Steensel, 2015).

Recently, mefluoquine and Zn2+ have been reported to inhibit these and other mutants of Cx26 with IC50 of 16 and 3 μM, respectively, but both required concentrations of the order of 100 μM to eliminate >70% of hemichannel currents (Sanchez et al., 2014; Levit et al., 2015). Mefluoquine is known to block voltage-gated L-type calcium channels, Kir6.2 and KvLQT1 potassium channels and pannexin channels, whereas Zn2+, as most divalent cations, is likely to promote numerous off-target interactions (Levit et al., 2015). Furthermore, we showed here that mefluoquine, unlike abEC1.1, is toxic to cultured human keratinocytes as well as mouse cochlear tissue.

Ex vivo gene therapy (Mavilio et al., 2006; De Luca et al., 2009), stem cell transplantation (Tolar et al., 2009; Tamai et al., 2011), and administration of allogeneic fibroblasts (Wong et al., 2008) or recombinant protein (Remington et al., 2009) have been explored as potential therapeutic avenues for patients with inherited skin disorders. However, these approaches meet both technical and safety problems (Uitto et al., 2012).

Intradermal injection of monoclonal neutralizing antibodies (FnAbs) against actin-remodeling protein has been reported to accelerate wound reepithelialization improving the macroscopic appearance of early scars in porcine models of wound healing (Jackson et al., 2012). Likewise, topical application of an antibody cream formulation significantly improved the skin barrier function and reduced the skin fragility (up to 50%) in a murine model of epidermolysis bullosa acquisista (Kopecki et al., 2013). Further studies will clarify whether the antibody we identified can be used to treat connexin-related skin pathologies in animal models.
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Connexins (Cx) are largely represented in the central nervous system (CNS) with 11 Cx isoforms forming intercellular channels. Moreover, in the CNS, Cx43 can form hemichannels (HCs) at non-junctional membrane as does the related channel-forming Pannexin1 (Panx1) and Panx2. Opening of Panx1 channels and Cx43 HCs appears to be involved in inflammation and has been documented in various CNS pathologies. Over recent years, evidence has accumulated supporting a link between inflammation and cerebral neuropathies (migraine, Alzheimer’s disease (AD), Parkinson’s disease (PD), major depressive disorder, autism spectrum disorder (ASD), epilepsy, schizophrenia, bipolar disorder). Involvement of Panx channels and Cx43 HCs has been also proposed in pathophysiology of neurological diseases and psychiatric disorders. Other studies showed that following inflammatory injury of the CNS, Panx1 activators are released and prolonged opening of Panx1 channels triggers neuronal death. In neuropsychiatric diseases, comorbidities are frequently present and can aggravate the symptoms and make therapeutic management more complex. The high comorbidity between some neuropathies can be partially understood by the fact that these diseases share a common etiology involving inflammatory pathways and Panx1 channels or Cx43 HCs. Thus, anti-inflammatory therapy opens perspectives of targets for new treatments and could have real potential in controlling a cerebral neuropathy and some of its comorbidities. The purpose of this mini review is to provide information of our knowledge on the link between Cx43- and Panx-based channels, inflammation and cerebral neuropathies.
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INTRODUCTION

The innate immune system mediates inflammation for a physiological response to insult, infection, or biological stress. In most central nervous system (CNS) diseases, a common underlying factor seems to be the triggering of the inflammatory cascade with release of inflammatory cytokines (Vezzani et al., 2016). In brain, microglial cells predominantly confer innate immunity acting as resident macrophages of the CNS and represent the first line of defense against injury. However, excessive activation of microglia causes over-production of inflammatory cytokines directly affecting the CNS. Emerging evidence suggests that neurons, astrocytes and mastocytes also play important roles in neuroinflammation. Together with their strategic localization, their capacity to modulate microglial activation, their migration and activation at sites of injury demonstrate that mastocytes can initiate and/or modulate the neuroinflammatory process. Thus, understanding and control of interactions between the immune and the nervous systems might be a key for preventing most CNS diseases.

In neuropsychiatric diseases, comorbidities are frequently present and can aggravate the symptoms and make therapeutic management more complex. In migrepsy, a migraine syndrome with aura, an epileptic seizure follows migraine attack in a way suggesting that one would follow the other. A complex of comorbidities including migraine, major depression disorder (MDD) and suicide is also observable (Nye and Thadani, 2015). Depressive episodes are the most common comorbidity in epilepsy, affecting between 11% and 62% of epileptic patients (Błaszczyk and Czuczwar, 2016). A meta-analysis confirmed that psychiatric comorbidities are more common in patients with treatment-resistant epilepsy (Scott et al., 2017). In patients with epilepsy, the proportion of psychotic disorders is higher than in the non-epileptic population, but the increased risk of schizophrenia varies according to the study (Bakken et al., 2014). Interestingly, a link between epilepsy, autism spectrum disorder (ASD), depression and the brain inflammatory pathways was revealed (Mazarati et al., 2017). In the early stages of Alzheimer’s disease (AD), patients may have generalized convulsive seizures but also partial epilepsies located in the frontal or temporal lobe (Cretin et al., 2017). In addition, psychiatric comorbidities such as depression, schizophrenia and bipolar disorders may be severe, prodromal and predispose to the development of AD (Garcez et al., 2015).

A common part between all these brain pathologies/comorbidities could be inflammation in which gap junction proteins seem to be involved. Such an involvement is not surprising when considering that gap junctions and their structural proteins, the connexins (Cx), are very present in the CNS in which cells have to be efficiently connected for treating incoming information from the body and its environment and controlling consequently adapted physiological responses. And indeed, several CNS cell functions (electrical synapses in neurons, ionic and neurotransmitter buffering by astrocytes, propagation of astrocytic Ca2+ waves, myelin stabilization in oligodendrocytes, etc.) appeared to be supported by gap-junctional intercellular communication (GJIC; Giaume and Venance, 1998; Deans et al., 2001; Eugenin et al., 2012; Georgiou et al., 2017). Such crucial roles may explain the presence of 11 out 21 Cx isoforms in human CNS that are differently dispatched between astrocytes, oligodendrocytes, microglia and neurons (Giaume and Liu, 2012). However, more recently, it appeared that Cxs mediate communication between intracellular and extracellular compartments by forming non-juxtaposed hemichannels (HCs). In brain, this activity is mostly observed for Cx43 under various stimuli that permit the release of transmitters like glutamate and ATP (Giaume et al., 2013). Such activity is shared by pannexins (Panx) which are distant homologs of Cxs unable to form gap junctions but transmembrane channels. Interestingly, the different forms of communication permitted by Cxs and Panxs are involved in CNS inflammation with various effects that depend on the communication type. For instance, extracellular factors such as pro-inflammatory cytokines (IL-6, IL-1β, TNF-α) which are liberated by microglia in case of inflammation inhibit Cx43-mediated GJIC in astrocytes whereas their HCs are activated (Retamal et al., 2007). Cx43 HCs are indeed open during inflammation, contributing to the activation of the inflammasome pathway and its spread to neighboring cells (Kim et al., 2016). Similar action has been observed for Pannexin1 (Panx1), which activates inflammasome in astrocytes and is involved in ischemic injury (Bennett et al., 2012; Makarenkova and Shestopalov, 2014). All these observations elicit Cx43 and Panx1 as therapeutical targets whose inhibition could decrease inflammation in CNS. On this aspect, recent data identifying inhibitors of Cx43 HCs (tonabersat) or Panx1 channels (probenecid) to prevent inflammasome activation and damage in the CNS are encouraging (Jian et al., 2016; Kim et al., 2017).

The purpose of this mini review is to provide information on the link between Cx43- and Panx-based channels, inflammation and cerebral neuropathies.



MIGRAINE WITH AURA

Neuroimaging and experimental studies suggest that cortical spreading depression (CSD), a slow wave of neuronal and glial depolarization, triggers migraine aura, activates the trigeminovascular system and is possibly responsible for migraine headache (Charles and Baca, 2013; Sarrouilhe et al., 2014). Recently, Karatas et al. (2013) elucidated the cellular and molecular mechanisms linking CSD induction and activation of the trigeminovascular system in mice, involving a parenchymal inflammatory process. Upon CSD induction, neuronal Panx1 channels transiently open with subsequent activation of a multiprotein complex (inflammasome) that mediates the innate inflammatory response. The initiation of the inflammatory response involves the proteolytic activation of caspase-1 and a release of high-mobility group box 1 (HMGB1) and interleukin-1β (IL-1β; Silverman et al., 2009; Karatas et al., 2013). Subsequently, in astrocytes forming the glia limitans, nuclear factor KappaB (NF-κB) is activated and translocated to the nucleus and nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX2) are induced. Then, cytokines, prostanoids and NO, released in the subarachnoid space, promote an activation of the perivascular nociceptive trigeminal ending in pia mater that may induce headache. Pharmacological inhibition of neuronal Panx1 channels by carbenoxolone abolishes the inflammatory signaling cascade, perivascular nociceptive trigeminal activation and reduces CSD-induced mast cell degranulation. Even if these results suggest that neuronal Panx1 channels are a link between stressed neurons and subsequent inflammatory pathways, further investigations taking recourse to Panx1 knock-out mice are necessary to validate these findings (Karatas et al., 2013).



ALZHEIMER’S DISEASE

Several cell types would play a role in neuroinflammation observed in AD. Among them, microglial cells are known to contribute to the chronic inflammation state observed in AD. Increased levels of inflammatory mediators detected in brains from AD patients contribute to disease progression and severity (Heneka et al., 2015). In vitro treatment with active fragment of the amyloid beta peptide induces microglial Cx43 HC and Panx1 channel opening. Activated microglia releases pro-inflammatory cytokines that contribute to the amyloid peptide-induced Cx43 HCs and Panx1 channels opening in astrocytes (Orellana et al., 2011a). In reactive astrocytes, Cx43 is the main HC contributor whereas Panx1 channels are restricted to astrocyte subpopulation contacting amyloid plaques (Yi et al., 2016). Both microglia and astrocytes could release gliotransmitters (ATP/glutamate) through HCs, resulting in neuronal Cx36 HCs and Panx1 channels opening that triggers neuronal death (Orellana et al., 2011b; Koulakoff et al., 2012). Mastocyte secretory granules contain pro-inflammatory mediators released in the extracellular milieu via a Ca2+ influx upon activation. When the progression of AD is studied in a murine model of AD (APPswe/PS1dE9 mice), the number of mastocytes in cortical and hippocampal areas early increases. Moreover, patients with AD present mastocytes near their amyloid plaques. Acute treatment with amyloid beta peptide induces rapid degranulation of cultured mastocytes via a Panx1 channel-dependent Ca2+ influx and this response is prevented by Panx1 blockers. In brain mastocytes, acute treatment with amyloid beta peptide also induces activity of Panx1 channels and Cx43 HCs, an effect that is associated with enhanced histamine release. In the presence of amyloid plaques, brain mastocytes of APPswe/PS1dE9 mice show high Panx1 channel and Cx43 HC activity (Harcha et al., 2015). Thus, channel response of mastocytes to amyloid peptide treatment seems to occur earlier than microglia, astrocyte and neuron (Orellana et al., 2011b; Harcha et al., 2015). Therefore, mastocytes might be brain cells that play a critical role in the onset and progression of AD by early sensing amyloid peptide, releasing pro-inflammatory molecules and recruiting other cells to the neuroinflammatory response.



PARKINSON’S DISEASE (PD)

Chronic neuroinflammation is a characteristic of PD. Glial cell activation and increased pro-inflammatory molecules are observed in brains of PD patients and animal models. The chronic release of pro-inflammatory cytokines exacerbates the motor symptoms of PD resulting from dopaminergic neuron degeneration in the substancia nigra pars compacta (Wang et al., 2015). Cx43 upregulation has been identified in the striatum of rodent models of PD and in cultured astrocytes stimulated with rotenone (Xie et al., 2015). Moreover, gastrodin, a constituent of a Chinese herbal medicine, ameliorates PD by downregulating astrocytic Cx43 (Wang et al., 2013). The neuronal build-up of protein aggregates containing alpha-synuclein (ASN) and their release to the extracellular space are considered to be responsible for the propagation of neurodegeneration in the brain of advanced PD patients (Wang et al., 2013). A recent study showed that extracellular ASN neurotoxicity is mediated by the P2X7 receptor signaling complex. Treatment of neuroblastoma cells and rat synaptoneurosomes with exogenous ASN activated P2X7 receptors leading to Panx 1 recruitment responsible for ATP release that could lead to neurotoxicity (Wilkaniec et al., 2017).



MAJOR DEPRESSIVE DISORDER

Whereas many studies suggested astrocytic gap junction dysfunction to be part of MDD etiologies (Sarrouilhe and Dejean, 2015), the respective roles of GJIC and Cx43 HCs are not elucidated (Quesseveur et al., 2015; Jeanson et al., 2016). In a functional study made in cortical and striatal mouse astrocytes, tested antidepressants were shown to exert different effects on Cx43 GJIC and HC activities (Jeanson et al., 2016). Indeed, even if they exhibit opposed effects on GJIC within a same therapeutic class, all tested drugs inhibit Cx43 HCs (Jeanson et al., 2016). Experimental and clinical data point to a role for inflammation in the development of MDD (Capuron and Miller, 2011). In MDD patients, expression of pro-inflammatory cytokines such as TNF-α and IL1-β are increased and correlate with the MDD severity. Under neuroinflammation conditions, microglia is primary stimulated and releases these cytokines that open Cx43 HCs in astrocytes while no change is observed in GJIC (Abudara et al., 2015). Moreover, several antidepressants are known to inhibit the production of these cytokines. Recently, a study made on patients with mastocytosis, a rare accumulation and activation of mast cells in various tissues, demonstrates their possible involvement in inflammation-induced depression, confirming their implication in inflammatory diseases (Georgin-Lavialle et al., 2016). On the other hand, MDD and AD, frequently co-occur and it was suggested that depression increases the risk of subsequent AD. Globally, although the data is scattered, as in the case of AD, increased mastocytes HC activity might be an early player in the inflammation pathways linked to MDD. It is clear that further research is necessary to decipher the cascade of events taking place between mastocytes activation, astrocytic gap junctions and Cx43 HC involvement, and neuronal dysfunction.



AUTISM SPECTRUM DISORDER

ASD is a complex group of disorders associated with aberrant chemical synaptic transmission and plasticity (Zoghbi and Bear, 2012). Young patients with ASD have a surplus of chemical synapses due to a slowdown process involving microglia that early eliminates about half of cortical synapses (Tang et al., 2014). Few data are available about the involvement of Cx43 in ASD. Studies using conditional Cx43 knockout mice show that Cx43 is important for neurodevelopment (Wiencken-Barger et al., 2007). In postmortem brain tissues of ASD patients, Cx43 expression is increased in superior frontal cortex, a region which dysfunction may be responsible for cognition deficit observed in this neuropathy (Fatemi et al., 2008). Moreover, growing evidence indicates that the two forms of synapses interact during brain development and could contribute, together, to ASD (Miller et al., 2015; Pereda, 2015). Several studies have shown that neuroinflammation plays an important role in ASD and that mastocytes are overactivated. In ASD, pre-natal or early post-natal inflammatory and infectious processes correlate to neurodevelopmental dysfunction (Wang et al., 2014). Perinatal mastocytes activation by various triggers (infectious, stress-related, environmental, allergic) with a subsequent release of pro-inflammatory and neurotoxic molecules can contribute to brain inflammation in ASD pathogenesis through a cascade of events involving glial cells (microglia, astrocytes, oligodendrocytes), neurons, Cx43 HCs and Panx channels (Orellana et al., 2011b; Aguirre et al., 2013). It was also proposed that loss of Cx43 in the enteric glial cells contribute to brain inflammation in ASD by inducing disturbances in the gut-brain axis (Grubišc and Parpura, 2015).



EPILEPSY

Experimental approaches demonstrated a prominent role of glial cells, activated during infectious and non-infectious causes of inflammation, in the mechanisms of seizure precipitation and recurrence. Both causes of inflammation share common pathways with activation of microglia and astrocytes releasing pro-inflammatory mediators that perturb glioneuronal communication and have proictogenic properties (Vezzani et al., 2016). Although GJs, Cx and Panx are related to the pathophysiology of epilepsy, their precise involvement is not elucidated. Besides interneuronal GJIC, inter-glial GJIC appears important for seizure generation. However, there is evidence from most animal models and patients studies that Cx43 expression increases in glia but not in neurons, opening the question on the roles of glia in seizure generation. A systematic analysis of the literature reveals significant changes in expression of the astrocytic Cx43 and Panx1 in an in vitro mouse seizure model and an increase of Panx1-2 expression in animal and human epileptic tissues (Mylvaganam et al., 2014). Using various approaches and Panx1-deleted mice, Panx1 channels (from glia and/or neurons) were proposed to contribute to status epilepticus in vivo. The data of this study are consistent with the following model: (1) the intense neuronal activity elevates extracellular K+; (2) Panx1 channels are activated; (3) ATP is released; and (4) P2X receptors are activated leading to neuronal hyperactivity and this positive feedback mechanism amplifies seizures (Santiago et al., 2011). Antiepileptic drugs tested in an astroglia/microglia co-culture model of inflammation did not alter Cx43 expression (Dambach et al., 2014). In contrast, tonabersat, a compound active against neuronal hyperexcitability and neurogenic inflammation that was proposed in the treatment for epilepsy and as a prophylactic treatment for migraine with aura, prevents inflammatory damage in the CNS by blocking Cx43 HCs (Kim et al., 2017).



OTHER PATHOLOGIES POTENTIALLY MEDIATED BY Cx43 AND PANX-BASED CHANNELS ACTIVITY

A recent analysis of all available data on neuroinflammation in postmortem brains of schizophrenia patients revealed variable results in astrocytic and microglial markers, glial cell density and pro-inflammatory cytokine concentration (Trépanier et al., 2016). Moreover, prenatal exposure to inflammatory conditions (i.e., LPS-exposed dams) revealed that the release of pro-inflammatory cytokines (IL-1β/TNF-α) and ATP through the activation of astrocytic Cx43 HCs and Panx1 channels results in an astrocyte-neuron crosstalk with paracrine activation of neuronal P2X7 receptors, Panx1 channels and a subsequent increased neuronal death. All these data suggest that prenatal infections could contribute to the development of neuropsychological disorders in children including schizophrenia (Avendaño et al., 2015). However, a recent work does not support a major contribution of Panx1-3 to disease risk of schizophrenia (Gawlik et al., 2016).

In the case of postmortem bipolar disorder patients, a post-mortem study revealed in their frontal cortex an increase of excitotoxicity and neuroinflammatory markers. This upregulation might explain the neurodegenerative component of bipolar disorder, with cell death, brain atrophy and cognitive decline. Markers of astrocyte and microglial activation are also upregulated in frontal cortex from bipolar disorder patients (Rao et al., 2010). Interestingly, in light of the involvement of mastocytes in some other psychiatric neuropathies, bipolar disorder is a psychiatric symptom observed in mast cell activation syndrome (Afrin, 2014). A dysregulation of Cx expression in the astrocytic syncytium can cause an imbalance in glutamatergic tripartite synapses and was proposed to be responsible for the pathophysiology of bipolar disorder (Mitterauer, 2011).



CONCLUSION

Researching links between inflammation, neurological diseases and psychiatric disorders with Cx and Panx channels is at a very nascent stage but has the potential to improve our understanding of these diseases to establish effective therapeutics. For some diseases like migraine with aura or AD, a signaling cascade is proposed while for others the data are too sparse. Common inflammatory pathways can explain the high comorbidity between some neuropathies. Thus, anti-inflammatory therapy could have real potential in controlling a cerebral neuropathy and some of its comorbidities (Mazarati et al., 2017). In this line, tonabersat, a compound active against neurogenic inflammation proposed in the treatment for epilepsy and as a prophylactic treatment for migraine with aura, two frequent comorbidities, prevents inflammatory damage in the CNS by blocking Cx43 HCs (Kim et al., 2017). Cx43 HCs can open in response to injury or inflammatory factors and are thus implicated in brain neuropathies, especially through the inflammasome pathway. Modulating the Cx43 HCs opening can prevent tissue damage arising from excessive and uncontrolled inflammation (Kim et al., 2016).

Panx1 channels drive inflammation by the regulation of inflammasome, the release of pro-inflammatory cytokines and the activation and migration of leukocytes (Crespo Yanguas et al., 2017). They also facilitate neuronal cell death that potentially implicates them in neurodegenerative disorders (Shestopalov and Slepak, 2014). Blockers of Panx1 channels are not highly selective as they also block GJIC, and many deleterious side effects limit their pharmacological potential.

The development of new therapeutic tools to inhibit selectively Panx1 channels and Cx43 HCs in cell subpopulations of the CNS will undoubtedly make them a promising target for anti-inflammatory therapy that could have real potential in prevention or delay of neurological diseases, psychiatric disorders and some of their comorbidities. However, such a strategy should not only focused on Cx43 but also to other highly expressed Cxs in the CNS like Cx36 which appears to be involved in several neuronal injuries (autism, ischemia, retina, etc.; Welsh et al., 2005; Bargiotas et al., 2012; Ivanova et al., 2016). Another main goal for the future is to define the respective role of Cx HCs and Panx1 channels in neuroinflammation and cerebral neuropathies. Among the few studies in this area, it was shown in reactive astrocytes of a mouse model of AD that their respective contribution seems to depend on the local environment context (Yi et al., 2016).
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Cell-to-cell communication is essential for the organization, coordination, and development of cellular networks and multi-cellular systems. Intercellular communication is mediated by soluble factors (including growth factors, neurotransmitters, and cytokines/chemokines), gap junctions, exosomes and recently described tunneling nanotubes (TNTs). It is unknown whether a combination of these communication mechanisms such as TNTs and gap junctions may be important, but further research is required. TNTs are long cytoplasmic bridges that enable long-range, directed communication between connected cells. The proposed functions of TNTs are diverse and not well understood but have been shown to include the cell-to-cell transfer of vesicles, organelles, electrical stimuli and small molecules. However, the exact role of TNTs and gap junctions for intercellular communication and their impact on disease is still uncertain and thus, the subject of much debate. The combined data from numerous laboratories indicate that some TNT mediate a long-range gap junctional communication to coordinate metabolism and signaling, in relation to infectious, genetic, metabolic, cancer, and age-related diseases. This review aims to describe the current knowledge, challenges and future perspectives to characterize and explore this new intercellular communication system and to design TNT-based therapeutic strategies.

Keywords: Alzheimer, inflammation, cancer, gap junctions, reactivation


INTRODUCTION

Cell-to-cell communication is essential to all biological processes. Tunneling nanotubes (TNTs), also named cytonemes and tumor microtubes, are a recently discovered form of the long-distance communication system between cells (Onfelt et al., 2004; Rustom et al., 2004; Gerdes et al., 2007). Consisting of long cytoplasmic, open-ended or connexin-containing protrusions that can connect cells, the proposed functions of these structures are diverse and have been shown to include the long-range exchange of organelles, vesicles, and small molecules between connected cells (Gerdes et al., 2007). Data from in vitro and ex vivo studies indicate that TNTs are minimally observed in uninfected cells (Eugenin et al., 2009a; Gerdes et al., 2013). In contrast, in vitro TNT formation and TNT-mediated intercellular communication are significantly higher in several pathologic forms of disease, including, virus infection, cancer, synucleinopathies (Parkinson's disease, Lewy bodies, and multiple system atrophy) as well as tauopathies, and prion-associated diseases (Gerdes and Carvalho, 2008; Eugenin et al., 2009a; Gousset et al., 2009; Abounit and Zurzolo, 2012; Wang and Gerdes, 2012; Gerdes et al., 2013; Austefjord et al., 2014; Abounit et al., 2015, 2016a,b; Desir et al., 2016; Tardivel et al., 2016). Several laboratories observed the presence of connexin and gap junction channels in TNTs, but the role of gap junctions (GJ) in these processes and these diseases is still under active investigation. These observations open the possibility of a long-range gap junctional communication mediated by the TNT processes.

In pathological conditions, TNT numbers can increase and facilitate the intercellular spread of infectious and toxic agents. To date, TNT formation has been observed in tissue culture in many different mammalian cell types (from epithelial to endothelial, mesenchymal and stem cells), immune cells (including B, T, NK cells, neutrophils, monocyte/macrophages and dendritic cells), neurons, glial cells and cancer cells, suggesting that their presence is more ubiquitous than initially thought (see review by Gerdes et al., 2007). In vivo, TNT-like protrusions called cytonemes have been observed in the imaginal disc development of Drosophila (Kornberg, 1999; Hsiung et al., 2005) and prior to fertilization of Plasmodium gametes in the midgut of the Anopheles malaria vector (Rupp et al., 2011). Malaria parasites form filamentous cell-to-cell connections during reproduction in the mosquito midgut (Rupp et al., 2011). Furthermore, TNT-like structures have been commonly observed between immune cells in lymph nodes (see review by Onfelt et al., 2004; Gerdes et al., 2007; Zaccard et al., 2016) and between dendritic cells in mouse cornea (Chinnery et al., 2008). Other examples of TNT-like structures observed in tissues have been reported in malignant tumors resected from human cancer patients (Pasquier et al., 2013; Ady et al., 2014; Antanaviciute et al., 2014; Thayanithy et al., 2014b), in leukemic cells obtained from bone marrow aspirates of pediatric patients (Polak et al., 2015) and in cardiac myocytes and non-myocyte cells in heart damage (Quinn et al., 2016). Moreover, an impressive in vivo demonstration of TNT-like structures (named tumor microtubes, TMs) has been reported in malignant gliomas, providing further support for a potentially important role for direct intercellular communication by TNT and GJ in tumor development and progression (Osswald et al., 2016). Interestingly, Dr. Gerdes's laboratory demonstrate that TNT between different cell types are electrically coupled by a mechanism involving gap junctions (Wang et al., 2010, 2012; Wang and Gerdes, 2012; Gerdes et al., 2013; Austefjord et al., 2014).

On September 22-23, 2016, academic leaders in the TNT field (see authors list) met in Collegeville, Pennsylvania, USA to discuss “Tunneling nanotubes (TNTs): Cell to Cell Social Networking in Disease.” In addition to the basic biology experts from Europe, Asia, and the United States, the meeting had extensive interest and attendance from researchers from the pharmaceutical industry, and the U.S. National Institutes of Health (NIH); this unique combination of basic and translational research expertise produced vigorous discussion and debate on several important aspects of this new field of the biology of intercellular communication including TNT and the role of GJ in health and disease. The focus was to clarify what defines TNT structures, what signals trigger their formation and accountability for their differential permeability and selectivity. Lastly, the potential use of TNTs to rescue cells from cell death or metabolic distress and as novel therapeutic approaches were considered. The conclusions drawn from the discussions are summarized in this review.


TNT Identity

In the last 10 years, there have been many descriptions and observations of cellular protrusions connecting cells, which appear quite different from TNTs. Hence, it is critical to be able to distinguish TNTs from other types of cell projections. The similarity between TNT and GJ channels were highlighted (Rustom et al., 2004; Watkins and Salter, 2005). Some TNTs have been shown to possess GJ components (Wang et al., 2010; Wang and Gerdes, 2012). Data from Drs. Osswald and Eugenin showed that connexin-43 (Cx43) is present in the TNT-like structures under various contexts (between astrocytoma cells or between macrophages) and that inhibition of GJ channels does not prevent their formation but does interfere with normal communication between TNT connected cells. These data suggest that the two communication systems evolved to complement each other in coordinating cell-to-cell communication.

A related issue is whether all TNTs are open-ended and what is the mechanism of their formation. Some reports described the intercellular exchange of Ca2+ signals between distant cells are mediated via TNTs (Watkins and Salter, 2005; Hase et al., 2009; Wang et al., 2010, 2012; He et al., 2011; Smith et al., 2011; Wittig et al., 2012; Al Heialy et al., 2015; Osswald et al., 2015) suggesting some form of membrane/cytosolic continuity along these structures or active GJ channels are present at the end of the process (Wang et al., 2010, 2012; Wang and Gerdes, 2012; Gerdes et al., 2013; Austefjord et al., 2014). The mechanisms involved in this process of intercellular Ca2+ wave propagation are not well understood, but GJ are thought to be intimately involved (Wang et al., 2010, 2012; Wittig et al., 2012; Lock et al., 2016). Further, the observation in lymphocytes that TNTs are not permeable to Ca2+ highlight the diverse phenotype in their physiological properties (Davis and Sowinski, 2008; Sowinski et al., 2008). Characterization of TNTs in untreated cells in culture indicates that TNTs are uniformly F-actin positive and have low expression of tubulin (Onfelt et al., 2006; Rupp et al., 2011; Gousset et al., 2013; Thayanithy et al., 2014a; Astanina et al., 2015; Polak et al., 2015) suggesting that actin regulators and actin-driven motors might be implicated in the formation and/or function of TNTs. In PC12 cells, the immunocytochemical analysis demonstrates that synaptophysin, a marker of synaptic vesicles, as well as Myosin-X (Myo10) and Va (MyoVa), both actin-based motor proteins, were present inside TNTs (Rustom et al., 2004). These data were confirmed in other cell types (Gousset et al., 2013; Schiller et al., 2013; Reichert et al., 2016; Tardivel et al., 2016), and M-Sec through Ral-mediated actin remodeling was shown to be involved in TNT formation as reported by Dr. Kimura (Hase et al., 2009; Ohno et al., 2010). Furthermore, recent data indicated that TNT mediates a long-range transmission of IP3 by a gap junction-dependent mechanism (Lock et al., 2016). Nonetheless, it is still entirely unknown which proteins are involved in the formation, stability, and transport associated with TNTs and is very likely that different mechanisms will participate in the formation of these structures and are prevalent in different cell types.

Filamentous Actin (F-Actin), M-Sec, myosin Va, and X, as well as Cx43, are well-known components of TNTs, and the blocking any of these components reduces or prevents communication. Preliminary data from Dr. Den Boer showed that various types of actin inhibitors, but not tubulin inhibitors, will reduce the level of TNT signaling in leukemia. Novel data from Dr. Zurzolo showed that TNTs and filopodial extensions (which look very similar in confocal microscopy) have different requirements and rely on different actin regulators (Abounit et al., 2015). This is consistent with the previous observation made from the same group (Gousset et al., 2013).

Several groups have demonstrated that HIV-infected cells (e.g., those containing proteins or infected with HIV) can send TNTs to neighboring uninfected or healthy cells, resulting in the spread of infection or aggregation of toxic viral proteins. Dr. Gousset indicated that the transfer of the HIV-1 Nef accessory protein is mediated via TNTs between a macrophage cell line and T cells. Using this Nef model system, it was shown that Nef transfer occurred through a Myo10-dependent mechanism. Similarly, diseased cells lacking functional lysosomes have also been shown to induce TNT formation from nearby healthy cells to facilitate lysosome delivery into diseases cells (Abounit et al., 2015, 2016a). Interestingly, lysosomal dysfunction occurs in neurodegenerative disease. Dr. Zurzolo's group recently showed that lysosomes could be transferred through TNTs to mediate the intercellular spreading of misfolded alpha-synuclein in a neuronal cell model of Parkinson's disease (Abounit et al., 2015, 2016b). Lysosomal cross-correction via TNTs was also shown in the context of a lysosomal storage disorder after hematopoietic stem cell transplantation resulting in long-term tissue preservation (Yasuda et al., 2011; Astanina et al., 2015; Naphade et al., 2015; Abounit et al., 2016a). Similar TNT transfer mechanisms have been observed for mitochondria in different diseases (Han et al., 2016; Jackson et al., 2016; Jiang et al., 2016; Reichert et al., 2016; Sinclair et al., 2016; Wang et al., 2016; Zhang et al., 2016).

The intracellular and extracellular signals involved in the formation, permeability, and directionality of these TNTs are unknown. Interestingly, experiments using different tumor cell lines, primary astrocytes, acute leukemia cells, T cells, and macrophages demonstrate that the formation, communication, transfer of metabolites and the collapse of the TNTs are extremely fast (30–60 s) and can reach distances up to 300 μm. To further understand the properties of TNTs and GJ either the identification of novel proteins and lipids capable of supporting these mechanisms or identification of new TNT-related functions of existing proteins are required. The main conclusion was that several types of TNTs are present in multiple cell types and tissues. Further research is required to identify potential biomarkers of TNT formation for different cell types is therefore warranted. Moreover, an agreed definition of a TNT has been the subject of much debate and consensus amongst TNT scientists is a tubular membrane connection between non-adjacent cells that allow direct intercellular communication, not necessarily gap junction-mediated. They contain F-actin, are open-ended and have a variable diameter from 50 to 800 nm. Although different types of tubular, membranous connections have been observed to form between distant cells, the term “TNT-like structure” can be ascribed to these cellular structures, provided that they fulfill the essential requirement of allowing intercellular exchanges of any material, (e.g., vesicular, particulate, ionic, molecular, organismic) between the connected cells (see Figure 1). To identify TNT-associated structures, there is a need for new or improved super-resolution and electron microscopy methods that can structurally characterize this new intercellular communication system in more detail. It will also be important to describe TNTs in different cell types and situations, where expression of one TNT type may predominate. Also, more data using live imaging systems are needed to describe the mechanism of transfer.


[image: image]

FIGURE 1. Schematic of TNT formation and the potential role of gap junction channels during long rage communication. As described in the text, TNT have at least 3 different stages, including formation, stabilization, and the transport of the cargo. The last one is associated with several different roles in disease including viral spreading, chemoresistance, and disease dissemination as well as an energy associated survival, genetic disease rescue and stress survival. TNT formation is triggered by inflammation, infection, toxicity, in several disease, and embryogenesis/morphogenesis. Some of the proteins involved in the formation of TNT are actin, Myosin Va and X, synaptophysin, Cx43, and M-sec. Following the formation of the TNT process, there are at least 2 different types of tubes, a synaptic and open-ended process. The formation of these long rage TNT enable the connected cells to share multiple proteins and lipids.





TNTs in the Healthy vs. Diseased State

Another important question under consideration is the timing and location of TNT formation. Several reports indicated that viruses, such as herpes (La Boissiere et al., 2004; Sherer et al., 2007), influenza (Kumar et al., 2017), and pseudorabies viruses (Favoreel et al., 2005), can be transmitted through long extensions without contact with the extracellular environment, suggesting that viruses may have evolved to use TNTs to spread efficiently between connected cells (Figure 1). The signals that guide the formation of TNTs are not entirely known. However, a re-examination of older reports through the prism of the current knowledge of TNTs indicates that there were published descriptions of increased formation of TNT-like structures in inflammatory conditions. In particular, TNT-like structures have been observed under the following pathological conditions in vitro: cell infected with Listeria monocytogenes and Mycobacterium Bovis (Dramsi and Cossart, 1998; Wehland and Carl, 1998; Onfelt et al., 2006), in astrocytes treated with H2O2 (Zhu et al., 2005), microglia activated with PMA and calcium ionophore (Martinez et al., 2002), monocyte/macrophages treated with LPS plus IFN-γ (Eugenin et al., 2003), lymphocytes and human macrophages infected with HIV (Sowinski et al., 2008; Eugenin et al., 2009b), mouse neuronal CAD cells and primary neurons and astrocytes infected with exogenous PrP (Gousset et al., 2009, 2013), and more recently neurons treated with pathogenic amyloid aggregates (Costanzo et al., 2013; Abounit et al., 2016a,b). It is therefore not surprising that TNT-like structures have also been identified in normal hematopoietic (CD34+) progenitor cells and lymphoid leukemia cells and that interference with TNT signaling in the hematopoietic context results in altered secretion of cytokines (Polak et al., 2015). Interestingly, most of these treatments are also associated with the formation and functional gap junctional communication, especially in immune cells.

Dr. Zurzolo's group proposed that diseases associated with the spread of the misfolded aggregated proteins within the CNS (like a prion, Alzheimer, Parkinson, and Huntington disease) might involve TNT-mediated spreading (Abounit and Zurzolo, 2012; Delage and Zurzolo, 2013; Abounit et al., 2015, 2016a,b; Delage et al., 2016). They demonstrated that prion protein, PolyQ Huntingtin, fibrillar tau and alpha-synuclein transfer between neurons in culture using TNTs as the predominant mechanism of dissemination (Abounit et al., 2016a,b). Together with the postulated role of TNTs in HIV spreading within the central nervous system (Eugenin et al., 2009a,b; Abounit et al., 2016a), this suggests that multiple diseases can use TNTs to spread toxicity and infection, identifying TNTs as an exciting new potential therapeutic target. Indeed, inhibition of TNTs may block or reduce the amplification of several diseases including HIV, Parkinson's disease, Lewy bodies, and multiple system atrophy as well as tauopathies (Gousset et al., 2009, 2013; Abounit and Zurzolo, 2012; Costanzo et al., 2013; Abounit et al., 2016a,b). Dr. Zurzolo presented data showing that misfolded aggregated tau leads to an increase in TNT formation in culture, but the role of gap junction channels in these tubes was not examined (Abounit et al., 2016b). In agreement with Dr. Zurzolo's findings, several groups have identified TNT like structures in tau related pathologies and their potential role in disease by facilitating electrical coupling and calcium signaling between distant cells (Gerdes et al., 2007; Wang et al., 2012; Wittig et al., 2012; Tardivel et al., 2016), supporting further a potential role of gap junction channels in TNT biology.

Another important role of TNTs in disease may be linked to modulation of the tumor microenvironment. Data from Dr. Den Boer showed that TNTs are actively formed between leukemic cells and bone marrow-derived mesenchymal stromal cells. This interaction is beneficial to the viability of leukemic cells and induces chemo-resistance, which can be abrogated by disrupting the TNTs (Polak et al., 2015). Only recently, Drs. Winkler and Osswald demonstrated that TNT-like structures are essential in the pathogenesis of astrocytomas including the participation of connexin containing channels (Osswald et al., 2015, 2016; Winkler, 2016; Jung et al., 2017; Weil et al., 2017).

As indicated above, the exact role of TNTs and GJ channels is unclear. However, there is evidence that a specific type of TNT-like structures (called cytonemes) have been observed during developmental stages of several organisms like Drosophila and have been postulated to play a role in embryonic development, differentiation, and morphogenesis (Ramirez-Weber and Kornberg, 1999; Roy et al., 2011, 2014; Rojas-Rios et al., 2012; Bilioni et al., 2013; Bischoff et al., 2013; Kornberg, 2014; Kornberg and Roy, 2014; Huang and Kornberg, 2016; Karlikow et al., 2016). Further, TNT-like structures were found in the unicellular malaria parasites during gametogenesis, which takes place in the midgut of the Anopheles mosquito and proposed to be important for the initial contact between mating partners (Rupp et al., 2011). Although the role of TNTs in normal cells was not specifically addressed, there is a large body of data supporting the presence and the need of TNT-like communication during development and immune cell activation (Kornberg, 1999; Ramirez-Weber and Kornberg, 1999; Roy et al., 2011, 2014; Bilioni et al., 2013; Bischoff et al., 2013; Briscoe and Vincent, 2013; Polak et al., 2015; Huang and Kornberg, 2016; Karlikow et al., 2016). A recent report from the Mailliard group describes the induction and regulation of TNTs in dendritic cells as a normal component of their function as mediators of adaptive immunity (Zaccard et al., 2015). In this study, dendritic cells matured under type-1 pro-inflammatory conditions acquired a unique program to rapidly form intercellular networks of tunneling nanotube-like structures upon subsequent antigen-driven interaction with CD4+ T-helper (TH) cells. This immune process, which they termed dendritic cell “reticulation,” is induced by the TH cell-derived factor CD40L, and serves to facilitate the functional intercellular transfer of antigens and endosomal vesicles (Zaccard et al., 2015). Interestingly, this process is differentially regulated by the opposing activity of the respective TH1- and TH2-associated cytokines IFN-γ and IL-4. Importantly, they also describe how the induction and regulation of TNT networks in dendritic cells can be exploited by pathogens such as HIV to facilitate cell-to-cell spread (Mailliard et al., 2013; Zaccard et al., 2015). Similar results of antigen sharing has been described in the context of GJ communication (Neijssen et al., 2005; Matsue et al., 2006; Corvalan et al., 2007; Handel et al., 2007; Mendoza-Naranjo et al., 2007; Pang et al., 2009). Thus, it may be that a similar mechanism of amplification of the immune response can be mediated either by TNT's or by gap junctions.

Under inflammatory or pathological conditions in the context of a genetic lysosomal storage disorder, cystinosis, TNTs also serve as a delivery system to transfer “healthy” lysosomes. Indeed, following the systemic transplantation of wild-type hematopoietic stem and progenitor cells (HSPCs) in the mouse model of cystinosis, Ctns−/− mice, HSPCs differentiate into macrophages and generate TNTs that transfer cystinosis-bearing lysosomes to the adjacent disease cells, leading to long-term kidney preservation (Naphade et al., 2015). A similar mechanism accounts for the conservation of the cornea and thyroid in the Ctns−/− mice (Rocca et al., 2015; Gaide Chevronnay et al., 2016). An understanding of the role of this new communication system in quiescent cells, during the immune response and in pathological conditions may open new potential therapeutic opportunities to target these diseases with none-to-minimal side effects as the current scientific data suggests that TNTs are only minimally expressed under homeostatic conditions.



TNT's in Transport

Another important question in the TNT field concerns the types of cargos being transported within the TNTs. Several reports support the idea that different types of TNTs, as categorized by size, content, and permeability, exist in different cells and under different conditions as well as presence or absence of gap junction channels. TNTs have been shown to mediate long-range transmission of Ca2+ signals between cells (Watkins and Salter, 2005; Hase et al., 2009; Wang et al., 2010, 2012; He et al., 2011; Smith et al., 2011; Wittig et al., 2012; Al Heialy et al., 2015; Osswald et al., 2015), a novel mechanism that adds to the known repertoire by which Ca2+ ions communicate information between cells. The mechanism through which this occurs is not well understood, but gap junctions are thought to play a role in mediating intercellular transmission of Ca2+ waves (Wang et al., 2010, 2012; Wittig et al., 2012; Lock et al., 2016). In other instances, TNT has been shown not to be permeable to Ca2+. TNTs in other systems allow transport of mitochondria and vesicles, suggesting that the internal pore size is large enough for the trafficking of these organelles (see review by Gerdes et al., 2007; Sherer et al., 2007). The observation that mitochondria can be exchanged between TNT-connected cells is extremely important because it could be one of the first demonstrations of cell to cell transfer of genetic material between non-dividing mammalian cells, suggesting that at least mitochondrial DNA (and potentially siRNA) is not cell type specific and can be shared between different types of cells connected by TNT-like structures (Li et al., 2014; Jackson et al., 2016; Jiang et al., 2016; Sinclair et al., 2016). It is still unclear whether multiple types of TNTs exist or whether the observed differences represent different maturation stages of the same processes. Also, the timing of gap junction formation in relation to the formation of TNT's is no known.

There are two hypotheses that describe how pathogens are sorted in TNTs in infected cells: First, that type of TNT determines the function of the tubular process and type of cargo transported and second, whether TNTs have the capability to sort the cargo at the initiating and terminating regions of the TNT. Both possibilities are feasible based on several scientific papers demonstrating differential TNT selectivity and transport properties (see Figure 1). For example, Drs. Osswald and Eugenin showed that gap junction channels are present in TNTs/TNT-like structures, suggesting that at least this type of TNT may have a cutoff of 1.2 kDa, such that only small molecules can be transferred between TNT connected cells expressing this kind of channel. Dr. Zurzolo showed that PrPSc (the pathogenic form of the prion protein) and other protein aggregates, as well as organelles and lysosomes, can be transmitted between the connected cells. Recent data from Drs. Lou, Pasquier, Osswald and Den Boer demonstrated that TNTs or TNT-like structures might also play a critical role in tumor growth, metastasis, and chemo-resistance, suggesting that TNT communication in tumors can exchange molecules which accelerate the spreading of disease and induce therapy resistance.

In conclusion, TNT's can transport a variety of products from second messengers (e.g., mRNA to large organelles), but the mechanism of selectivity, transport, and delivery are still unknown. Although myosin motors have been found inside TNTs and therefore likely to be involved in the movement of the different cargoes on the actin cables running inside TNTs, there are still many open questions relating to the identities of the specific motors; whether there is diffusion allowed, and regulation/determination of the different uni- or bi-directional transport mechanisms at play. To answer these questions, fundamental research is required (and should be actively encouraged) to better understand the biology of the structure and composition of TNTs and associated GJ channels, and their potential role in human disease.



TNT Existence in Vivo

Evidence of TNTs in vivo is the central requirement to further progression of research in this area. Literature evidence for the existence of these cellular protrusions has been limited to date, mainly because there are no known specific biomarkers of TNTs. However, a review of the literature revealed several examples of TNT-like structures that have been observed in vivo or ex vivo. These include the cytonemes found in Drosophila (Kornberg, 1999; Hsiung et al., 2005). TNT like structures between immune cells in lymph nodes (see review by Onfelt et al., 2004; Gerdes et al., 2007), and between MHC class II+ cells in the mouse cornea (Chinnery et al., 2008), as well as the bridges TNT-like structures observed in several models of malignant tumors (cancer) such as mesothelioma, lung cancer, ovarian cancer, and laryngeal cancer (Ady et al., 2014; Antanaviciute et al., 2014, 2015; Thayanithy et al., 2014b; Desir et al., 2016) or capable of crossing the dense tubular basement membrane in the kidney of the cystinosis mouse model (Naphade et al., 2015) or in their cornea and thyroid (Rocca et al., 2015; Gaide Chevronnay et al., 2016). One major issue in performing these in vivo and ex vivo studies is the difficulties in identifying the precise nature of the structures and clearly determining their role in the transfer. Nonetheless, several reports have provided in vivo evidence to support the role of TNTs in pathophysiology and several forms of the disease. Data from Drs. Osswald, Goodman, Lou, Eugenin and Den Boer reported evidence of TNT-like structures in brain tumors, and in ex vivo hematopoietic stem cells, lung, and ovarian cancers. Also, TNT-like structures were found in human macrophages present in lymph nodes obtained from HIV-infected individuals with HIV reactivation.

Interestingly, viruses, such as African Swine Fever, Ebola, Herpes Simplex, Marburg filoviruses, and Poxvirus Vaccinia, encode viral factors or alter cell activation to induce the formation of filopodia structures that allow viral trafficking between the extracellular matrix and environment into cells (Cudmore et al., 1995; Favoreel et al., 2005; Hartlieb and Weissenhorn, 2006; Jouvenet et al., 2006; Kolesnikova et al., 2007; Gill et al., 2008). These observations suggest that viruses have adapted to use TNT-like structures and GJ to promote viral spread. In conclusion, for TNTs to be considered a viable and functional mechanism for intercellular communications, generating compelling in vivo data that demonstrate a clear difference between healthy and disease states is critically important.



TNT and Therapy

TNTs are considered to have two potential roles, as a mechanism for spreading disease-forming cargos (from prion to viruses) and/or as a means of spread chemotherapeutic agents, beneficial organelles or cellular molecules during stress and pathological conditions. In diseased cells, TNT levels are significantly elevated which may make it possible to specifically block TNT-like related pathways that are induced only in disease. Data from Drs. Lou, Pasquier and Den Boer proposed several models by which TNT formation and function between cancerous cells may be altered or modulated following response to chemotherapeutic drugs, the following exposure to clinically relevant tumor conditions such as hypoxia, micro-environmental-induced changes and/or following intercellular transfer of cellular organelles, such as mitochondria, microRNAs, and endosomal vesicles or even exosomes. Moreover, under normal conditions, disease states that promote inflammation (especially in cancer) could induce TNT formation in response to metabolic stress (Rustom et al., 2004; Abounit et al., 2016a,b).

TNT formation and induction has also been observed following injury, trauma or chronic tissue stresses. Here, they are thought to play a role in the exchange of energetic components and mitochondria (Wang et al., 2011; Zhang, 2011; Pasquier et al., 2013; Las and Shirihai, 2014; Li et al., 2014; Thayanithy et al., 2014b) to help compromised cells to survive stress. This possibility opens new potential therapeutic opportunities. For example, during the stroke, ischemia and reperfusion conditions regulating the formation of TNTs may provide a means of cell rescue. Furthermore, TNTs offer a novel delivery route for stem-cell based therapies against genetic conditions resulting in organelle dysfunction (Bruzauskaite et al., 2016; Antanavičiūtė et al., 2017) and for chemotherapeutic drugs that disrupt DNA replication, such as nucleoside analogs (Bruzauskaite et al., 2016; Antanavičiūtė et al., 2017). A study by Lou demonstrated that TNTs could facilitate the intercellular spread of therapeutic oncolytic viral vectors; furthermore, TNTs also mediated the bystander effect by facilitating distribution of therapeutic drugs (nucleoside analogs) activated by viral thymidine kinase. The study establishes TNTs as an alternate route, beyond gap junctions, for cells to amplify the effects of potential disease-targeting drugs, opening a new door to harnessing TNTs as potential cellular conduits for drug delivery (Bruzauskaite et al., 2016; Antanavičiūtė et al., 2017). Conversely, where infectious agents ‘hijack’ TNTs to spread their pathology, blocking TNTs by targeting specific TNT components could represent another therapeutic strategy in disease. Thus, further research in this area is required to help the scientific field to understand this dual nature of TNTs better.




CONCLUSIONS: PROSPECTS FOR TNT BIOLOGY, GAP JUNCTIONS, AND TRANSLATIONAL RESEARCH

There is a growing body of evidence that supports the critical role of TNT-like structures and gap junctions in development, immune response, and disease. The increased TNT formation in several pathogenic conditions provides a unique opportunity to pharmacologically modulate these processes to block or increase their formation to control the spread of pathogenic and healthy components communicated through TNTs.

An overview of recent scientific literature indicates that TNT-gap junctional research is in its early stage of research and there are still a number of outstanding questions relating to the mechanisms and signals driving the formation of TNTs, their morphology and detailed structural organization, their components (e.g., proteins and lipids), mechanisms determining their permeability and cargo, how TNTs collapse, biomarkers of TNT formation, and, most importantly, how all of these factors are associated with particular cellular functions (Figure 1). However, it is clear that the main function of TNTs during adulthood is to participate in the immune response and during several pathological conditions. To address these key TNT-related questions, a collaboration between leading TNT scientists is vital, and several aspects and questions of this emerging field are summarized in Table 1. Also, GJ not only communicate to neighboring cells but also potentially through TNTs over a long-range.



Table 1. Open questions in the area of TNT and gap junctions.
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Thus, by blocking TNTs and/or gap junctional communication at long distances in infected cells and disrupting the transmission of infectious material to neighboring cells, this approach represents a unique therapeutic strategy for some hard-to-treat diseases which includes some retroviral and microbial infections, neurodegenerative disorders and metastasis in certain cancers.
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In this review article, we summarize the current insight on the role of Connexin- and Pannexin-based channels as modulators of sensory neurons. The somas of sensory neurons are located in sensory ganglia (i.e., trigeminal and nodose ganglia). It is well known that within sensory ganglia, sensory neurons do not form neither electrical nor chemical synapses. One of the reasons for this is that each soma is surrounded by glial cells, known as satellite glial cells (SGCs). Recent evidence shows that connexin43 (Cx43) hemichannels and probably pannexons located at SGCs have an important role in paracrine communication between glial cells and sensory neurons. This communication may be exerted via the release of bioactive molecules from SGCs and their subsequent action on receptors located at the soma of sensory neurons. The glio-neuronal communication seems to be relevant for the establishment of chronic pain, hyperalgesia and pathologies associated with tissue inflammation. Based on the current literature, it is possible to propose that Cx43 hemichannels expressed in SGCs could be a novel pharmacological target for treating chronic pain, which need to be directly evaluated in future studies.
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HEMICHANNELS AND PANNEXONS

It is well accepted that paracrine and autocrine cellular communication are critical for cellular and tissular function. Among the main proteins that play a role in these processes are connexins and pannexins. Connexins are unique transmembrane proteins, because they form two different types of channels; hemichannels and gap junction channels (GJCs). While hemichannels are formed by the oligomerization of six connexins, GJCs are formed by the serial docking of two hemichannels, each one provided by one of the contacting cells. On the other hand, a pannexon is formed by 6 subunits of a transmembrane protein called pannexin. Despite connexins and pannexins being very different in terms of sequence, they share a common plasma membrane topology, which comprises four transmembrane domains, two extracellular loops, one intracellular loop and both the N- and C-terminus facing the cytoplasm (Panchin, 2005). Another difference between connexins and pannexins is that unlike connexins, pannexins are believed to form pannexons only, and not gap junction-like structures (Sosinsky et al., 2011). This may be explained because pannexons (at least those formed by pannexin1 (Panx1) and pannexin3 (Panx3)) are glycosylated (Sosinsky et al., 2011; Penuela et al., 2014), which is believed to block the interaction between pannexons, preventing the docking and formation of gap junction like-structures (Locovei et al., 2006; Huang et al., 2007; Penuela et al., 2007, 2009). However, some studies suggest that the formation of gap junction like-structures composed of pannexins could depend of the cell type. For example, in HeLa cells Panx1 and Panx3 may form GJCs, with different properties compared to those formed by connexins (Bruzzone et al., 2003; Sahu et al., 2014).

At the plasma membrane both hemichannels and pannexons are mostly kept in a closed state to prevent cell lysis (Retamal et al., 2015; García et al., 2016). Because these two type of channels are permeable to ions and large molecules, such as ATP and glutamate (Montero and Orellana, 2015). Moreover, the persistent opening could cause passive loss of ion gradients and metabolites (Retamal et al., 2015). However, the relationship between pannexons and cell death is more complex, because it is well known that P2X7-ATP receptor has a close interaction with Panx1, and hence, pannexon opening can trigger the activation of P2X7 receptors channels (Pelegrin and Surprenant, 2006; Iglesias et al., 2008). Moreover, when Panx1 channels open, the released ATP is able to activate P2X7 receptors, which have been associated with the induction of cell death in several cell types, like T-cells (Shoji et al., 2014), Schwann cells (Luo et al., 2013), tumoral cells (Bian et al., 2013) and astrocytes (Wang et al., 2012) among others.

As mentioned above, under physiological conditions hemichannels and pannexons are mainly closed. However, their low open probability is enough to allow these channels to participate in several cellular functions. Accordingly, open hemichannels allow the flow of molecules such as ATP (Stout et al., 2002), glutamate (Ye et al., 2003), NAD+ (Bruzzone et al., 2001), lactate (Karagiannis et al., 2016), glucose (Retamal et al., 2007) and glutathione (Stridh et al., 2008) through the plasma membrane. Moreover, there are several post-translational modifications that increase hemichannel activity, such as phosphorylation, S-nitrosylation, intracellular Ca2+ increments and intracellular reducing redox potential among several others (Retamal et al., 2006, 2007; De Vuyst et al., 2009; Batra et al., 2014), which can increase their opening probability in several processes at physiological conditions. Interestingly, connexins are not only found at the cellular plasma membrane. In fact, connexin43 (Cx43) hemichannels have been detected in the mitochondria and may be important for mitochondrial Ca2+ and K+ uptake (Boengler et al., 2013; Gadicherla et al., 2017), and in mitochondrial hypoxia/reoxygenation preconditioning (Schulz and Heusch, 2006). Moreover, Cx43 hemichannels have been involved in myocardial cell death (Gadicherla et al., 2017). On the other hand, connexin26 (Cx26) hemichannels participate in light processing in the retina, via extracellular potentials in cones modulated by current flowing through connexin hemichannels at the tips of horizontal cell dendrites (Kamermans and Fahrenfort, 2004). Most importantly for this review, in the central nervous system, hemichannels participate in astrocyte to neuron communication in both physiological and pathological conditions, as has been revised extensively by Cheung et al. (2014) and Orellana (2016).

We would like to point it out that, despite all the advances in the field, knowledge on the pharmacology of hemichannels and pannexons is still limited as it has been recently discussed (Nielsen et al., 2017). Among all hemichannel inhibitors mimetic peptides are probably the most specific and have been used in studies both in vitro and in vivo (O’Carroll et al., 2013; Abudara et al., 2014) representing nowadays a powerful tool for hemichannel research.



WHAT IS GLIOTRANSMISSION?

For several years the dogma in synaptic transmission stated that in chemical synapses “information” was transmitted from the presynaptic to the postsynaptic neuron. However, in the late nineties Araque et al. (1999) introduced the term “tripartite synapse”, which referred to the fact that in addition to the pre and postsynaptic neurons, astrocytes that surround chemical synapses are able to modify the synaptic microenvironment and modulate synaptic transmission. To this end, astrocytes express multiple neurotransmitter receptors which allow them to sense synaptic activity (Orellana and Stehberg, 2014) and release molecules that induce responses in neurons. These transmitters are currently known as gliotransmitters (Montero and Orellana, 2015; Harada et al., 2016).

Among glial cells, astrocytes are possibly the most studied in terms of gliotransmitter release, and among all the molecules that are released from astrocytes (for more details see Moraga-Amaro et al., 2014; Montero and Orellana, 2015), the three gliotransmitters that have the greatest evidence for modulating synapses are glutamate, ATP and D-serine (Giaume et al., 2013; Harada et al., 2016). Astrocytes have several gliotransmitter release mechanisms, such as vesicle-based exocytosis (Jorgacevski et al., 2017), P2X7 receptor (Suadicani et al., 2006), maxi-anion channel (Liu et al., 2008), pannexons (Prochnow et al., 2012) and hemichannels (revised by Orellana et al., 2016).

Astrocytes express mainly Cx43 and Panx1 which form functional hemichannels under both physiological and pathological conditions (Huang et al., 2007; Montero and Orellana, 2015). Recent evidence supports the role of hemichannels and pannexons in the interaction between glial cells and neurons at the central nervous system. For example, antidepressants such as fluoxetine, duloxetine, paroxetine, reboxetine, amitriptyline, imipramine and venlafaxine have been reported to inhibit LPS-induced opening of astrocytic Cx43 hemichannels (Jeanson et al., 2016). This result opens the possibility that Cx43 hemichannels may be involved in depression—at least to some extent. This idea is further supported by evidence showing that chronic stress—a model used to induce depressive-like behaviors in rodents—induces increased Cx43 hemichannel and Panx1 pannexon opening in hippocampal astrocytes, with a concomitant Cx43 dependent increase in extracellular glutamate and ATP (Orellana et al., 2015) Additionally, Cx43 hemichannels have been shown to be required for fear memory consolidation in the basolateral amygdala (Stehberg et al., 2012). In this work, it was suggested that one or more gliotransmitters released through Cx43 hemichannels are critical for memory consolidation (Stehberg et al., 2012). Similarly, pannexons formed by Panx1 also participate in the maintenance of the synaptic strength and plasticity of hippocampal neurons (Prochnow et al., 2012; Ardiles et al., 2014). In conclusion, Cx43 hemichannels and Panx1 pannexons are very important for the fine tuning of the synaptic activity in the central nervous system, and is very likely that this role is accomplished through the release of gliotransmitters such as glutamate, ATP and D-serine.



CONNEXINS AND PANNEXINS IN SENSORY GANGLION CELLS

As presented above, within the central nervous system, evidence for the participation of connexin and pannexin channels is accumulating (Thompson et al., 2008; Orellana and Stehberg, 2014; Orellana et al., 2016). However, in the peripheral nervous system, information on the role of these proteins in glio-neuronal communication is only beginning to emerge. Probably the first study that suggested that connexins have a role in sensory neuron activity was performed in primary co-cultures of sensory neurons from rat dorsal root ganglia (DRG) and smooth muscle cells. In this study, it was found that sensory neurons expressed mRNAs for Cx40 and Cx43, possibly mediating IP3-mediated calcium coupling between those two cell types (Ennes et al., 1999). Those results suggest that at least in tissue culture, connexin-based channels allow sensory neurons to couple metabolically with smooth muscle cells. Then Chen et al. (2002), demonstrated that rat petrosal neurons do not express Cx43 under normal conditions but satellite glial cells (SGCs) do. Interestingly, Cx43 immunoreactivity was detected in neurons after 2 weeks of hypoxia. Similarly, Cx43 has been reported in SGCs of spinal (Procacci et al., 2008) and trigeminal (Ohara et al., 2008) ganglia. Additionally, in another study, neurons and SGCs from the trigeminal ganglion were shown the expression of Cx26, Cx36 and Cx40 (Garrett and Durham, 2008). More recently, the presence of the mRNA of Cx26, Cx37, Cx43, Cx45, Panx 1 and Panx2 in the nodose ganglion was observed (Retamal et al., 2014a). Thus, it is clear that sensory neurons and SGCs have the building blocks for establishing paracrine communication through the release of both neuro- and gliotransmitters. Regardless of how suggestive their presence may be, studies characterizing the structure, composition and functionality of connexin and pannexin channels in these cell types are needed, to understand their function under physiological conditions.



CONNEXIN AND PANNEXIN -MEDIATED GLIA-TO-NEURON COMMUNICATION IN SENSORY GANGLIA; A POSSIBLE ROLE FOR SATELLITE GLIAL CELLS DURING CHRONIC PAIN

A large bulk of studies have implicated Connexin- and pannexin-based channels in several pathologies, mostly by an uncontrolled channel opening, which triggers increased release of metabolites such as ATP and ionic imbalance, with the consequent cell malfunction and eventually, cell lysis (Retamal et al., 2015). The mechanisms that control this enhanced open probability remain unclear. However, present evidence suggest that Connexin- and pannexin-channels open probability increases in response to changes in redox potential (Retamal, 2014), inflammatory cytokines (Orellana et al., 2013) and point mutations (Dobrowolski et al., 2007, 2008). Moreover, at the CNS aberrant hemichannel activity has been associated to astrocyte activation and posterior neuronal dysregulation (Orellana et al., 2012; Yi et al., 2016), likely due to an excessive release of gliotransmitters (Orellana et al., 2011; Torres et al., 2012). Accordingly, aberrant Cx43 expression and/or hemichannel malfunction in spinal cord astrocytes have been associated with pain related pathologies. For example, Cx43 increased expression has been associated with the maintenance of the late-phase of neuropathic pain in mice (Chen et al., 2012, 2014). Accordingly, the use of Gap26 -a Cx43 hemichannel blocker- attenuated the pain hypersensitivity in a mice cancer pain model (Li et al., 2017) and CORM-2—a CO donor and inhibitor of Cx43 hemichannels (León-Paravic et al., 2014) also decreased the levels of neuropathic pain in mice (Wang and Sun, 2017). Currently, the exact mechanism by which Cx43 hemichannels and/or GJCs present in spinal astrocytes are involved in pain-like behavior remains unknown. However, in a mice model of spinal cord injury, the activation of Sigma-1 receptor in astroglial endoplasmic reticulum (ER), induced astrocyte activation and Cx43 expression, which in turn caused mechanical allodynia (Choi et al., 2016). Thus, suggests that changes in the ER affect Cx43 expression and pain development/maintenance. Additionally, nerve injury induces TNF-α expression which in turn increases Cx43 hemichannel activity and chemokine release (Chen et al., 2014), suggesting that proinflammatory cytokines are involved in Cx43 enhancement in spinal cord astrocytes. Interestingly, Panx1 also participates in the CNS-associated pain responses, as the intrathecal administration of a Panx1 blocker (10Panx or probenecid) decrease the C-fiber activity and decrease mechanical hyperalgesia in a model of neuropathic pain in rats (Bravo et al., 2014).

Within the PNS, the notion that SGCs play an important role in the development and maintenance of chronic pain is well accepted (Adler et al., 2009; McMahon and Malcangio, 2009; Ohara et al., 2009; Ji et al., 2013; Hanani, 2015). We will analyze current evidence relating connexin and pannexin expression in SGCs and their association to pain.



TRIGEMINAL GANGLIA

Cherkas et al. (2004) reported that the axotomy of the trigeminal nerve increases both neuronal excitability and dye transfer between SGCs, as well as electrophysiological properties of both neurons and SGCs. Axotomy resulted in an increase in gap junctional communication between SGCs, which could also be associated to an increase of hemichannel activity. However, hemichannel activity in that model has not been tested yet. In agreement with the above-mentioned results, Cx43 expression in SGCs of the trigeminal ganglion was also increased in a rat model of chronic constriction injury (CCI; Ohara et al., 2008). Interestingly, the reduction of Cx43 expression using interference RNA reduced pain-like behavior in the CCI rats, but increased painlike behavior in non-CCI rats (Ohara et al., 2008), suggesting that Cx43 in trigeminal ganglion SGCs are involved in chronic pain (reviewed in, Ohara et al., 2009). Due to the lack of specific tools to discriminate between Cx43 GJCs and hemichannels, it is not possible to distinguish whether the increment of Cx43 expression seen in chronic pain models affects the expression of GJCs, hemichannels or both. An increase in Cx43 hemichannels at SGCs, may increase the release of gliotransmitters from these cells (Figure 1), facilitating the activation of neurons that may participate in the perception of chronic pain. The decrease in Cx43 by double strand RNA (dsRNA) in normal trigeminal neurons evoke the appearance of nociceptive responses similar to those seen following nerve injury (Jasmin et al., 2010), suggesting that, under normal conditions, the decrease of Cx43 may induce a lower K+ buffering capacity, which in turn increases neuronal excitability (Jasmin et al., 2010).


[image: image]

FIGURE 1. (A) Under physiological conditions sensory neurons are surrounded by satellite glial cells (SGCs), which are coupled by gap junction channels (GJCs). Experimental data indicates that SGCs express Panx1 and Cx43 hemichannels, and under physiological conditions, the neuro-glial communication through these channels may be low. Under pathological conditions (i.e., chronic pain) there is an increase in Cx43 expression in both SGCs and sensory neurons, augmenting both Cx43 hemichannel levels in their plasma membranes and the formation of GJCs between SGCs. (B) The increment of hemichannels and probably pannexons, lead to an increase of extracellular ATP. The elevated extracellular ATP concentration activates purinergic receptors at sensory neurons, which increase sensory neuron activity. Additionally, the increased activity of hemichannels and pannexons may also induce the depolarization of the plasma membrane due to an increase in the influx of Ca2+ and Na+.



Unlike nerve damage, Cx43 levels in trigeminal SGCs do not change after acute (15 min–24 h) or chronic (3–7 days) inflammation using an injection of complete Freund’s adjuvant in the temporomandibular joint (Garrett and Durham, 2008). However, in such conditions, the levels of Cx26, Cx36 and Cx40 increased in both neurons and SGCs (Garrett and Durham, 2008). Similar results have been observed in a mouse model of chemotherapy-induced peripheral neuropathy (Poulsen et al., 2015), indicating that different pain models and/or different times of experimentation could induce different connexin expression patterns in the trigeminal ganglion.

SGCs could release some gliotransmitters that enhance the activity of sensory neurons. This idea is supported by an in vitro experiment, in which purinergic cross-talk signaling between SGCs and neurons was demonstrated. In this work they induced mechanical activation of SGCs which increased cytosolic Ca2+ in both neighboring SGCs and neurons. This intracellular Ca2+ rise was sensitive to P2X receptor antagonists and GJC blockers, suggesting that mechanical stimulation of SGCs induces hemichannel opening, allowing the ATP release, which is necessary to activate P2X receptors at SGCs and neurons (Suadicani et al., 2010). Additionally, the mechanic activation of neurons induced Ca2+ signaling in SGCs which was blocked by suramin but not by the GJC blocker carbenoxolone, suggesting that neuronal ATP release in a connexin-independent manner (Suadicani et al., 2010). The activity/signaling of these receptors can be affected by peripheral inflammation, as observed in primary cultures of trigeminal ganglion (Kushnir et al., 2011). In the paracrine communication between SGCs and sensory neurons, ATP appears as the most probable candidate, but the participation of other gliotransmitters such as glutamate cannot be ruled out, both of which may be released via hemichannels (Wagner et al., 2014).



NODOSE GANGLIA

In the nodose ganglion, the intraperitoneal injection of LPS induced a 2-fold increase in the SGCs’ dye transfer, suggesting an increase in connexin expression and/or an increase in GJC activity. Interestingly, the authors found that Cx43 expression was decreased after 7 days of LPS, but there was an increase of Panx1 in both neurons and SCGs (Feldman-Goriachnik et al., 2015). In the nodose ganglion, Cx43 is expressed only in SGCs while Panx1 is expressed in SGCs as well as in neurons (Retamal et al., 2014a). The opening of hemichannels induced by incubation with extracellular fluid without Ca2+ and Mg2+ or with an agonist peptide called TATCx43CT (Ponsaerts et al., 2012) both increase the frequency of discharge of nodose neurons. The increased neuronal activity induced by the Ca2+-free culture media was partially inhibited by β-glycyrrhetinic acid (βGA) and a connexin 43 mimetic peptide (Gap27; Retamal et al., 2014a). Gap27 is a specific inhibitor of Cx43 hemichannels, suggesting that some gliotransmitters may have been released from SGCs via Cx43 hemichannels under these conditions.



PETROSAL GANGLIA

To date, there is no available information about the presence and role of connexin and pannexin based channels in SGCs or neurons from the petrosal ganglion. However, a potential role has recently been proposed (Retamal et al., 2014b).



DORSAL ROOT GANGLIA (DRG)

Hanani et al. (2002) reported the first evidence showing SCGs in DRG responding to nerve injury. In this study, a section of a peripheral nerve (sciatic and saphenous) increased the number of GJCs between SGC surrounding a single neuron and between SGCs surrounding different neurons in response to nerve injury. Later, it was shown that nerve injury also increases the dye transfer between SGCs (Pannese et al., 2003). The techniques used in these studies are incapable of distinguishing which type of connexins was responsible for this increase in GJC size and gap junctional communication. However, in another study using a model in which the spinal cord was dissected or compressed at the T3, the levels of Cx43 in SGCs located in DRG at C6 to C8 were increased and the administration of mimetic peptides Gap19 or Gap27, specific blockers for Cx43 hemichannels reduced significantly tactile allodynia for 30 min after administration (Lee-Kubli et al., 2016), duration probably set by the short half-life of the peptides. This suggests that Cx43 hemichannels are potential candidates for pharmacological treatment of neuropathic pain. In another mouse pain model, partial colonic obstruction induced an increase of DRG neuronal activity due to a decrease of its resting membrane potential. Additionally, an increase of dye coupling between SGCs that are surrounding neurons was observed (Huang and Hanani, 2005). Furthermore, it was determined that neurons were not dye coupled neither to other neurons nor to SGCs (Huang and Hanani, 2005). These results suggest that in this pain model, there is not functional gap junctional communication between SGC and neurons. Later, the effect of colonic inflammation induced by local application of dinitrosulfonate benzoate upon gap junctional communication in DRG cells was studied (Huang et al., 2010). After the experimental procedure, increased neuronal activity and dye transfer between SGCs was observed. The higher increment in neuronal activity triggered by the procedure was suppressed by three different GJC blockers; carbenoxolone (50 μM), meclofenamic acid (100 μM) and palmitoleic acid (30 μM), suggesting that gap junctional communication is associated to the hyperactivity of sensory neurons (Huang et al., 2010). However, none of these blockers are specific for GJCs. Therefore, the possibility that hemichannels may participate in the release of gliotransmitters which enhance neuronal activity cannot be ruled out. Similar results have been observed in mouse models of experimental neuropathic autoimmune encephalomyelitis (Warwick et al., 2014), diabetes mellitus (Hanani et al., 2014), sepsis (Blum et al., 2017) and chemotherapy-induced peripheral neuropathy (Warwick and Hanani, 2013). In all these studies an increase in gap junctional communication between SGCs was observed, but the molecular mechanism behind this phenomenon remains unknown. However, a study performed in the sciatic nerve revealed that nerve transection induced an increase of dye coupling between SGCs, mostly by an increase in the number of GJCs (Ledda et al., 2009). On the other hand, the gap junctional communication between SGCs is affected by changes in K+, Ca2+ and pH (Huang et al., 2005), suggesting that GJCs between SGCs are modulated not only after neuronal injury, but they can also be modulated under physiological conditions.

In the case of pannexins the data available on their role is very limited. Only a handful of studies have investigated the role of pannexons in physiological conditions. One of these revealed that sensory neurons from DRG express Panx1 (Bele and Fabbretti, 2016). One of the most interesting findings in this work was that the activation of P2X3 receptor induced the activation of pannexons formed by Panx1, through a calcium/calmodulin-dependent serine protein kinase 3 (CASK)-dependent pathway. Once neuronal pannexons opened, massive ATP release and depolarization were detected (Bele and Fabbretti, 2016). Consistent with this finding, spinal nerve ligation increased Panx1 mRNA in DRG neurons, and the use of a siRNA against Panx1 decreased the hypersensitivity induced by nerve injury (Zhang et al., 2015). Moreover, in a mouse model of chronic orofacial pain, the selective deletion of Panx1 in GFAP-positive SGCs in the trigeminal ganglion eliminated the hypersensitivity and when Panx1 was deleted from sensory neurons, a reduction in baseline sensitivity was observed (Hanstein et al., 2016). The above studies suggest that Panx1 may participate in the modulation of neuronal sensory activity and therefore emerge as a possible novel target for the therapeutic treatment of chronic pain.



CONCLUSION

As a general model of what is known so far, under control conditions, sensory neurons express mainly Panx1 and P2X receptors (i.e., P2X7) while SGCs express Cx43 and Panx1. After an insult, SGCs over-express Cx43, which in turn form additional GJCs and increase the number of functional hemichannels at their plasma membrane. Additionally, the insult also triggers the expression in sensory neurons of Cx43 hemichannels, but not GJCs, as they do not appear to form electrical synapses between them (for a scheme see Figure 1A). The increased expression of hemichannels and pannexons in sensory neurons and SGCs enhance extracellular ATP concentration, activating ATP-receptors such as P2X7. The activation of hemichannels, pannexons and P2X7 receptors finally induce the depolarization of the sensory neurons, which in turn, enhance their action potential firing rate (for a scheme, see Figure 1B).

Sensory neurons and SGCs express different connexin types, among them, Cx43 has been the most studied, being responsible for the formation of GJCs between SGCs. However, current evidence for functional hemichannels and pannexons is limited. It is however becoming clear that when hemichannels and/or pannexons open, there is an evident increase in extracellular ATP levels. The extracellular ATP generates Ca2+ oscillations in both SGCs and neurons, through P2X and P2Y receptors. Connexin-based hemichannels have been involved in a plethora of diseases (Retamal et al., 2015) and the sensory ganglia do not appear to be an exception. Thus, connexin-based channel blockers consistently decrease neuronal hyperactivity and pain-related behaviors in murine and rat models of pain/inflammation. Perhaps one of the most serious concerns about these results is that in most of the studies non-specific tools affecting or studying connexin-based channels were used. Therefore, it is not possible to dissect the role of hemichannels and GJCs. So far, it is clear that new tools are needed, such as specific and long half-life small molecules, antibodies or peptides that can dissect specifically the role of hemichannels and GJC (Riquelme et al., 2013). Until now, the use of connexin mimetic peptides has been the main tool for studying the acute role of hemichannels in the nervous system.
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Human immunodeficiency virus-1 (HIV-1) infection compromises the central nervous system (CNS) in a significant number of infected individuals, resulting in neurological dysfunction that ranges from minor cognitive deficits to frank dementia. While macrophages/microglia are the predominant CNS cells infected by HIV, our laboratory and others have shown that HIV-infected astrocytes, although present in relatively low numbers with minimal to undetectable viral replication, play key role in NeuroAIDS pathogenesis. Our laboratory has identified that HIV “hijacks” connexin (Cx) containing channels, such as gap junctions (GJs) and hemichannels (HCs), to spread toxicity and apoptosis to uninfected cells even in the absence of active viral replication. In this study, using a murine model with an astrocyte-directed deletion of Cx43 gene (hGFAP-cre Cx43fl/fl) and control Cx43fl/fl mice, we examined whether few HIV-infected human astrocytoma cells (U87-CD4-CCR5), microinjected into the mouse cortex, can spread toxicity and apoptosis through GJ-mediated mechanisms, into the mouse cells, which are resistant to HIV infection. In the control Cx43fl/fl mice, microinjection of HIV-infected U87-CD4-CCR5 cells led to apoptosis in 84.28 ± 6.38% of mouse brain cells around the site of microinjection, whereas hGFAP-cre Cx43fl/fl mice exhibited minimal apoptosis (2.78 ± 1.55%). However, simultaneous injection of GJ blocker, 18α-glycyrrhetinic acid, and Cx43 blocking peptide along with microinjection of HIV-infected cells prevented apoptosis in Cx43fl/fl mice, demonstrating the Cx43 is essential for HIV-induced bystander toxicity. In conclusion, our findings demonstrate that Cx43 expression, and formation of GJs is essential for bystander apoptosis during HIV infection. These findings reveal novel potential therapeutic targets to reduce astrocyte-mediated bystander toxicity in HIV-infected individuals because despite low to undetectable viral replication in the CNS, Cx channels hijacked by HIV amplify viral neuropathogenesis.
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INTRODUCTION

As reported by UNAIDS in 2015, approximately 36 million people are infected with human immunodeficiency virus-1 (HIV-1) worldwide (UNAIDS, 2016). In addition to immune compromise, HIV infection causes a wide spectrum of HIV-associated neurocognitive disorders (HAND) which range from mild cognitive disease to dementia, even in the context of successful anti-retroviral therapy (ART) (Anthony et al., 2005; Antinori et al., 2007; Heaton et al., 2010). HIV infection of the central nervous system (CNS) occurs within weeks of systemic infection, when circulating HIV-infected monocytes/macrophages enter the brain, and infect CNS-resident microglia, macrophages, and a small population of astrocytes (Wiley et al., 1999; Churchill et al., 2006). In the CNS, HIV-infected cells release a plethora of host and viral molecules (e.g., chemokines/cytokines and viral proteins, respectively), which promote neuroinflammation, even during ART when HIV replication is undetectable (Clifford, 2017). Interestingly, upon interruption of the ART, the virus re-emerges, suggesting existence of long-lasting viral reservoirs in HIV-infected individuals (Chun et al., 1999). Furthermore, despite peripheral control of HIV replication by ART, 50–60% of HIV-infected individuals have some degree of cognitive disease (Heaton et al., 2010), suggesting that HIV uses unknown replication-independent mechanisms to amplify damage within the CNS. Work from our laboratory has demonstrated that one of the mechanisms of CNS damage is elicited by HIV-infected astrocytes, which, while representing a small fraction of all astrocytes, act as a source of toxic, pro-apoptotic signals that spread to neighboring uninfected cells via connexin43 (Cx43) containing channels, gap junctions (GJ) and unopposed hemichannels (uHC), causing “bystander apoptosis” despite absence of viral replication (Eugenin and Berman, 2007, 2013; Eugenin et al., 2011; Orellana et al., 2014).

Gap junctions connect the cytoplasm of two adjoining cells enabling direct exchange of cytoplasmic products between the connected cells. Each GJ channel is formed from the docking of two hemichannels (HCs), and each HC comprises of a hexameric assembly of connexin (Cx) protein subunits (Bennett et al., 2003). Recently, our laboratory has identified that uHCs open under HIV-infected conditions enabling the release of intracellular factors into the extracellular milieu (Orellana et al., 2014). Both types of channels, GJs and uHCs, can pass molecules up to 1.2 kDa in size, including second messengers, ions, ATP, prostaglandins, small peptides, and RNA (Saez et al., 2003). Previously, we have demonstrated that HIV-infected astrocytes “hijack” GJs and uHCs to spread toxic, pro-apoptotic, and pro-inflammatory molecules, such as inositol triphosphate (IP3), Ca2+, glutamate, ATP, and prostaglandin E2 (PGE2), to vast areas of the CNS, into uninfected cells eliciting neuronal and glial compromise (Eugenin and Berman, 2007, 2013; Eugenin et al., 2011). Interestingly, in contrast to the uninfected cells, HIV-infected astrocytes were resistant to pro-apoptotic signals, and exhibited extended survival due to reduced mitochondrial function, IP3 receptor sensitivity, calcium response, and apoptosome formation (Eugenin and Berman, 2013). Importantly, all of these mechanisms were independent of HIV replication, and occur even in the presence of successful ART. We have also demonstrated that most of these mechanisms operate in vivo (i.e., in human and monkey brain tissue samples), underscoring the importance of glial cells and Cx43 containing channels in the pathogenesis of NeuroAIDS (Berman et al., 2016).

In the present study, we microinjected HIV-infected U87-CD4-CCR5 cells into the cortex of Cx43-expressing (Cx43fl/fl) and Cx43-deficient (hGFAP-cre Cx43fl/fl) mice, and assessed bystander apoptosis in the mouse cells. We demonstrate that Cx43 in astrocytes is essential for amplifying bystander apoptosis from few HIV-infected astrocytes to neighboring mouse cells which do not support viral replication. The mechanism of bystander apoptosis was dependent not only on Cx43 but also on IP3 receptor activation and intracellular calcium. Thus, we propose that HIV “hijacks” Cx43 containing channels even in the absence of HIV replication to amplify damage within the CNS.



MATERIALS AND METHODS

Materials

U87-CD4-CCR5 cells, HIVADA, and HIV-1 p24 antibody were obtained from NIH AIDS Reagent program (Germantown, MD, United States). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin, trypsin-EDTA, secondary antibody conjugated to FITC, and prolong gold anti-fade reagent with DAPI were purchased from Thermo Fisher Scientific (Waltham, MA, United States). The in situ cell death detection kit, TUNEL was purchased from Roche (Mannheim, Germany). BAPTA-AM, 18α-glycyrrhetinic acid (AGA), and isoflurane were procured from Sigma–Aldrich (St. Louis, MO, United States). Xestospongin C (XeC) was purchased from Tocris (Bristol, United Kingdom). Cx43 blocking peptide and scrambled (Scr) peptide were obtained from PeproTech (Rocky Hill, NJ, United States).

Methods

Cx43 Conditional Knockout Mice

Mice with astrocyte-specific deletion of Cx43 were generated by interbreeding of Cx43fl mice (Theis et al., 2001), in which the Cx43 coding region is flanked by loxP sites, with mice carrying a cre re-combinase transgene under the human glial fibrillary acidic protein (GFAP) promoter, hGFAP-cre (Zhuo et al., 2001) (Figure 1A). In astrocyte cultures from hGFAP-cre Cx43fl/fl mice, at least 90% of the cells displayed loss of Cx43 expression after 4 weeks in culture (Theis et al., 2003). Similar results of loss of Cx43 expression (approximately 90%) were observed for our animals using Western blotting (data not shown). For the present study, we used five adult male hGFAP-cre Cx43fl/fl mice, and as controls, four adult male Cx43fl/fl mice.


[image: image]

FIGURE 1. Cre-mediated deletion of Cx43 expression. (A) Represents the concept of cre-mediated deletion of floxed DNA at the Cx43 locus, leading to expression of lacZ in the cells that display Cx43 gene activity. Since cre transgene is under the human GFAP promoter (hGFAP-cre), Cx43 is specifically deleted in astrocytes. Cx43 cdr: Cx43 coding region; tk/neo: herpes simplex virus thymidine-kinase/neomycin phosphotransferase; NLS lacZ: lacZ reporter gene with nuclear localization signal; SV40 pA: SV40 polyadenylation signal; H: HindIII restriction site [Adapted from Theis et al. (2003)]. (B) Represents experimental strategy of microinjecting HIV-infected/uninfected human U87-CD4-CCR5 cells in Cx43fl/fl and hGFAP-cre Cx43fl/fl mice. Human U87-CD4-CCR5 astrocytoma cells were infected with HIVADA (50 ng/ml) for 24 h, and then microinjected into cortices of Cx43fl/fl and hGFAP-cre Cx43fl/fl mice. After 48 h of microinjection, extent of bystander toxicity was analyzed in the mouse cortex by detecting apoptosis with TUNEL assay. In the contra-lateral hemisphere, mice were injected with uninfected U87-CD4-CCR5 cells, which served as control for microinjection of HIV-infected cells.



HIV Infection of U87-CD4-CCR5 Cells

Human astrocytoma cells transfected with CD4 and CCR5, U87-CD4-CCR5, were obtained from NIH AIDS Reagent Program (Germantown, MD, United States). CD4 and CCR5 transfection enables the U87 cells to achieve 90–95% infection with HIV, and is widely used to study HIV infection in astrocytes (Bjorndal et al., 1997; Orellana et al., 2014). U87-CD4-CCR5 cells were grown in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Prior to microinjection, U87-CD4-CCR5 cells were infected with HIVADA (50 ng/ml) for 24 h (Figure 1B). The cells were washed once with the media to remove any free virus. The cells were then re-suspended in phosphate buffered saline (PBS) at a density of 3,000 cells/0.5 μl for microinjection.

Microinjection of U87-CD4-CCR5 Cells in Mouse Cortex

For microinjection, four adult male Cx43fl/fl mice and five adult male hGFAP-cre Cx43fl/fl mice, 6 weeks of age were used in the study. The mice were anesthetized by isoflurane inhalation for the procedure (nose cone providing continuous 1.5% isoflurane). The microinjection of U87-CD4-CCR5 cells was performed as described in approved IACUC protocol 12016D015 (Rutgers University, NJ, United States). Once anesthetized, the top of the animal’s head was shaved, and sterilized with a betadine pad. A 0.5 cm incision was made, and the skin was folded back to expose the top of the cranium. A 0.01 cm hole was made into the top of the cranium using a small drill exposing the mouse brain. In this opening, a Hamilton Neuros syringe was used to inject 3,000 HIV-infected U87-CD4-CCR5 astrocytoma cells in total a volume of 0.5 μl, at four different sites in the gray matter of the somatosensory cortex (S1). The syringe needle had a fixed length (0.1 cm) to ensure that the injection is made to the cortex. After the injection, the skin was sutured using tissue adhesive. As a control, the same animal was injected with uninfected U87-CD4-CCR5 cells in a similar manner in the contralateral hemisphere, to negate the effects of host immune response on the results. The mice were kept under continuous observation after the procedure. For experiments with chemical and peptide blockers, the following concentrations were used: 18α-glycyrrhetinic acid (AGA): 35 μM; Cx43 blocking peptide: 100 μM; Scr peptide: 100 μM; Xestospongin C: 10 μM; BAPTA-AM: 5 μM. As per the experiment, either inhibitors or peptides were added to the cell mix (3,000 cells/0.5 μl) prior to microinjection. All these blockers were tested in different cell lines and models to assure specificity, concentration and toxicity (Eugenin and Berman, 2007, 2013). As a control, the same animal was injected with either HIV-infected or uninfected U87-CD4-CCR5 cells without the inhibitor/peptide in the contralateral hemisphere. After 48 h of microinjection, the mice were sacrificed by cervical dislocation and brains were harvested. We concluded our experiments 48 h post-microinjection because bystander apoptosis was evident at that time, and to reduce pain and suffering of the animals.

Immunohistochemistry and Apoptosis Assay

Harvested mice brains were fixed in 4% paraformaldehyde for 24 h and then transferred to 30% sucrose solution at 4°C. After 48 h, the brains were sectioned into 10-μm-thick coronal sections. For each animal, 20–40 sections were analyzed to reconstruct the injected area and to quantify bystander killing. Apoptosis was detected by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay as described previously (Eugenin and Berman, 2013). Briefly, tissue sections were incubated in TUNEL reaction mixture (Enzyme solution:Label solution 1:9) at 37°C for 1 h, washed three times with PBS, and proceeded for immunohistochemistry. The tissue sections were permeabilized with 0.01% Triton × 100, washed three times with PBS, and then incubated in blocking solution (50 μM EDTA, 1% fish gelatin, 1% bovine serum albumin, 2% human serum, and 2% horse serum) for 2 h at room temperature (RT). The samples were then incubated with HIV-1 p24 antibody (1:50), overnight at 4°C. Then, the tissue samples were washed several times with PBS at RT, and incubated with the appropriate secondary antibody conjugated to FITC for 2 h at RT. Following several washes with PBS, the tissue sections were mounted with prolong gold anti-fade reagent with DAPI. The tissue samples were examined by Leica SP2 confocal microscope (Leica, Germany), and analyzed by Adobe Photoshop, NIH ImageJ, and Nikon NIS Elements software. For calculating the percentage of apoptotic cells around the site of microinjection, a circular area of 200 μm radius from the site of microinjection was assessed for the presence of TUNEL-positive nuclei. Percentage of apoptotic cells was calculated by counting the total number of TUNEL-positive nuclei versus the total number of nuclei stained with DAPI in the circular area of 200 μm radius from the site of microinjection.

Statistical Analysis

All data are presented as mean ± standard deviation (SD). Each animal was microinjected at four sites, and in the figures, one dot represents one microinjection. All statistical analysis have been performed using one-way ANOVA. The p-values < 0.05 were considered significant.



RESULTS

Microinjection of HIV-Infected Human Astrocytoma Cells into the Brain of Cx43 Expressing Mouse Induces Bystander Apoptosis in Mouse Cells

To examine bystander apoptosis in the absence of HIV infection, we microinjected 3000 U87-CD4-CCR5 cells into the cortex of mice containing astrocyte-specific deletion of Cx43, hGFAP-cre Cx43fl/fl, and control, Cx43fl/fl mice (with normal expression of Cx43) (Figure 1B). The U87-CD4-CCR5 cells were infected with HIVADA (50 ng/ml) for 24 h, and based on HIV-p24 immunostaining, approximately 90–95% cells were infected after the first round of replication (data not shown). Specifically, 3000 HIV-infected U87-CD4-CCR5 cells were microinjected at four sites in the somatosensory cortex (S1) of hGFAP-cre Cx43fl/fl and Cx43fl/fl mice. As a control, equal number of uninfected U87-CD4-CCR5 cells was microinjected into the contralateral hemisphere of the same animal. After 48 h of microinjection, the animals were sacrificed, and the brains were sectioned and analyzed for apoptosis.

Microinjection of human HIV-infected astrocytoma cells into cortex of Cx43fl/fl mice led to significant apoptosis, and approximately 84.28 ± 6.38% host cells were apoptotic in the region surrounding the site of microinjection [Figures 2A(Upper panel), 2B]. In contrast, microinjection of HIV-infected human astrocytes into hGFAP-cre Cx43fl/fl mice resulted in minimal apoptosis (2.78 ± 1.55%) around the site of microinjection [Figures 2A(Lower panel), 2B]. Microinjection of uninfected human astrocytoma cells resulted in minimal apoptosis in Cx43fl/fl (3.72 ± 1.44%) as well as in hGFAP-cre Cx43fl/fl (3.23 ± 1.53%) mice at the site of microinjection (Figure 2B and Table 1). Microinjection of cell free virus (50 ng/ml) did not altered the levels of apoptosis (data not shown). Since HIV does not infect mouse cells as the viral envelope glycoprotein, gp120, does not engage mouse CD4 receptors (Browning et al., 1997), we propose that the microinjected human astrocytoma cells form GJs with resident mouse brain cells (Supplementary Figure S1 and Supplementary Data), and the cytoplasmic apoptotic factors generated in HIV-infected U87-CD4-CCR5 cells diffuse into uninfected host cells via Cx43 GJs and lead to their apoptosis.
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FIGURE 2. Microinjection of HIV-infected cells induces bystander apoptosis in mice cortex. Human U87-CD4-CCR5 cells infected with HIVADA (50 ng/ml) were microinjected into the cortices of Cx43fl/fl as well as hGFAP-cre Cx43fl/fl mice, and after 48 h, animals were sacrificed and brain sections were analyzed for apoptosis by TUNEL assay. (A) Representative images showing apoptosis (TUNEL, red) upon microinjection of HIV-infected astrocytes in Cx43fl/fl as well as hGFAP-cre Cx43fl/fl mice. HIV-p24 has been labeled with FITC (green), and cell nuclei with DAPI (blue). White lines in the merged images show the direction of microinjection. Scale bar denotes 75 μm. (B) Graphical representation of the extent of bystander apoptosis observed in a circular area of 200 μm around the site of microinjection in Cx43fl/fl and hGFAP-cre Cx43fl/fl mice. Microinjection of HIV-infected cells led to significant apoptosis in Cx43fl/fl mice as GJs were formed between the microinjected human cells and murine host cells, which resulted in the diffusion of apoptotic factors generated in a few HIV-infected cells to host cells leading to their apoptosis. However, hGFAP-cre Cx43fl/fl mice displayed minimal apoptosis even after microinjection of HIV-infected cells, possibly due to the absence of Cx43 GJs and HCs in these animals. (C) Represents the radius of bystander apoptosis which is the maximum distance of apoptotic cells from the site of microinjection of either HIV-infected or uninfected cells. The Cx43fl/fl mice where HIV-infected cells were microinjected exhibit significantly larger radius of bystander apoptosis as compared to Cx43fl/fl mice that received uninfected cells or hGFAP-cre Cx43fl/fl mice that received either HIV-infected or uninfected cells. Each dot in the graphs (B,C) represents a microinjection. Each animal was microinjected at four sites; hence, in total, there were 16 microinjections for Cx43fl/fl mice and 20 microinjections for hGFAP-cre Cx43fl/fl mice. ∗∗p < 0.005; n.s. – not significant.



TABLE 1. Bystander apoptosis in Cx43fl/fl and hGFAP-cre Cx43fl/fl mice upon microinjection of either uninfected or HIV-infected U87-CD4-CCR5 cells under various treatment conditions.
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To quantify the degree of damage, we measured the radius of bystander apoptosis, as determined by the presence of apoptotic cells in a circular area from the site of microinjection of HIV-infected/uninfected cells. As shown in Figure 2C, Cx43fl/fl mice expressing Cx43 GJ channels and HCs had amplification of apoptosis as upon microinjection of HIV-infected astrocytoma cells, TUNEL-positive cells were observed up to a distance of 199.72 ± 49.52 μm from the site of microinjection as opposed to 20.56 ± 23.63 μm when uninfected U87-CD4-CCR5 cells were microinjected (Table 1). However, microinjection of HIV-infected cells into hGFAP-cre Cx43fl/fl mice resulted in minimal cell death (Figure 2B), and apoptotic cells were observed only up to a distance of 3.81 ± 3.57 μm from the site of microinjection, exhibiting much smaller radius of bystander apoptosis as compared to Cx43fl/fl mice (Figure 2C). It is important to mention here that even microinjection of uninfected cells in hGFAP-cre Cx43fl/fl mice had significantly smaller radius of toxicity (2.59 ± 2.86 μm) as compared to Cx43fl/fl mice (20.56 ± 23.63 μm) (Figure 2C), which underscores the role of Cx43 channels in mediating the spread of toxic factors from damaged/pro-apoptotic cells to healthy cells during any pathology. Hence, we propose that the amplification of apoptosis was dependent on the microinjection of HIV-infected cells as well as on the presence of Cx43 GJ channels and HCs to propagate apoptotic stimuli from few HIV-infected cells to the uninfected cells.

Functional GJs/HCs Are Required for Propagation of Apoptotic Factors from HIV-Infected Cells to Uninfected Cells

To further characterize the role of Cx43 containing GJs and HCs in mediating HIV-induced bystander apoptosis, inhibitor for GJ-mediated communication, 18α-glycyrrhetinic acid, AGA (35 μM), and Cx43 blocking peptide (100 μM), which blocks both Cx43 GJs and HCs, were used in the study. A Scr peptide was also used in the study as a negative control for Cx43 blocking peptide. At the time of microinjection, either AGA or Cx43 blocking peptide or Scr peptide was administered along with HIV-infected/uninfected U87-CD4-CCR5 cells into the cortices of hGFAP-cre Cx43fl/fl and Cx43fl/fl mice. After 48 h, the animals were sacrificed, and the brains were sectioned and analyzed for apoptosis.

As shown in Figure 3A, microinjection of HIV-infected U87-CD4-CCR5 cells into cortices of Cx43fl/fl mice led to significant apoptosis around the site of microinjection (84.28 ± 6.38%). However, injection of AGA along with HIV-infected cells prevented apoptosis as these animals exhibited significantly lesser percentage of apoptotic cells (23.30 ± 7.51%), implicating the role of GJs in mediating HIV-induced bystander apoptosis. Similarly, simultaneous injection of Cx43 blocking peptide averted apoptosis (19.22 ± 15.82% apoptotic cells) upon microinjection of HIV-infected cells in the Cx43fl/fl mice (Figure 3B). The control animals (Cx43fl/fl) where Scr peptide was injected along with HIV-infected cells exhibited 80.56 ± 12.02% apoptotic cells around the site of microinjection, confirming the role of Cx43 GJs and HCs in mediating HIV-induced bystander apoptosis. As expected, microinjecting HIV-infected U87-CD4-CCR5 cells into hGFAP-cre Cx43fl/fl mice cortices either in presence or absence of AGA/Cx43 blocking peptide did not alter the percentage of apoptotic cells due to the lack of Cx43 GJs and HCs (Figures 3A,B). These results indicate that Cx43 channels, GJs as well as HCs, are required for bystander killing of uninfected cells surrounding HIV-infected astrocytes.
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FIGURE 3. Blocking Cx43 prevents bystander toxicity induced by HIV-infected cells in the mouse brain. Human U87-CD4-CCR5 cells infected with HIVADA (50 ng/ml) were microinjected into the cortices of Cx43fl/fl as well as hGFAP-cre Cx43fl/fl mice, and simultaneously either GJ blocker, AGA (35 μM), or Cx43 blocking peptide (100 μM) was injected to inhibit GJ- and HC-mediated communication. After 48 h, animals were sacrificed, and brain sections were analyzed for apoptosis by TUNEL assay. (A,B) Blocking GJ-mediated communication by AGA (A), and blocking GJ- as well as Cx43 HC-mediated crosstalk by Cx43 blocking peptide (B) led to prevention of apoptosis in Cx43fl/fl mice signifying the role of Cx43 in mediating HIV-induced bystander toxicity. However, hGFAP-cre Cx43fl/fl mice had no effect on apoptotic cell death upon injection of either AGA (A) or Cx43 blocking peptide (B) due to the absence of Cx43 GJs and HCs. (C,D) Cx43fl/fl mice where either AGA (C) or Cx43 blocking peptide (D) was administered along with microinjection of HIV-infected cells, also had significantly smaller radii of bystander apoptosis as compared to Cx43fl/fl mice with active GJ and HC crosstalk, implying the role of Cx43 GJs and HCs in bystander apoptosis. ∗∗p < 0.005; n.s. – not significant.



Similarly, the radius of bystander apoptosis from the site of microinjection of HIV-infected cells was significantly smaller when either AGA (51.61 ± 22.71 μm) (Figure 3C) or Cx43 blocking peptide (34.44 ± 6.54 μm) (Figure 3D) was injected along with HIV-infected cells in Cx43fl/fl mice as opposed to when the HIV-infected cells were microinjected alone (199.72 ± 49.52 μm). However, in case of hGFAP-cre Cx43fl/fl mice, the addition of neither AGA (Figure 3C) nor Cx43 blocking peptide (Figure 3D) during microinjection of HIV-infected/uninfected cells had any significant difference in the radius of bystander apoptosis due to the absence of Cx43 channels. These observations reiterate the significance of Cx43 GJs and HCs in mediating bystander apoptosis of uninfected cells during HIV pathogenesis.

Bystander Apoptosis in Mice Microinjected with HIV-Infected Human Astrocytes Involves Inositol Triphosphate Receptor Activation and Increase in [Ca2+]i

Bystander apoptosis during HIV infection in astrocytes has been reported to involve cytochrome c, IP3 receptors (IP3Rs), and Ca2+ release (Eugenin and Berman, 2013). To determine whether bystander apoptosis in mice cortices upon microinjection of HIV-infected cells involved IP3Rs and Ca2+ signaling, Xestospongin C (XeC), an IP3R antagonist, and BAPTA-AM, a cell-permeant Ca2+ chelator, were used in the study. At the time of microinjection, either XeC (10 μM) or BAPTA-AM (5 μM) was administered along with HIV-infected/uninfected U87-CD4-CCR5 cells into the cortices of hGFAP-cre Cx43fl/fl and Cx43fl/fl mice. After 48 h, animals were sacrificed and brain sections were analyzed for apoptosis by TUNEL assay. As shown in Figure 4A, inhibition of IP3R-mediated Ca2+ release by XeC resulted in significantly lesser percentage of apoptotic cells (30.55 ± 16.55%) in Cx43fl/fl mice after microinjection of HIV-infected cells as opposed to control conditions (84.28 ± 6.38%). Morover, abolishing increase in intracellular Ca2+ levels by addition of BAPTA-AM prevented bystander apoptosis as only 14.91 ± 6.54% cells were apoptotic after microinjection of HIV-infected cells in Cx43fl/fl mice (Figure 4C). However, use of either XeC or BAPTA-AM during microinjection of HIV-infected U87-CD4-CCR5 cells into hGFAP-cre Cx43fl/fl mice cortices had no significant difference on the extent of bystander apoptosis as these animals do not express Cx43 GJs and HCs (Figures 4A,C). These results suggest that HIV-induced bystander apoptosis involves IP3R activation and increase in intracellular Ca2+ levels.
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FIGURE 4. Bystander apoptosis induced by HIV-infected astrocytes microinjected in mice brain involves IP3Rs and Ca2+ release. Human U87-CD4-CCR5 cells infected with HIVADA (50 ng/ml) were microinjected into the cortices of Cx43fl/fl as well as hGFAP-cre Cx43fl/fl mice, and simultaneously either IP3R blocker, XeC (10 μM), or intracellular Ca2+ chelator, BAPTA-AM (100 μM), was administered to assess Ca2+ dependency. After 48 h, animals were sacrificed, and the brain sections were analyzed for apoptosis by TUNEL assay. (A,B) Bystander apoptosis induced by microinjected HIV-infected cells in Cx43fl/fl mice involved IP3R-mediated Ca2+ release, since inhibition of IP3R activation by XeC prevented bystander toxicity as assessed by percentage of apoptotic cells (A) as well as by radius of bystander apoptosis from the site of microinjection (B). (C,D) Administration of BAPTA-AM along with microinjection of HIV-infected cells in Cx43fl/fl mice also averted toxicity by regulating [Ca2+]i levels leading to lesser percentage of apoptotic cells (C) and smaller radius of bystander apoptosis (D) as compared to control condition. However, in case of hGFAP-cre Cx43fl/fl mice, use of either XeC (A,B) or BAPTA-AM (C,D) had no significant effect as these animals did not exhibit bystander apoptosis due to lack of Cx43 GJs and HCs. ∗∗p < 0.005; n.s. – not significant.



Analysis of the radius of bystander apoptosis from the site of microinjection of HIV-infected/uninfected cells revealed similar observations. The use of XeC and BAPTA-AM restricted the presence of apoptotic cells to 51.36 ± 32.34 μm (Figure 4B) and 23.28 ± 7.04 μm (Figure 4D), respectively, from the site of microinjection in Cx43fl/fl mice, whereas the control mice exhibited much larger radius of bystander apoptosis (199.72 ± 49.52 μm) when HIV-infected astrocytes were microinjected without IP3R inhibitor and Ca2+ chelator. hGFAP-cre Cx43fl/fl mice did not exhibit any significant differences in terms of radius of bystander apoptosis upon microinjection of HIV-infected cells with either XeC (Figure 4B) or BAPTA-AM (Figure 4D). These results stregthen our observations that Cx43 GJs and HCs mediate HIV-induced bystander toxicity which involves activation of IP3Rs and elevation of intracellular Ca2+ levels.



DISCUSSION

In the current scenario of combined ART, HIV/AIDS has transformed from a life-threatening disease to a chronic disorder that compromises the surviving HIV-infected individuals with accelerated aging, immune reconstitution inflammatory syndrome, ART-associated toxicities, and persistence of the virus in latent hard-to-detect viral reservoirs in anatomical sites including the brain (Johnson and Nath, 2011; Nath and Clements, 2011). Although the prevalence of HIV-associated dementia has declined considerably in the post-ART era, the increasing pervasiveness of the milder forms of neurocognitive impairment still poses a threat to the complete eradication of the virus from the infected individuals (Chan et al., 2016).

Though the extent of HIV infection in the brain is limited to perivascular macrophages, microglia, and a small percentage of astrocytes, the magnitude of HIV neuropathogenesis suggests the involvement of certain host intercellular communication systems that amplify HIV pathology (Malik and Eugenin, 2016). Our laboratory and others have demonstrated that HIV infection targets host intercellular communication systems including GJs, HCs, tunneling nanotubes, and microvesicles/exosomes leading to widespread inflammation (Konadu et al., 2015), bystander apoptosis of uninfected cells (Eugenin et al., 2011), and assist the virus in evading host immune response (Kadiu et al., 2012). Several pathological conditions such as ischemia, stroke and traumatic brain injury, as well as viral and bacterial infections lead to down-regulation of Cx expression and hence GJ-mediated communication (Eugenin et al., 2012). However, during HIV infection, GJ-mediated communication is maintained in astrocytes which enables the diffusion of toxic/apoptotic signals from the few HIV-infected cells to gap-junctionally coupled uninfected cells, thereby amplifying HIV neuropathogenesis (Eugenin and Berman, 2007, 2013; Eugenin et al., 2011).

Our previous studies on HIV-induced bystander toxicity have revealed that HIV-infected astrocytes exhibit mitochondrial dysfunction which leads to an uncontrolled release of cytochrome c into the cytoplasm resulting in apoptosis of surrounding uninfected cells (Eugenin and Berman, 2013). We have demonstrated that second messengers, IP3 and Ca2+, generated in HIV-infected astrocytes as a consequence of mitochondrial dysfunction, diffuse into the surrounding uninfected cells via GJs, leading to their apoptosis since blocking either GJ crosstalk or cytochrome c/IP3 signaling abolished bystander apoptosis (Eugenin and Berman, 2013). Since the major Cx in astrocytes is Cx43, we wanted to critically examine the role of Cx43 in mediating HIV-induced bystander apoptosis.

HIV encounters dual restriction during infection and replication in the murine cells. First, the interaction between viral envelope protein, gp120, and murine surface receptors, CD4 and CCR5, does not lead to infection in the mouse cells (Browning et al., 1997). Second, HIV transactivating protein (Tat) does not bind to mouse cyclin-T1 and hence cannot activate viral transcription in the murine cells (Garber et al., 1998). Hence, murine models are relevant to study HIV-induced bystander damage in brain cells due to their inability to support HIV infection and replication. To decipher the role of astrocytic Cx43, we used a murine model with an astrocyte-directed deletion of Cx43 gene, hGFAP-cre Cx43fl/fl. This mouse model has been extremely useful in studies dealing with astrocyte-specific deletion of Cx43 (Frisch et al., 2003; Theis et al., 2003, 2004; Sridharan et al., 2007), especially because systemic deletion of Cx43 causes early postnatal death (Reaume et al., 1995).

In this study, we have demonstrated that HIV-infected human astrocytoma U87-CD4-CCR5 cells microinjected into the mouse brain, form GJs with resident mouse brain cells, and the apoptotic factors generated in these HIV-infected cells diffuse into uninfected host cells via Cx43 GJs, and lead to their apoptosis. Our results clearly signify the role of Cx43 GJs and HCs in mediating the spread of toxic factors from damaged/pro-apoptotic cells to healthy cells during HIV pathogenesis, as even without supporting HIV infection/replication, mouse brain cells undergo apoptosis owing to the presence of Cx43 protein. The involvement of Cx43 GJs and HCs in bystander apoptosis in the context of HIV is supported by our results from Cx43-deficient hGFAP-cre Cx43fl/fl mouse model, as well as from experiments using GJ blocker and Cx43 blocking peptide in Cx43fl/fl mouse model. Normally, Cx43 is down-regulated in viral infections, but CNS HIV infection is different because HIV uses Cx43 to spread toxicity from few HIV-infected cells to uninfected cells including neurons, astrocytes, and endothelial cells. Thus, Cx43 is used by the non-replicating virus to survive in the host.

Cx43 is the principle Cx in astrocytes, and plays an important role in neuroglia interactions (Malik and Eugenin, 2017). Cx43 knockout animals have been shown to exhibit impaired neuronal plasticity (Han et al., 2014), altered glutamatergic synaptic activity (Chever et al., 2014), and neurodevelopmental defects (Wiencken-Barger et al., 2007). However, limiting GJ-mediated communication during stroke (Wu et al., 2015), ischemia (Contreras et al., 2004), and oxidative stress (Blanc et al., 1998) has been documented to reduce neuronal apoptosis. Moreover, certain GJ blockers have been shown to exhibit neuroprotective as well as cardioprotective effects, and hence partially blocking gap-junctional communication could be favorable in certain pathological events (Herve and Sarrouilhe, 2005; Schulz et al., 2015).

Our study provides significant insights into the role of Cx43 in HIV-induced bystander apoptosis, and is highly relevant since even a low rate of HIV infection in astrocytes represents a significant viral reservoir which could reactivate and repopulate the periphery during ART withdrawal (Li et al., 2016). Since astrocytes form extensive intercellular GJ networks that amplify HIV neuropathogenesis several folds, astrocytes warrant extensive examination to limit the increasing rates of cognitive disease in HIV-infected individuals.
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Retinal horizontal cells (HCs) feed back negatively to cone photoreceptors and in that way generate the center/surround organization of bipolar cell receptive fields. The mechanism by which HCs inhibit photoreceptors is a matter of debate. General consensus exists that horizontal cell activity leads to the modulation of the cone Ca-current. This modulation has two components, one fast and the other slow. Several mechanisms for this modulation have been proposed: a fast ephaptic mechanism, and a slow pH mediated mechanism. Here we test the hypothesis that the slow negative feedback signal from HCs to cones is mediated by Panx1 channels expressed at the tips of the dendrites of horizontal cell. We generated zebrafish lacking Panx1 and found that the slow component of the feedback signal was strongly reduced in the mutants showing that Panx1 channels are a fundamental part of the negative feedback pathway from HCs to cones.
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INTRODUCTION

A fundamental feature of the vertebrate visual system is that many of its neurons have receptive fields with a center/surround organization. Such organization is crucial for phenomena like contrast enhancement and redundancy reduction (see for instance: Chalupa and Werner, 2003). The first place in the visual system, where the center/surround organization of receptive fields occurs, is in the outer retina, where cones, horizontal cells (HCs) and bipolar cells (BCs) interact at the cone synaptic terminal. Each HC receives input from multiple cones and neighboring HCs are strongly coupled electrically. Consequently, they have large receptive fields. HCs feed back negatively to cones and in that way generate the surround responses of the BCs via a process called lateral inhibition (see for instance: Chalupa and Werner, 2003). In addition to this there is also some evidence that HCs might feed back positively to cones (Jackman et al., 2011).

Despite the essential role in vision, played by this lateral inhibition process, its underlying mechanism has puzzled the neuroscience community for decades. The synaptic interaction between cones and HCs turns out to be surprisingly complex (see for reviews: Klaassen et al., 2012; Thoreson and Mangel, 2012; Kramer and Davenport, 2015; Chapot et al., 2017). General agreement exists that hyperpolarization of HCs leads to a shift of the activation function of the Ca-current (ICa) in cones to more hyperpolarized potentials (Verweij et al., 1996). This has been found in all species studied so far (goldfish, zebrafish, mouse, newt, salamander, primate; Verweij et al., 1996, 2003; Hirasawa and Kaneko, 2003; Cadetti and Thoreson, 2006; Thoreson et al., 2008; Klaassen et al., 2011). However, there is less consensus regarding the mechanism that induces this shift. There is evidence that the modulation of ICa in cones is due to: (1) an ephaptic mechanism (Kamermans et al., 2001; Klaassen et al., 2012); (2) a pH dependent mechanism (Hirasawa and Kaneko, 2003; Davenport et al., 2008; Thoreson et al., 2008; Wang et al., 2014; Warren et al., 2016a); and (3) a GABAergic mechanism (Wu and Dowling, 1980; Tachibana and Kaneko, 1984; Tatsukawa et al., 2005; Hirano et al., 2016).

The ephaptic mechanism strongly depends on connexin (Cx) hemichannels. Cxs are proteins that form gap-junction; i.e., large ion-channels between cells. In some occasions they can function as hemichannels (Kamermans et al., 2001). These hemichannels are non-selective, highly conductive, transmembrane ion channels. Current flows into the HC dendrites via the Cx-hemichannels, which generates a slight negativity deep in the synaptic cleft of the cone synaptic terminal. This negativity is sensed by the Ca-channels of the cone and is visible as a shift of the activation function of ICa to negative potentials (Kamermans et al., 2001). When Cx-hemichannels at the tips of HCs dendrites are lacking, feedback responses in cones are reduced (Shields et al., 2007; Klaassen et al., 2011). The ephaptic feedback pathway, being purely electrical, is extremely fast (synaptic delay <1 ms; Vroman et al., 2014).

There is no consensus about the pH mechanism. When discussing the mechanism by which the pH in the synaptic cleft is modulated, it is good to consider the properties of such a mechanism. As argued in Vroman et al. (2014), it is unlikely that protons are taken up or released, since this would be highly unreliable because of the very small amount of free protons available in the synaptic cleft. A change in pH buffer capacity is needed for a reliable change in pH. Vroman et al. (2014) suggested that pannexins were involved in this pH mechanism. Pannexins (Panx) are proteins related to Cxs. However, Panxs do not form gap-junctions but function as transmembrane channels. Just as Cx-hemichannels, these Panxs-channels are non-selective, highly conductive, ion channels. Furthermore, Pannexin1 (Panx1) is implicated in ATP release (Bao et al., 2004; MacVicar and Thompson, 2010). Vroman et al. (2014) proposed that the pH dependent mechanism relies on ATP released via Panx1 channels that are expressed at the tips of HC dendrites. Nucleoside triphosphate diphosphohydrolase-1 (NTPDase1) and Adenosine deaminase (ADA) hydrolyzes the ATP released in the synaptic cleft into inosine, phosphate groups, and protons. This generates a phosphate buffer that acidifies the synaptic cleft and inhibits ICa in cones. Hyperpolarization of HCs leads to the closure of the Panx1 channels thereby reducing ATP release. This in turn leads to a reduction of the phosphate buffer concentration in the synaptic cleft, which then alkalizes, and ICa increases. This Panx1/ATP pathway is very slow (time constant is ≥200 ms; Vroman et al., 2014).

Warren et al. (2016a) proposed that HCs regulate the proton concentration in the synaptic cleft via modulation of the Na+/H+ exchanger. The main problem with this suggestion is that this transporter is electrically neutral and therefore cannot modulate the proton concentration in a HC membrane potential dependent manner; a prerequisite for being the feedback mechanism. The authors acknowledged this and suggested that the release of bicarbonate might also be involved. Could it be that a bicarbonate buffer is being modulated in the synaptic cleft instead of the phosphate buffer? The fundamental difference between the two is that a bicarbonate buffer is a so-called “open buffer” whereas the phosphate buffer is a “closed buffer”. In a closed buffer system the sum of the concentrations of the bound and unbound buffer component remains equal, whereas in an open buffer system this can change depending on the pH. CO2 can be formed and escape the system easily by diffusion. This difference is essential. The bicarbonate concentration is in equilibrium with the local CO2 concentration. The conversion of H2O and CO2 into bicarbonate is catalyzed by the enzyme carbonic anhydrase, which is one of the fastest regulatory enzymes known (Stryer, 1981). This enzyme is present in the synaptic cleft (Fahrenfort et al., 2009), which means that the amount of bicarbonate will strongly depend on the local CO2 concentration. This will be controlled by all the cells near the synapse, like cones, HCs, BCs and Müller cells. As such, the system is an unreliable way of modifying the pH buffer capacity in a manner that only depends on the HC membrane potential.

The third proposed feedback mechanism is GABA. Endeman et al. (2012) showed that GABA inhibits negative feedback on a very slow timescale. It is a neuromodulator. Kemmler et al. (2014) came to a similar conclusion for mouse retina. Additionally, Liu et al. (2013) showed that GABA-receptors are permeable for HCO3−. So activating GABA receptors might, in addition to the effect it will have on the HC membrane potential, also affect the basal pH in the synaptic cleft to some extent. Both these actions will indirectly affect feedback. This might be the reason that mice lacking the vesicular GABA transporter in HCs (Cx57-VGAT−/−) have disturbed feedback responses (Hirano et al., 2016).

Vroman et al. (2014) showed that in goldfish and zebrafish the ephaptic- and pH-feedback mechanisms are both present and generate a feedback system that has a fast and a slow component. Warren et al. (2016b) confirmed that there are two components to feedback with different kinetic properties. In the present study we set out to test the involvement of Panx1 channels in feedback from HCs to cones using genetic methods, because pharmacological manipulations that interfere with the extracellular pH, often induce additional confounding effects (see for instance: Fahrenfort et al., 2009).

Zebrafish express two isoforms of Panx1—Panx1a and Panx1b. In order to determine the role of either Panx1, we generated zebrafish (Danio Rerio) lacking these isoforms using transcription activator-like effector nuclease (TALEN) technology. The lack of Panx1a or Panx1b or both did not affect the development or organization of the outer retina. However, feedback responses measured in cones were strongly reduced, especially the slow component of feedback. Previously we have shown that the fast component of feedback in Cx55.5−/− animals is reduced (Klaassen et al., 2011). Thus, feedback responses in zebrafish with mutations in the two key proteins of the negative feedback pathway (Cx55.5—fast feedback and Panx1—slow feedback) were strongly reduced in a manner consistent with the model proposed by Vroman et al. (2014).



MATERIALS AND METHODS


Experimental Animals

This study was carried out in accordance with the recommendations and the approval of the Competent Authority (CCD-license AVD801002017830), the ethical committee of the Royal Netherlands Academy of Arts and Sciences (DEC-KNAW) and the Animal Welfare Body of the Netherlands Institute for Neuroscience (IvD-NIN), acting in accordance with the European Communities Council Directive 2010/63/EU.

Wild type zebrafish, Danio Rerio, (TL strain) were obtained from the Zebrafish International Resource Center (Eugene, OR, USA; NIH-NCRR grant #RR12546). Male and female fish were maintained in aquaria at 28° to 28.5°C under a 14/10 h light/dark cycle. Zebrafish were fed 2–3 times a day on a diet of live Artemia nauplii (INVE Technologies, Dendermond, Belgium; INVE Aquaculture, Salt Lake City, UT, USA) and dry food (Luckstar feed #0.2; Catvis, Netherlands). Zebrafish lines were propagated by natural mating initiated by the onset of light. Embryos were grown at 28° to 28.5°C in E3 containing 1 × 10−5% methylene blue (Sigma, St. Louis, MO, USA) under standard conditions. In the present study, wild-type and Panx1a−/−, Panx1b−/−, Panx1a−/−/Panx1b−/−, Cx55.5−/− (ZFIN ID: ZDB-ALT-1109020-1) and Cx55.5−/−/Panx1a−/− mutant zebrafish were used.



Generation of the Mutant Zebrafish

The Cx55.5−/− mutant zebrafish were generated using the TILING technique and have been described before (Klaassen et al., 2011). Panx1−/− mutant zebrafish were generated using TALENS technology described by Bedell et al. (2012) and Sanjana et al. (2012). TALENs recognizing their DNA-binding sites via protein domains, were modularly assembled for each DNA target using the GoldyTALEN modified scaffold (Bedell et al., 2012). TALEN target sequences were selected for Panx1a (Gene ID: 393890): left target sequence—TAAACGAGTATAGTCATG, right target sequence—GGAGTACGTGTTCGCGGA (exon 1) and for Panx1b Gene ID: 567417: left target sequence—CAGTGGTCTTGAATTG, right target sequence, AAGTATCCTCTGGTAG (exon 4; dotted lines in Figure 1B). In vitro transcribed mRNA (mMESSAGE mMACHINE® Ultra Kit, Ambion) encoding each TALEN pair was injected into one-cell stage ZF-embryos. Amounts of 25–400 pg (1 nl) RNA were used. PCR primers used to screen for mutants were for Panx1a FWD_TGTCCTCGCTTGAGTATTCGC, REV_ AGAAACTTCCTGAGCGAAGGC and for Panx1b FWD_ATTCTACCATTCTTACATGAATTCCCT, REV_ GAGGAAGGTTAAAACCCGACAAAGC. Founders were outcrossed one or several times and then incrossed for maximal two generations to generate homozygous mutants. Only single or double homozygous mutants and their closely related wild-type littermates were analyzed in this study.
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FIGURE 1. Protein map Panx1 (Ensembl). (A) Schematic representation of the two Panx1 genes in Zebrafish. Panxs are proteins with four transmembrane domains, two highly conserved extracellular loops, one intracellular loop and a long C-terminal end. Panx1a has six exons. The first exon, which contains the coding sequence for a transmembrane domain, was targeted. The mutation site that leads to an early stop-codon is indicated with the red arrow. Panx1b has seven exons. The fourth exon, which contains the coding sequence for the third transmembrane domain was targeted. The site of the mutation is indicated by the red arrow. Alternating exons are indicated in light and dark green. (B) Part of the cDNA (c) and protein (p) sequence flanking the mutated site for Panx1a and Panx1b. In upper case letters, the coding sequence/amino acids, in small capitals the 5′-UTR and in lower case letters the intron region. In red the deleted base pairs. The asterisk indicates the premature stop of the protein. The dotted lines indicate the target regions of the TALENS. The solid line indicates the restriction site HindIII. (C) Panx1a mutation identification. PCR results of the amplicons of the WT primer pair in WT and the amplicons of the mutant primer pair in mutant. Both amplicons have the expected size. (D) Panx1b mutation identification. The PCR amplicons of WT would be cut with HindIII resulting in two smaller bands. In the mutant the restriction site is absent and HindIII was unable to cut the amplicon. This resulted in only one band. As expected, in the heterozygote animals three bands occur.





Immunohistochemistry

Immunohistochemical procedures were similar to published methods (Klaassen et al., 2011; Vroman et al., 2014). Various antibodies labeling key features of the outer retina were used. Cx55.5 is present at in the gap-junctions between HCs and at the tips of the HC dendrites. In this article we will focus on the gap-junctions. The primary antibody against Cx55.5 (1:5000) was raised in rabbit and described in Shields et al. (2007). Mouse monoclonal antibodies against the ionotropic glutamate receptor GluR2 (1:200) and GluR4 (1:100) were obtained from Chemicon (Temecula, CA, USA), and Fret43 (1:200) a marker for double cone synaptic terminals in zebrafish (Larison and Bremiller, 1990), was a kind gift from Ms. R. Bremiller (University of Oregon, Eugene, OR, USA). The primary antibody against NTPDase1 (1:500) was raised in rabbit to the corresponding amino acid sequence 102–130 of human NTPDase1 (GIYLTDCMERAREVIPRSQHQETPVYLGA) and was obtained from CHUQ1 and characterized by Ricatti et al. (2009). Secondary antibodies, goat-anti-mouse Cy3 and goat-anti-rabbit Cy3, were purchased from Jackson Immuno Research Lab (West Grove, PA, USA).

Cryosections (10 μm) were made and stored at −20°C. Sections were washed with PBS and pre-incubated in Blocking Buffer (1× PBS/5% normal goat serum/0.3% Triton™ X-100), then incubated with primary antibodies (dilutions in 1× PBS/1% BSA/0.3% Triton™ X-100) for 18 h followed by three PBS washes. After that, they were incubated with secondary antibodies (2 h room temperature), washed three times with PBS and mounted in Vectashield with DAPI. 0.25 μm optically sectioning was performed with Leica SP5 confocal microscope (Leica, Germany).



Retina Preparation

Zebrafish were dark-adapted in a light-tight chamber for 15 min, euthanized by immersion in iced water, and decapitated. The head was bisected along the anterior/posterior axis, the eyes were removed and placed in oxygenated Ringer solution. An eyecup was prepared under red light illumination by removing the cornea, lens, and as much vitreous humor as possible. Each retina was removed from the eyecup with fine forceps. Isolated retinas were mounted (photoreceptors up) to a small piece of tissue paper and placed in a recording chamber. The ends of the tissue paper were held securely in place under a harp. Retinas mounted in this manner were continuously superfused with Ringer’s solution (1 ml/min). All steps of the procedure were carried out in the presence of dim red light.



Electrophysiology


Electrodes and Recording Equipment–Voltage Clamp Recordings

Whole-cell voltage clamp recordings were made from cones. The recording chamber containing the isolated retina was mounted on a Nikon Eclipse E2000FN microscope (Nikon, Japan) and viewed with a Nikon 60× water immersion objective with infrared differential interference contrast and a video camera (Philips, Netherlands). Recording electrodes were pulled from borosilicate glass (BF-150-110-10; Sutter Instruments, Novato, CA, USA) with a Flaming/Brown micropipette puller (Model P-1000; Sutter Instruments, Novato, CA, USA). The impedances ranged from 8 MΩ to 12 MΩ when filled with pipette medium and measured in bathing solution. Pipettes were connected to an Axopatch 200A patch clamp amplifier (Molecular Devices, Sunnyvale, CA; four-pole low-pass Bessel filter setting, 2 kHz). Signal software (v. 3.07; Cambridge Electronic Design (CED), Cambridge, UK) was used to generate voltage command outputs and to acquire data. Signal software (v. 3.07; CED), MatLab (v2016b, MathWorks), Igor.pro (WaveMetrics, Portland, OR, USA) and Origin Pro (v8, Origin Lab Corporation), were used to analyze the data. All data shown are corrected for the junction potential.



Electrodes and Recording Equipment–Intracellular Recordings

HC responses were recorded with intracellular recording techniques. Microelectrodes were pulled on a horizontal puller (Sutter P-80-PC; San Rafael, CA, USA) using aluminosilicate glass (OD = 1.0 mm, ID = 0.5 mm; Clark, UK) and had impedances ranging from 100 MΩ to 300 MΩ when filled with 3 M KCl. The intracellular recordings were made with a WPI S7000A microelectrode amplifier system (World Precision Instruments, USA), and sampled using an AD/DA converter (CED 1401, Cambridge Electronic Design, UK) coupled to a Windows based computer system.



Optical Stimulator

A 20 μm white light spot was focused via a 60× water immersion objective on the cone outer segment and a 4500 μm “full field” stimulus could be projected through the microscope condenser. The light stimulator consisted of two homemade LED stimulators based on a three-wavelength high-intensity LED (Atlas, Lamina Ceramics Inc., Westhampton, NJ, USA). The peak wavelengths of the LEDs were 624, 525 and 465 nm, respectively, with bandwidths smaller than 25 nm. An optical feedback loop ensured linearity. The output of the LEDs was coupled to the microscope via light guides. White light consisted of an equal quantal output of the three LEDs. Zero log intensity was 8.5 × 1015 quanta m−2s−1.



Electrode and Bath Solutions

The standard patch pipette medium contained (in mM): 21 KCl, 85K-gluconate, 1 MgCl2, 0.1 CaCl2, 1 EGTA, 10 HEPES, 10 ATP-K2, 1 GTP-Na3, 20 phosphocreatine-Na2 and 50 units/ml creatine phosphokinase. The pH of the pipette medium was adjusted to 7.2 with KOH and resulting in an ECl of −50 mV when used in conjunction with the Ringer solution.

The bath solution contained in (mM): 102 NaCl, 2.6 KCl, 1 CaCl2, 1 MgCl2, 5 D-glucose, and 28 NaHCO3, and was continuously gassed with 2.5% CO2 and 97.5% O2 to yield a pH of 7.6. All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). Bath solution flowed continuously through the recording chamber via a gravity-driven superfusion system. Switching between bathing solutions was achieved through computer-controlled valves. During all electrophysiological experiments with the isolated retina, GABAergic transmission in the retina was blocked by 200 μM Picrotoxin (PTX).



Measuring Light-Induced Feedback in Cones

Cones were clamped at −60 mV. The cone type was determined with 500 ms light flashes of different wavelengths (465 nm, 525 nm and 624 nm). After this classification, the cone was saturated with a spot of light (20 μm diameter) of the optimal wavelength for that cone. Subsequently, a full-field stimulus of white light (500 ms) was given while the cone was voltage clamped at potentials ranging from −80 to +20 mV. The feedback responses were measured at the voltage that yielded the biggest responses (around −50 mV).



Method for Measuring the Time Constants of Feedback

Following Vroman et al. (2014), the feedback responses were fitted with a double exponential function (Eq. 1):
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where Af and As are the amplitudes of the fast and slow feedback component respectively and τf and τs are the time constants of the fast and slow feedback component, respectively.

Because of the small size of the feedback responses in the various zebrafish mutants, we were unable to fit the double exponential function adequately when Af, As, τf and τs all were free parameters. To estimate the contribution of both feedback components, we assumed that the time constants of the two feedback components (τf and τs), were independent of the genotype and used the estimates of the time constants from Vroman et al. (2014): τf = 300 ms and τs = 300 ms. That left only the amplitudes of the two feedback components (Af and As) as free parameter. The fitted amplitudes were used as an estimate for the relative contribution of the feedback pathways in the various mutants.



Method for Measuring the Half Activation Potential of ICa

ICa was isolated by leak subtracting the whole cell IV-relation. The leak was estimated in the linear part of the IV relation between −80 mV and −60 mV (Vroman et al., 2014) and subtracted from the whole cell IV-relation. The resulting IV-relation of ICa was normalized relative to its negative peak and the half activation potential of the normalized ICa was estimated by fitting a Boltzmann relation (Eq. 2) in the voltage range from −60 mV to the voltage generating the peak Ca-current.
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where A is the activation of ICa, V is the holding potential, K is half activation of ICa, and n is the slope factor.




Statistical Analysis

Data are presented ± the standard error of the mean (SEM). Levels of significance were determined using Student’s t-test or a Pearson’s χ2 test. Data were considered significantly different for p-values smaller than 0.05. Curve fitting and statistical analyses were performed using SPSS, or Igor.pro software.




RESULTS


Generation of the Mutant Zebrafish

To eliminate Panx1 function we generated knock out zebrafish using the TALENS technique (see “Materials and Methods” section). For Panx1a we targeted a site early in exon 1 (Figure 1) and selected a mutant c.8delta GATC, a 4 bp deletion leading to a scrambled protein (downstream of the second amino acid) and an early stop-codon at amino acid 16. A specific PCR was designed for genotyping this mutant: FWD_CGAGTATAGTCATGGCTATA for the WT allele, FWD_GAGTATAGTCATGGCTAGCA for the mutant allele and REV_AGAAACTTCCTGAGCGAAGGC for both (Figure 1C).

For Panx1b, we targeted a site early in exon 4, which has been shown to lead to a loss of Panx1 function in mouse (Dvoriantchikova et al., 2012; Prochnow et al., 2012; Figure 1). Exon 4 codes for the intracellular loop and the third transmembrane domain. We selected a mutant c.534deltaTGAAGCTTGTTTTAAG, a 16 bp deletion leading to an early stop-codon three amino acids downstream of the deletion. Mutants could be identified by PCR, using the primers described (see “Materials and Methods” section) and digest the resulting 234 bp amplicon with HindIII. WT alleles were cut into 130 bp and 104 bp, whereas mutant alleles were not (Figure 1D). The selected mutations lead to truncated proteins that will be incapable of generating functional channels (see also “Discussion” section). Proof at the protein level that the Panx1a or the Panx1b protein was not present in the mutants was not possible because of the lack of specific antibodies. Both the single and double homozygous mutant zebrafish developed normally.



Morphological Analysis of Mutant Zebrafish

Next, we determined whether the overall organization of the outer retina was intact in the various mutant zebrafish. Figure 2 shows the results of immunocytochemical analysis of the outer retina of the various zebrafish lines. Cell bodies are labeled by DAPI and marked in red while the cell-specific markers are shown in green. The following cell-specific markers were used: Cx55.5: gap-junctions between HCs; GluR4: glutamate receptor on OFF-BC dendrites; GluR2: glutamate receptor on HC dendrites; FRet43: a marker for double cones synaptic terminals.


[image: image]

FIGURE 2. Overview of marker proteins for outer retinal function. Immunocytochemical staining for Cx55.5 (horizontal cells (HCs) gap-junctions), GluR4 (glutamate receptors on OFF-BC dendrites), GluR2 (glutamate receptors on HC dendrites) and Fret43 (synaptic terminals of double cones). Expression of these proteins did not differ between WT and the various mutant animals (Pax1a−/−, Panx1b−/−, Panx1a−/−/Panx1b−/−, Cx55.5−/−/Panx1a−/−). Scale bar is 25 μm.



Cx55.5-immunoreactivity (IR) is visible as puncta around the HCs somata (Figure 2, first column). The Cx55.5-IR in the various Panx1−/− animals did not differ from that of the WT but was absent in the Cx55.5−/−/Panx1a−/− animals. GluR4-IR (Figure 2, second column) is visible as green puncta at the level of the cone synaptic terminal, where BCs make contact with photoreceptors and did not differ between the WT and the various mutant animals. GluR2-IR is found in typical horse-shoe shapes, reflecting the HCs dendrites in the invagination of the cone synaptic terminal (Figure 2, third column). Both the localization and the shape are maintained in mutant animals. Fret43-IR (Figure 2, fourth column) is diffusely present in the whole synaptic terminal and is indistinguishable between the WT and mutants.

NTPDase1 is the enzyme involved in the hydrolysis of ATP in the synaptic cleft (Vroman et al., 2014) and hence a critical component of the Panx1/ATP mechanism. NTPDase1-IR (Figure 3) is visible as bar-like blobs at the location of the cone synaptic terminal in WT and all the mutants indicating that the overall structure of the outer retinal is intact in the various mutants.


[image: image]

FIGURE 3. Expression of NTPDase1 in the outer retina does not differ between WT and the various genotypes (Pax1a−/−, Panx1b−/−, Panx1a−/−/Panx1b−/−, Cx55.5−/−/Panx1a−/−). Scale bar is: 25 μm.





Basic Properties of Cones and HCs in Panx1 Mutants

Next, we determined whether the mutations changed the resting membrane potential (Vrest) of cones. The results in Table 1 indicate that there no significant changes in these parameters.


TABLE 1. Cone resting membrane potentials.
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Feedback Amplitude Is Reduced in Mutants

Panx1 has been suggested to be involved in negative feedback from HCs to cones (Vroman et al., 2014). Therefore, we measured the negative feedback induced responses in cones. Cones in the isolated zebrafish retina were voltage clamped at ECl (−50 mV) and their direct light response was saturated by a bright small spot of 525 nm light. The retina was stimulated for 500 ms with a full field flash of white light to hyperpolarize HCs. Hyperpolarization of HCs leads to a shift of the activation potential of ICa of the cones to more negative potentials, which is visible as an inward current. Figure 4A shows the mean feedback induced response in WT (black traces). The maximal feedback response amplitude in WT was 2.76 ± 1.17 pA (n = 6). In all mutants, the feedback responses were significantly reduced (Figure 4A). Statistics are given in Figure 4B.


[image: image]

FIGURE 4. Light induced feedback responses in cones. Cones were saturated with a small spot of light and voltage clamped at −50 mV. A full field white light stimulus was applied. This resulted a small inward current: the light induced feedback response. (A) The black traces represent the mean light induced feedback response in WT. The red traces show the mean response of the various mutants. When Panx1a or Panx1b was mutated, feedback responses reduce but seem to keep a fast light-onset response. However, in the Cx55.5−/−/Panx1a−/− animals the response on-set seems to be slowed down. (B) Quantification of the sustained feedback response for all the mutants. All mutants showed a significantly reduced feedback response. *p < 0.05.



The feedback responses measured in cones could be reduced by a reduction of the feedback pathway from HCs to cones or indirectly by reducing the horizontal cell responses. Therefore we measured the responses of HCs to full field green light stimuli and found that the response amplitudes did not differ between WT and the various mutants (Table 2).


TABLE 2. Horizontal cell response amplitude.
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Previously we have shown that feedback responses are best described by a double exponential function and suggested that Panx1 is involved in the slower component of the feedback pathway from HCs to cones. The prediction is that in the Panx1−/− animals the slow component of feedback is more reduced than the fast component. Since the response amplitude of the feedback responses in zebrafish was rather small, we had to adapt the following strategy to fit the two exponential functions. We assumed the mutations would only affect the amplitudes (Af and As, respectively), but not the time constants, of the two feedback processes. Under this assumption we fitted a double exponential function through the feedback responses using the time constants determined by Vroman et al. (2014; Figure 5A). Figure 5B shows a scatter plot of the amplitudes of both components for the WT (black symbols) and the Panx1−/− animals (red symbols). The dotted line indicates equal amplitude of both feedback components. The majority of the WT points are above the dotted line, indicating that the fast component is larger in WT than the slow component (Af: −2.72 ± 1.44 pA, n = 19; As: −1.43 ± 1.27, n = 19; p = 0.006). In the Panx1−/− the amplitude of the both the fast and the slow component were significantly reduced (Af-WT: −2.72 ± 1.44 pA, n = 19; As-Panx1−/−: −0.97 ± 0.82 pA, n = 13; p = 0.0004 and As-WT: −1.43 ± 0.29 pA, n = 19; As-Panx1−/−: −0.15 ± 0.22 pA, n = 13; p = 0.003). As did not differ from zero in the Panx1−/− animals (p = 0.5). In contrast, in WT As differs significantly from zero (p = 0.0001) and consist of about 43.6 ± 11.4% of the total feedback amplitude. This indicates that Panx1 is mostly involved in the slow feedback components but that it contributes to the fast feedback component as well.


[image: image]

FIGURE 5. Quantification of the two feedback components. A double exponential function was fitted through the feedback responses (See “Materials and Methods” section). (A) Representative feedback trace (black) with fitted curve (red). (B) Scatter plot of the fast (x-axis) and the slow (y-axis) feedback component for WT (black symbols) and the Panx1−/− animals combined (red symbols). The dotted line indicates equal amplitude for the fast and the slow feedback component. All the WT points are above this line, indicating that the amplitude of the fast feedback component is the largest. In the Panx1−/− animals both the fast and the slow feedback component are significantly reduced. *p < 0.05.





Relationship Is Shifted in Mutants

So far, we have shown that all Panx1−/− mutants have reduced light induced feedback responses. However, in the dark, at the resting membrane potential of the cones and HCs, the feedback pathway is active as well. Therefore, we asked how the activation functions of ICa in cones in these animals was affected in an unstimulated condition. Whole cell IV-relations were obtained by measuring cones currents in response to a series of voltage steps while in the dark and then isolating ICa by leak-subtraction. A Boltzmann curve was fitted through the IV relation of ICa (see “Materials and Methods” section) and the half maximal activation values (Khalf) were determined.

Figures 6A–C show that the activation function of ICa is shifted to negative potentials for both Panx1−/− animals and the double Panx1a−/−/Panx1b−/− animals. For the Cx55.5−/−/Panx1a−/− animals ICa showed a small shift to positive potentials relative to WT (Figure 6D) and a significant positive shift relative to the Panx1a−/− animals (Figure 6E). Figure 6F gives the statistics of the half activation potentials. This is exactly what one would expect. Removing Panx1 from the HC dendrites leads to a reduction of the pH buffer concentration which alkalizes the synaptic cleft thereby relieving the inhibition on ICa (Vroman et al., 2014). The consequence is that the activation function of ICa shifts to negative potentials. Removing Cx-hemichannels will lead to an opposite shift. We have previously shown that blocking or removing Cx-hemichannels from the HC dendrites leads to a dissipation of the ephaptically induced negativity in the synaptic cleft and a shift of the activation function of ICa to positive potentials (Kamermans et al., 2001; Klaassen et al., 2011). This is consistent with the observation that the activation function of ICa in Cx55.5−/−/Panx1a−/− has shifted to positive potentials relative to the Panx1a−/−.
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FIGURE 6. Normalized IV-relations of the cone Ca-current in WT and the various mutant animals. (A–C) In all Panx1 mutants the half activation potential of the Ca-current shifts to negative potentials. (D) In the Cx55.5−/−/Panx1a−/− animals, the Ca-current shift slightly to positive potentials. (E) The activation function of ICa has shifted strongly to positive potentials in the Cx55.5−/−/Panx1a−/− animals compared to the Panx1a−/− animals (Red curve). (F) Quantification of the shifts of the Ca-current in cones. *p < 0.05.






DISCUSSION

In the present article we show that Panx1 channels are critically involved in negative feedback from HCs to cones. Knocking out Panx1 channels leads to a strong reduction of negative feedback. The main reduction of the feedback response seems to be due to a reduction of the slow feedback component. Previously it was shown that knocking out Cx55.5 led to a reduction in the fast feedback component (Klaassen et al., 2011). The results of this study are thus consistent with the feedback pathways as proposed by Vroman et al. (2014): a fast ephaptic feedback pathway mediated by Cx55.5 and a slow feedback pathway mediated by Panx1 channels.

We have not been able to generate a specific antibody for Panx1a and Panx1b. Therefore, we cannot show directly that Panx1a and Panx1b proteins are absent in the mutant fish. Is there a chance, given the mutation in both coding sequences that the gene-products of these mutated genes would lead to functional channels? The mutations in both the Panx1a−/− and the Panx1b−/− fish leads to an early stop codon. The resulting gene-products do not contain all four transmembrane domains and thus cannot form functional channels. Could exon skipping lead to functional proteins? Again in either case this is highly unlikely as a whole transmembrane domain is incorporated in the targeted exon. If exon skipping would have occurred, a protein with three transmembrane domains will be generated and such a protein will not form a functional channel. Furthermore, for Panx1b the same site has been targeted in mice and resulted in the loss of both Panx1 protein and function (Dvoriantchikova et al., 2012; Prochnow et al., 2012).


Cx55.5 and Panx1 Are Both Involved in Feedback

The development of the retina of the Panx1 mutants was similar to WT. No changes in the distribution of key synaptic proteins, nor changes in the basic properties of cones were found in the mutants. However, feedback responses were substantially reduced while the HC response amplitudes were unaffected in all mutant animals. Detailed analysis of the shape of the feedback responses revealed that the slow feedback component was affected mostly by the loss of Panx1 channels. The fast feedback component was reduced as well. Does this mean that the Panx1 are involved in both the slow and the fast feedback component? Panx1 channels are large pores in the membrane and are implicated in the release of ATP and will also conduct an inward current. The size of this current will strongly depend on the membrane potential of the HC. Since the Panx1 channels and the Cx55.5 hemichannels are both located at the tips of the HC dendrites, they will contribute to the ephaptic feedback mechanism as well.

Is there evidence that Panx1a and Panx1b have different functions? Kurtenbach et al. (2013) showed that Panx1a and Panx1b have slightly different single channel properties. However, the present study does not show a strong difference between the behavior of the Panx1a−/− and Panx1b−/− animals. Knocking out either one of them leads to a strong reduction in feedback. The reason for the lack of a difference between the Panx1a−/− and Panx1b−/− animals might be that the Panx1 channels are strongly involved in the slow feedback pathway and that subtle changes in channel kinetics are not visible in the feedback measurements reported in this article. Interestingly the effects of Panx1a and 1b on feedback are not simply additive. Relative to WTs the feedback responses of the Panx1a−/−/Panx1b−/− mutants were reduced by about the same amount as those of either the Panx1a−/− or the Panx1b−/− mutants. This might indicate that Panx1a and Panx1b form channels together and that the presence of both is required for properly functioning channels.

Is there evidence that Cx55.5 is involved in ATP release? In the double Panx1a−/−/Panx1b−/− mutant the slow feedback component does not seem to be blocked completely. However, given the small feedback responses left in the Panx1−/− mutants, it is unlikely that the Cx55.5 hemichannels contribute strongly to the ATP pathway. So, in summary, it seems that Cx55.5-hemichannels, Panx1-channels and glutamate receptors (see: Fahrenfort et al., 2005) mediate the ephaptic feedback component while only the Panx1 channels seem to mediate the ATP feedback pathway.

Both the Cxs and the Panxs mutants will be instrumental to further characterize the feedback pathways from HCs to cones. Combining these mutants with pharmacology might be an obvious thing to do but the interpretation of the will also suffer from the limited specificity of some of this available pharmacological tools used. For instance the application of high dose of HEPES, which is generally assumed to affect the pH mechanism specifically, also affect Cx-hemichannels and thus the ephaptic mechanism (Fahrenfort et al., 2009). As discussed in the next paragraphs, this is a highly complicated synapse involving many mechanisms working synergistically. To fully appreciate this synapse, all these aspects should be considered simultaneously.



Two Feedback Pathways with Opposite Signs Work in Opposite Directions

In the dark, the Ca-current of the Panx1 mutants is activated at more hyperpolarized potential compared to WT. The results of this article demonstrate that mutating Cx55.5 or Panx1 have opposite effects on the activation potential of ICa. This finding has significant consequences, since it shows that both feedback pathways work in opposite directions. In the dark HCs are relatively depolarized and the Panx1 channels are open. In this condition they release ATP which is converted into a phosphate buffer by NTPDase1 in the synaptic cleft and thus acidifies the synaptic cleft and inhibits the Ca-channels. Hyperpolarization of HCs leads to the closure of the Panx1 channels and ATP release stops and finally leads to disinhibition of the Ca-channels. This feedback pathway is thus maximally active when HCs are depolarized and in this maximally active state, it inhibits ICa and shifts its activation potential to positive potentials. This pathway behaves like a normal synaptic pathway being maximally active at depolarized potentials of the pre-synaptic cells: the HCs.

This is different for the ephaptic pathway. At depolarized potentials the driving force for the current through the hemichannels is smaller than at hyperpolarized potentials. Thus, the ephaptic feedback is maximally active at hyperpolarized potentials of the pre-synaptic cells. At hyperpolarized potentials, there is an increase in current through the hemichannels that leads to a stronger negativity in the synaptic cleft and to a shift of the activation potential of ICa to negative potentials, which is equivalent to a disinhibition of ICa. This means that the ephaptic feedback mechanism is maximally active at hyperpolarized potentials and leads to disinhibition of ICa. The Panx1 mechanism is maximally active at depolarized potentials and inhibits ICa. Therefore, strictly speaking, the two feedback mechanisms, have an opposite sign and are inversely modulated by the HC membrane potential.

The question arises why you would have such an organization? This organization resembles the ON-OFF crossover inhibition pathways. The ON and OFF signals are sent to their downstream targets with opposite signs via separate cells and combined via synapses with opposite effects on their down-stream target. It has been proposed that such an organization is beneficial since it compensates for nonlinearities and reduces noise generated in each of the pathways (Molnar et al., 2009). This works best if the kinetic properties of the two pathways are rather similar. However, in the case of the two feedback pathways, the time constants of the two pathways differ considerably. This would mean that the above argument only holds for low frequencies. However, this is the first synapse in the retina and since the signal is coded in graded potentials, keeping noise levels low is of very high relevance.



Time Constants of the Two Feedback Pathways

Vroman et al. (2014) showed that feedback from HCs to cones consists of two pathways with different time constants. The ephaptic feedback pathway has no synaptic delay while the other pathway has a time constant of about 300 ms in zebrafish. Interestingly this time constant of this slow process corresponds with the time constant of the pH change reported by Wang et al. (2014) using genetically encoded pH sensors in the synaptic cleft. The existence of two feedback pathways has been confirmed by Warren et al. (2016b) who also needed two time constants to fit the light induced feedback response in salamander cones adequately. The time constants they found for the slow feedback component was in the same order of magnitude as reported by Vroman et al. (2014). However, Warren et al. (2016b) estimated the time constant of the fast feedback component to be around 9–13 ms which is much slower than reported by Vroman et al. (2014), and suggests that the feedback synapse is rather slow. Why did these two studies report such different kinetics for the fast feedback component? Chapot et al. (2017) argued that the main difference between the two sets of experiments was that Warren et al. (2016b) induced feedback by polarizing a single HC whereas Vroman et al. (2014) did it by polarizing all HCs. This is not a trivial difference. Cones are contacted by a number of HCs and HCs are connected with each other by gap-junctions and often also indirectly via feedback pathways via the cones. The feedback signal measured in a cone is the sum of all the feedback signals from the various HCs received by that cone. That the feedback signal in cones is a mixture of inputs from various HCs was recently confirmed by Grassmeyer and Thoreson (2017) who showed that the various ribbons in a cone are affected differently when one modulates one HC. Polarizing only one HC leaves uncertain what the feedback signal from the other HCs is. Since the feedback signal generated by the (electrically or synaptically) coupled HCs will always be slower than that generated by the HC that was polarized, the estimate of the time constant of Warren et al. (2016b) will be an overestimate.

Vroman et al. (2014) used another approach. They used white light to hyperpolarize all HCs simultaneously. Thus a single cone would receive a similar feedback signal from all HCs that contact that cone. However, light responses of HCs have a time constant of about 35 ms. Therefore, estimating the time constant of the feedback pathway by just fitting an exponential function through the feedback response in the cone cannot be used. Instead, Vroman et al. (2014) applied another method for determining the kinetic properties of the feedback response. The amplitude/frequency and phase/frequency relations of the HCs, and the feedback signal the cones receive, relative to the stimulus, were determined. The amplitude data can be used to determine the filter characteristics of the synapse and the phase data can be used to determine the synaptic delay. In the article by Warren et al. (2016b) it is mistakenly mentioned that the slow kinetics of the HCs limit such an analysis. It is important to realize that a phase shift in the feedback signal is independent of how fast the HC response is. That is, if HC responses to a stimulus are slow this will be reflected in their phase shift data. Then if HCs relay their signal back to cones with an additional delay, the feedback response will show a larger phase shift relative to the stimulus than the HCs did. However, if the phase shift of the HC and feedback responses show the same phase shift relative to the stimulus it indicates no additional delay is added between the two. Based on the phase data, Vroman et al. (2014) showed that there was no synaptic delay and no additional filtering present in the feedback synapse from HCs to cones.

The mechanism of feedback has puzzled the retinal community for many years now. The picture emerging from this and previous studies is that HCs feed back to cones via two pathways: a fast ephaptic and a slow pH dependent mechanism. Whether both pathways are equally strong in the various animal models needs to be determined, but it seems reasonable to assume that animals will have adapted their feedback system to the visual environment they live in and the visual needs they have. Animals with relative low visual acuity, like mice, might not need a well developed fast ephaptic feedback system for spatial redundancy reduction because spatial vision is not well developed, whereas animals that strongly depend on vision, like zebrafish, might have a very well developed fast feedback system.
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Despite successful control of viremia by combined antiretroviral therapy, brain infection and its resulting neurocognitive impairment remain a prevalent comorbidity in HIV infected individuals. HIV invades the brain early in the course of infection via penetration through the blood-brain barrier (BBB). While the impact of HIV on BBB astrocytes and endothelial cells is relatively well studied, the role of pericytes in BBB regulation during HIV infection remains unclear; however, it is known that a selective population of pericytes is prone to infection. In the present study, we hypothesize that injury signals are propagated from infected pericytes to neighboring cells via gap junction (GJ)-mediated intercellular communication. Among a variety of studied GJ proteins, HIV infection of human brain pericytes specifically increased expression of connexin 43 as determined by immunoblotting and immunostaining. This effect was confirmed in the brains of mice infected with EcoHIV, a mouse-specific HIV strain. In addition, HIV infection enhanced functional GJ-mediated intercellular communication in pericytes. The importance of this process was confirmed in experiments in which inhibition of GJs by carbenoxolone attenuated HIV infection. In addition to GJs, an extracellular ATP release assay revealed that HIV may also play a role in opening of connexin (Cx)-containing hemichannels (HCs). Overall, these findings indicate an important role of GJs in the propagation of HIV infection in human brain pericytes that may contribute to BBB dysfunction in brain infection and the pathogenesis of NeuroAIDS.
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INTRODUCTION

Human immunodeficiency virus (HIV) enters the central nervous system (CNS) shortly after infection by penetrating the blood-brain barrier (BBB) and evokes neurocognitive and motor function deficits, collectively known as HIV-associated neurocognitive disorders (HAND; Cysique et al., 2004; Heaton et al., 2010; Jernigan et al., 2011; Letendre, 2011; Saylor et al., 2016). Despite efficient repression of viral replication by effective antiretroviral treatment, neurocognitive impairment still develops in approximately 40%–60% HIV-positive patients (McArthur, 2004; Heaton et al., 2011; Letendre, 2011). In fact, recent findings indicate that the prevalence of HAND is increasing, partly due to the longer life span of HIV-infected individuals and the increasing number of patients resistant to antiretroviral therapy (Nath and Sacktor, 2006; Ances and Ellis, 2007; Saylor et al., 2016). Therefore, it is of critical significance to unravel the mechanisms involved in the pathogenesis of brain infection by HIV. Previous studies reported the effects of HIV and HIV-1-specific proteins on various cell types of the BBB, including endothelial cells and astrocytes (Cosenza et al., 2002; Toborek et al., 2005; Eugenin et al., 2011; Strazza et al., 2011; Berman et al., 2016; Sami Saribas et al., 2017). However, the role of pericytes in brain infection by HIV has been largely overlooked and not yet extensively examined.

Structurally, BBB pericytes reside in the sub-endothelial space of microvessels and cover about 30% of the abluminal surface of endothelial cells, although the precise identity of pericytes and their cell lineage are still controversial (Mathiisen et al., 2010; Dalkara et al., 2011; Hill et al., 2014). BBB pericytes have recently attracted attention given the vital and active nature of their newly identified role in the maturation and maintenance of the BBB by controlling permeability, angiogenesis, cerebral blood flow and neuroinflammation (Armulik et al., 2010; Bell et al., 2010; Winkler et al., 2011; Hill et al., 2014; Sweeney et al., 2016). In addition, previous studies demonstrated their important role in diverse neurological diseases (i.e., Alzheimer’s disease, amyotrophic lateral sclerosis, and brain cancers; Heldin, 2013; Sagare et al., 2013; Winkler et al., 2013) and their ability to be infected by HIV (Nakagawa et al., 2012; Castro et al., 2016).

Previously, we demonstrated that BBB pericytes express the chemokine receptors CXCR4 and CCR5, two major co-receptors for HIV-1 entry, and that their infection may contribute to the progression of HIV-induced CNS damage by causing BBB disruption and increasing endothelial permeability (Nakagawa et al., 2012). It has been suggested that regulatory processes at the BBB are, at least in part, dependent on extracellular interactions via soluble factors and direct intercellular communication through gap junctions (GJs; Bell et al., 2010; Eugenin et al., 2011; Winkler et al., 2011). We hypothesize that similar processes are involved in pericyte-mediated BBB regulation; therefore, the present study focuses on GJ-mediated intercellular communication in HIV-1 infection of BBB pericytes.

GJ channels directly link neighboring cells by providing the pathway for intercellular communication via exchange of ions and signaling molecules. GJs are comprised of connexins (Cxs; Leithe et al., 2012), which also constitute the protein component of hemichannels (HCs) that are responsible for communication between the cell and its environment (Vega et al., 2013). Various Cxs are present in all cell types of the neurovascular unit and play important roles in cell-cell communication throughout the CNS (Laird, 2010). While our understanding of Cx functions in various pathological conditions is far from complete, emerging evidence suggests that functional alterations of Cxs may be related to pathogenesis of several CNS diseases, including brain infection by HIV (Matsuuchi and Naus, 2013; Eugenin, 2014).

An unexplained phenomenon in brain infection by HIV is that the virus infects a relatively limited population of CNS cells; however, neuropathology and neurocognitive dysfunction are prominent (Gannon et al., 2011; Kovalevich and Langford, 2012; Saylor et al., 2016). Indeed, our in vitro studies indicate that HIV infects only ~5% of pericyte populations (Nakagawa et al., 2012). In the present study, we hypothesize that GJ can participate in the propagation of injury signals from a small number of infected pericytes to neighboring cells. The study is novel as there are no reports on the impact of HIV infection on pericyte cell-to-cell communication via junctional complexes.



MATERIALS AND METHODS


Cell Cultures

Primary human brain vascular pericytes from four different lot numbers (ScienCell, Carlsbad, CA, USA) were cultured in complemented growth medium (ScienCell) with fetal bovine serum (FBS; 2%) and growth supplement containing 100 units/mL penicillin and 100 μg/mL streptomycin. Human embryonic kidney (HEK) 293T/17 (ATCC, Manassas, VA, USA) cells were grown in DMEM (Thermo Fisher Scientific–Gibco™, Carlsbad, CA, USA) supplemented with 10% FBS (Thermo Fisher Scientific–Gibco™) containing 100 units/mL penicillin and 100 μg/mL streptomycin. All cells were cultured at 37°C with 5% CO2 and 95% air under a humidified atmosphere.



HIV Production, Quantitation and Infection

HIV-1 (strains NL4-3, YU-2, or 49.5) were obtained from the NIH AIDS Reagent Program, and EcoHIV (NL4-3 or NDK) were kindly provided by Dr. David Volsky (Mount Sinai Hospital, New York, NY, USA). Viral stocks were produced by transfection of HEK293T/17 cells with 50 μg of proviral DNA plasmids using Lipofectamine 3000 (Thermo Fisher Scientific-Invitrogen™, Carlsbad, CA, USA) according to manufacturer’s instructions. Supernatants containing virus were collected 48 h after transfection, filtered (0.45 μm-pore size filter), quantified by HIV type 1 p24 ELISA kit (ZeptoMetrix, Buffalo, NY, USA), and stored at −80°C until use. Confluent cultures of human pericytes were infected by incubation with viral stocks (60 ng of p24/ml/1 × 106 cells) for 24 h, followed by extensive washing with PBS to remove the unbound virus before addition of fresh medium. For specific control experiments, HIV was inactivated by exposure to UV light 100 μW/cm2 for 30 min.



EcoHIV Infection and Isolation of Brain Microvessels

All animal procedures were approved by the University of Miami Institutional Animal Care and Use Committee in accordance with the NIH guidelines. Male C57BL/6 mice (12-week-old, Jackson Laboratories, Bar Harbor, ME, USA) were acclimatized to the animal facility for 1 week with free access to food and water. Animals were then infused with EcoHIV/NDK (1 μg of p24) through the internal carotid artery using a method previously described (Bertrand et al., 2016; Leda et al., 2017), while control animals received saline. Mice were sacrificed at day 7 post-infection. Brains were quickly removed after transcardial perfusion, immediately immersed in ice-cold PBS, and homogenized in ice-cold isolation buffer (102 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 15 mM HEPES, 25 mM NaHCO3, 10 mM glucose, and 1 mM sodium pyruvate with Halt™ proteinase inhibitor cocktail; Thermo Fisher Scientific-Pierce™, Rockford, IL, USA). Then, samples were filtered through a 300 μm mesh filter (Spectrum Laboratories, Rancho Dominguez, CA, USA), and transferred to centrifuge tubes containing 26% dextran (M.W. 75,000) in isolation buffer solution. The samples were centrifuged at 5800× g, 20 min, at 4°C, the supernatants were discarded, pellets were resuspended, filtered through a 120 μm mesh filter (Millipore Sigma, Billerica, MA, USA), and submitted for another round of centrifugation at 1500× g, for 10 min, at 4°C. The supernatant was removed, and the pellet, containing brain microvessels, was resuspended in 200 μl of isolation buffer. This microvessel-enriched fraction was smeared onto a glass slide (approximately 7 μl per slide), heat-fixed at 98°C for 10 min, and used for confocal microscopy analysis.



Droplet Digital Polymerase Chain Reaction for Quantifying HIV DNA Integration

Cellular DNA was extracted using the QIAamp® DNA mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. The concentration of DNA was estimated using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) and the A260/A280 absorptivity ratio. Primers and fluorogenic probes were designed to quantitate the total HIV-1 clade B genome, Rtotal primer: 5′-CTG CAT CCG GAG TAC TTC AAG AAC TG-3′; C1r primer: 5′-TCC CAG GCT CAG ATC TGG TCT A-3′, 2n4n probe: 5′-AGT GGC GAG CCC TCA GAT GCT GC-3′ (Sharkey et al., 2000). All targets were measured by droplet digital polymerase chain reaction (ddPCR) using a Bio-Rad QX100 ddPCR instrument (Bio-Rad, Hercules, CA, USA), which provides a dynamic range of detection from 1 to 105 copies. All of the target amplicons were cloned into plasmids and used as positive controls to validate the assay. The single-copy human CCR5 gene was quantified to measure the number of cell equivalents in DNA samples for standardization (Sharkey et al., 2000).



Occludin Depletion

Occludin was silenced by transfection (Lipofectamine RNAiMAX; Thermo Fischer Scientific-Invitrogen™) with 25 nM anti-occludin 27-mer human siRNA (OriGene, Rockville, MD, USA) in RNA resuspension buffer (100 mM KAc and 30 mM HEPES; pH 7.5). Trilencer-27 universal scrambled (SCR) negative control siRNA (OriGene, Rockville, MD, USA) was used as a control.



Immunostaining and Immunoblotting

Cells or brain microvessels were fixed with 4% (v/v) paraformaldehyde for 15 min at room temperature, rinsed with PBS, and permeabilized in 0.1% (v/v) Triton X-100 for 10 min. After being washed with PBS, non-specific binding sites were blocked with 3% (w/v) bovine serum albumin (BSA) in PBS for 1 h at room temperature. Then, samples were incubated overnight at 4°C with the primary antibody, rabbit (1:100, Cell Signaling Technology, Danvers, MA, USA) or mouse (1:100, Abcam, Cambridge, MA, USA) anti-Cx43, rabbit anti-PDGFRβ (1:100, Cell Signaling Technology), or mouse anti-HIV1 p24 (1:100, Abcam), diluted in 1% (w/v) BSA in PBS. Samples were washed with PBS and incubated with secondary antibodies, goat anti-mouse or anti-rabbit IgG conjugated with Alexa Fluor 488 or 594 (Thermo Fischer Scientific-Invitrogen™; 1:400 dilution in PBS) in the dark for 2 h. Hoechst (Thermo Fischer Scientific-Invitrogen™) was employed to stain cell nuclei. In addition, Vybrant® CM-DiI (5 μM for 2 h at 37°C; Thermo Fisher Scientific-Molecular Probes™, Eugene, OR, USA) was used to visualize the cellular membrane for long-term preservation of dyes in cells throughout fixation and permeabilization procedures. Images were acquired with either Olympus FLUOVIEW 1200 Laser Scanning Confocal Microscope (Olympus, Center Valley, PA, USA) or Nikon Eclipse Ti-U Inverted Fluorescence Microscope (Nikon Instruments Inc. Melville, NY, USA), and analyzed using ImageJ software (NIH, Bethesda, MD, USA). Mean fluorescence intensity of the target protein was calculated by integrated fluorescence density per unit area in each image.

For immunoblot analysis, the cells were lysed in RIPA buffer (Thermo Fisher Scientific-Pierce™) containing protease/phosphatase inhibitors (Thermo Fisher Scientific-Pierce™), and protein concentration was assessed with the BCA protein assay kit (Thermo Fisher Scientific-Pierce™). Samples diluted in Laemmli SDS sample buffer (Boston Bioproducts, Ashland, MA, USA) were loaded onto 10% or 4%–20% Tris glycine extended (TGX) precast gels (Bio-Rad) and transferred to nitrocellulose membranes using a Trans-Blot Turbo System (Bio-Rad). Afterward, the membranes were blocked with 4% BSA in TBS. Primary antibodies were incubated overnight at 4°C in blocking buffer supplemented with 0.1% Tween-20 and applied at 1:1000 (mouse anti-Cx43, Abcam; rabbit anti-phospho-Cx43 [S368], Cell Signaling Technology). Membranes were imaged in a LI-COR CLX imaging system with the secondary antibodies diluted at 1:20,000 (anti-mouse 800CW and anti-rabbit 680RD). Target protein levels were normalized to GAPDH using anti-GAPDH conjugated with Dylight 680 (1:20,000; Novus Biologicals, Littleton, CO, USA), and phosphorylated forms of target protein levels were normalized to their total levels. Signal quantification was performed using Image Studio 4.0 software (LI-COR).



Dye-Coupling Assay and Adenosine-5′-Triphosphate (ATP) Release Assay

Functional assay of the GJ-mediated intercellular communication was performed with a dye-loading technique by means of immunofluorescence or flow cytometry. Briefly, confluent human primary brain pericytes (donor cells) were loaded with calcein acetoxymethyl ester (Calcein-AM; 1 μM for 30 min at 37°C; Thermo Fisher Scientific-Molecular Probes™), while similar cultures of recipient pericytes were labeled with Vybrant® DiI (for immunostaining studies) or DiD (for FACS; both at 5 μM for 30 min at 37°C; Thermo Fisher Scientific-Molecular Probes™). After dye loading, donor cells were trypsinized and added to a monolayer of recipient cells at a ratio of 1:5. Carbenoxolone (CBX; 100 μM; Tocris Bioscience, Minneapolis, MN, USA), a non-specific connexin blocker, was added to the co-culture to ascertain that the dye transfer from the donor to recipient pericytes was dependent on GJ/Cx channels. Donor cells were allowed to attach to the monolayer of recipient cells for 3 h at 37°C, trypsinized, resuspended in PBS containing 5% FBS, and analyzed for dye transfer by immunofluorescence or the BD FACS Aria-IIu cell sorter (BD Biosciences, San Jose, CA, USA). For flow cytometry analysis, DiD (Ex 644 nm; Em 665 nm), a lipophilic tracer similar to DiI (Ex 549 nm; Em 565 nm), was employed to better separate cells labeled with calcein (Ex 495; Em 520 nm).

To assess hemichannel activity, an ATP release assay was performed using an ATP bioluminescent assay kit (Promega, Madison, WI, USA) and calculated based on a luminescence standard curve.



Statistical Analysis

All statistical analyses were performed with GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). One-way ANOVA with Holm-Sidak’s multiple comparisons or two-tailed student’s t-test was used to compare mean responses with control groups. Statistical probability of p < 0.05 was considered significant.




RESULTS


HIV-1 Replication in Human Primary BBB Pericytes

Brain pericytes were infected with either X4 or R5 tropic HIV-1 strains (X4 tropic: NL4-3; R5 tropic: YU-2 and 49.5) by a 24 h incubation with the virus. The maximum viral replication as detected by medium p24 levels was observed at day 3 post-infection, followed by decline to the baseline levels at day 8 post-infection (Figure 1A). Infection with the control, UV-inactivated HIV-1 (NL4-3) demonstrated no p24 levels at day 3 post-infection. Moreover, HIV-infected brain pericytes were visualized by the presence of p24-positive cells via confocal microscopy analyses. Figure 1C illustrates the representative images at day 2 post-infection.
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FIGURE 1. HIV-1 replication in human primary blood-brain barrier (BBB) pericytes. (A) Quantification of p24 release into culture media at the indicated days post-infection with different X4 and R5 tropic HIV strains. Data represents mean ± SEM for a representative experiment (n = 4) from three independent experiments (total n = 12 per group). No p24 levels were detected in non-infected (NI) group and UV-inactivated HIV NL4-3. (B) HIV DNA integration into the genome of human primary brain pericytes as quantified by droplet digital PCR (ddPCR). Cells were infected with HIV-1 NL4-3. *p < 0.05 vs. Day 3 post-infection. (C) Representative images of p24 immunoreactivity at day 2 post-infection in NI and HIV-1 NL4-3 infected groups (orthogonal view in the merged image of HIV-1 NL4-3 group). No p24 levels were detected in NI group. Nuclei (blue, Hoechst staining), p24 (green, HIV marker) and membranes (red, DiI staining). Scale bar: 10 μm.



Total HIV-1 DNA in infected pericytes was quantified by ddPCR. Integration of the HIV genome with the pericyte genome exhibited an inverse correlation with the levels of HIV-1 p24 collected from the culture media. Specifically, the lowest levels of integrated HIV DNA were observed at days 2–3 post-infection, when medium p24 concentrations were the highest. Subsequently, HIV DNA levels increased, correlating with a decline in p24 levels in the culture media (Figure 1B). Such patterns of change suggest that human brain pericytes might form HIV reservoirs.



HIV Infection Selectively Up-Regulates Cx43 in Brain Pericytes

To determine the impact of HIV on connexin levels, Cx40, Cx43 and Cx45 protein expression was assessed in infected BBB pericytes. Among studied Cxs, HIV selectively up-regulated total Cx43 protein levels at day 2 post-infection as determined by immunoblotting (1.3-fold increase over control levels; Figure 2A) and immunofluorescence staining (Figure 2B), while no significant alterations were found in Cx40 and Cx45 expression (data not shown). The expression of phosphorylated Cx43 (pCx43) was proportional to the up-regulated total Cx43. Thus, when normalizing the levels of pCx43 to total Cx43, no statistically significant changes were observed between the groups.


[image: image]

FIGURE 2. HIV infection up-regulates connexin 43 (Cx43) expression. Pericytes were infected with HIV-1 NL4-3. (A) Total and phosphorylated Cx43 protein levels at 24, 48 and 72 h post-HIV infection. Upper panel shows representative Western blots and lower panel reflects quantitative results of these analyses as compared to the NI group. Total Cx43 levels were normalized to a reference target (GAPDH) while pCx43 levels were normalized to total Cx43. EcoHIV does not infect human cells; therefore, it was used as negative control. Box-and-whisker plots display the median within the interquartile range box, with whiskers extending to the minimum and maximum data values (n = 12 from three independent experiments). *p < 0.05 vs. NI. (B) Representative images of Cx43 distribution in HIV-infected BBB pericytes or controls (NI or EcoHIV). Infected cells (i.e., cells expressing HIV-1 p24) are characterized by more intense Cx43 immunoreactivity compared to controls. Scale bar: 50 μm. pCx43: phosphorylated Cx43.



Control experiments were performed using EcoHIV (Potash et al., 2005; Saini et al., 2007), a modified strain of HIV expressing the attachment protein gp80 (the envelope of ecotropic murine leukemia virus), which infects mouse cells but not human cells. Nevertheless, EcoHIV stock was prepared and cells were treated the same way as with HIV-1. Therefore, treatment of human cells with EcoHIV allows to account for any potential non-specific effects. As illustrated and quantified in Figure 2A (Supplementary Figure S1), exposure of human BBB pericytes to EcoHIV did not alter Cx43 protein expression, indicating specificity of responses.

We next evaluated Cx43 protein expression in BBB pericytes of mice infected with EcoHIV. At day 7 post-infection, mice were sacrificed and brain microvessels were isolated and stained for platelet-derived growth factor receptor β (PDGFRβ; a pericyte marker) and p24 (an indicator of active infection). While a faint background p24 immunoreactivity in mock-infected mice was detected, the merged images clearly indicated p24 positive staining in BBB pericytes in EcoHIV-infected mice (Figure 3A, arrows). To the best of our knowledge, this is the first evidence that brain pericytes can be infected in vivo. In addition, Cx43 expression levels were significantly increased in brain microvessels isolated from EcoHIV-infected mice compared to those from mock-infected mice (Figure 3B). Quantitative analysis of signal intensity by mean fluorescence intensity demonstrated a significant increase of Cx43 in EcoHIV-infected mice (Figure 3C).
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FIGURE 3. Infection of BBB pericytes and Cx43 expression in EcoHIV-infected brains. (A) Representative images of pericytes and p24 distribution in brain microvessels isolated from mock or EcoHIV-infected mice. PDGFRβ (green; arrows) was used as a marker for pericytes, and p24 (red; arrows) immunoreactivity as a marker of active HIV infection. Scale bar: 25 μm. (B) Immunofluorescence images of pericytes stained for PDGFRβ (green) and Cx43 (red) distribution in brain microvessels isolated from mock or EcoHIV-infected mice. Cx43 expression was visibly up-regulated (arrows) in microvessels isolated from EcoHIV-infected brains. Scale bar: 10 μm. (C) Quantification of mean fluorescence intensity signal for Cx43 analyzed in microvessels. Data were obtained from 3 mice per group, 6–10 microvessels per mice. Mean fluorescence intensity was calculated by integrated fluorescence density/area. Data represents mean ± SEM (n = 3). *p < 0.05 vs. Mock.





HIV Infection Increases Functional GJ-mediated Communication in BBB Pericytes

A dye-coupling assay was employed to evaluate the impact of HIV infection on GJ-mediated intercellular communication. Figures 4A,B illustrate the principle of this assay. Donor pericytes were stained with calcein-AM (a GJ-permeable dye, producing green fluorescence after being intracellularly hydrolyzed by non-specific esterases) and co-cultured for 3 h with DiI (a lipophilic plasma membrane dye) stained recipient pericytes (Figure 4A). Double-labeled (calcein plus DiI; arrows in Figure 4A) cells indicate transfer of calcein from donor to recipient cells. To prove that the observed effects are GJ-related, the experiments were performed in the presence of CBX, a potent pharmacological inhibitor of Cxs. CBX at the concentrations of 25, 50 and 100 μM markedly protected against calcein transfer from donor to recipient pericytes (Figure 4B).
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FIGURE 4. HIV infection enhances gap junction (GJ) channel function. (A) Representative images of the dye-coupling technique employed as a functional assay to assess GJ-mediated channel function. Donor pericytes were labeled with calcein (green), recipient pericytes with DiI (red), and then both cell populations were co-cultured for 3 h. Presence of double-labeled cells (i.e., arrows) indicates dye transfer from donor to recipient cells. Scale bar: 25 μm. (B) Representative images of dye-coupling technique as in (A) with and without inhibition of connexins by carbenoxlone (CBX). CBX visually decreased calcein transfer from the donor to recipient pericytes as demonstrated by a diminished number of double-positive cells. Scale bar: 200 μm. (C) Pericytes were infected with HIV-1 as in Figure 2, and/or exposed to CBX (100 μM), and dye-coupling was assessed by flow cytometry. The analyses were performed at day 2 post-infection. Donor pericytes were labeled with calcein, and recipient pericytes with DiD. The numbers in the upper right corners indicate the percentage of double-positive cells. (D) Quantitative analysis of the flow cytometry results. Scatter dot plots show individual values with mean ± SEM (n = 9 from three independent experiments). *p < 0.05 vs. NI. #p < 0.05 vs. no CBX in NI or infected cells.



Flow cytometry was then used to quantify the impact of HIV infection on functional GJ-mediated functions (Figures 4C,D). In these experiments, DiD, instead of DiI, was employed for staining of recipient cells. As indicated, dye transfer in HIV-infected cultures was significantly higher (by ~24%) than in non-infected (NI) cultures. Co-treatment with CBX (100 μM for 3 h) markedly reduced dye transfer in both NI and HIV-infected brain pericytes (both ~79% reduction; Figures 4C,D). These results suggest that HIV infection increases GJ-mediated intercellular communication via Cxs.



Regulatory Role of Occludin in Cx43 Expression and GJ-mediated Communication in HIV-infected Brain Pericytes

Occludin is one of the major tight junction proteins, involved in the maintenance and metabolic regulation of the BBB. The importance of occludin in HIV infection was recently reported by us (Castro et al., 2016). To illustrate this effect, occludin was depleted in BBB pericytes, followed by HIV infection. Then, HIV-1 p24 levels were periodically measured in cell culture media as the indicator of active infection. Occludin depletion significantly elevated the levels of p24 in infected cultures by over 2-folds at day 2 and 3 and over 1.5-folds at days 5 and 7 post-infection (Figures 5A,B).
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FIGURE 5. Occludin depletion enhances HIV infection but decreases GJ channel function. BBB pericytes were infected with HIV-1 as in Figure 2 after occludin silencing (OCLN−) by transfection with specific siRNA. (A) Impact of occludin depletion on the kinetics of HIV-1 infection as measured by p24 levels in the media. Data represents mean ± SEM for a representative experiment (n = 4) from three independent experiments (total n = 12 per group). *p < 0.05 vs. HIV-1. (B) Representative images of p24 immunoreactivity in HIV-infected and/or occludin-depleted BBB pericytes. (C) Impact of occludin depletion on Cx43 protein expression in BBB pericytes as measured by immunoblotting *p < 0.05 vs. wild-type (WT) or scrambled negative control (SCR) treated. (D,E) HIV infection overcomes (D) the impact of occludin depletion on Cx43 protein expression and (E) a decrease of GJ channel function as measured by dye coupling (day 2 post-infection). *p < 0.05 vs. WT; #p < 0.05 vs. OCLN−. Box-and-whisker plots display the median within the interquartile range box, with whiskers extending to the minimum and maximum data values and scatter dot plots show individual values with mean ± SEM (C,D: n = 12; E: n = 9 from three independent experiments).



We next examined the impact of occludin depletion on Cx43 protein expression. As shown in Figure 5C (Supplementary Figure S2), occludin silencing was associated with a decrease in Cx43 protein expression. However, a concurrent HIV infection protected against a Cx43 decrease in occludin-depleted cells as examined 48 h and 72 h after infecting the cells (Figure 5D; Supplementary Figure S3). Similar to results of Cx43 expression, the dye-coupling assay conducted after occludin depletion demonstrated an approximately 29% decrease in GJ-mediated intercellular transfer (Figure 5E). Nevertheless, in occludin-depleted and HIV-infected pericytes this decrease was not observed; in contrast, dye transfer was slightly but significantly increased (~22%) compared to the levels in wild-type (WT) pericytes.



Functional Inhibition of GJs Protects against HIV Infection of BBB Pericytes

To examine whether HIV-infected BBB pericytes use GJs to spread HIV infection to adjacent cells, cultures were exposed to CBX (25 μM), added on the day of infection and days 1 and 2 post-infection. Such dosing allowed us to avoid CBX toxicity, which otherwise may develop in cultures exposed to higher levels of CBX for an extensive time. Blocking GJ-mediated communication dramatically reduced HIV replication in both WT and occludin-depleted pericytes. The maximal levels of p24 (mean ± SEM) in the cell culture media of pericytes infected with HIV in the presence of CBX was 44.2 ± 6.4 (pg/ml) in WT and 43.4 ± 3.9 (pg/ml) in occludin-depleted pericytes. Such levels constituted an 84.7% and 92.9% decrease, respectively, as compared to infected cells with fully functional GJs (Figure 6). These results indicate that GJs are involved in potentiation of HIV infection of BBB pericytes.
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FIGURE 6. Impact of GJ-mediated intercellular communication on HIV infectivity. BBB pericytes were infected with HIV-1 after occludin silencing (OCLN−) by transfection with specific siRNA as in Figure 5. In addition, cells were exposed to CBX (25 μM, GJ blocker), added at the time of infection and days 1 and 2 post-infection. Levels of p24 in the culture media were assessed as in Figure 1. Data represents mean ± SEM for a representative experiment (n = 4) from three independent experiments (total n = 12 per group). *p < 0.05 vs. WT + HIV-1, and #p < 0.05 vs. OCLN− + HIV-1.





Impact of HIV Infection on Hemichannel Activity

In addition to GJ, Cx-containing HCs play an important role in cell-cell communication. Therefore, the activity of HCs was also evaluated in the current study. These experiments took advantage of the fact that intracellular ATP is released to cell culture media via a process mediated by HCs. Thus, extracellular levels of ATP can serve as markers of hemichannel activity.

HIV infection resulted in a significant elevation of ATP release at 48 h post-infection compared to control levels in NI pericytes. This effect was further enhanced by depletion of occludin. Release of intracellular ATP was drastically reduced by addition of CBX (25 μM; Figure 7) to validate the involvement of Cx-containing HCs. These results suggest that HIV infection affects not only GJ-mediated, but also hemichannel-mediated intercellular communication in BBB pericytes.
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FIGURE 7. HIV infection opens Cx-containing hemichannels (HCs) in human brain pericytes. BBB pericytes were occludin depleted, infected, and/or exposed to CBX as in Figure 6. ATP levels in cell culture media were assessed by ELISA. Analyses were performed at 24 h or 48 h post-infection. A significant increase in extracellular ATP levels was observed at 48 h post-infection in WT or occludin-depleted pericytes (1.6- or 2.4-fold, respectively) compared with the basal level in NI cells. Extracellular ATP was drastically reduced by additional treatment with CBX (25 μM). Data represents mean ± SEM (n = 8 from three independent experiments). *p < 0.05 vs. WT; #p < 0.05 vs. no CBX for each treatment.






DISCUSSION

Recent studies have shed new light on the pivotal role of human brain pericytes in CNS dysfunction, including ischemic brain injury as well as neurocognitive and neurological diseases, such as Alzheimer’s disease, amyotrophic lateral sclerosis brain cancer and HIV-induced neurocognitive deficits (Song et al., 2005; Winkler et al., 2011; Halliday et al., 2016; Sweeney et al., 2016). Pericytes receive signals from neighboring cells and produce functional responses for regulating key neurovascular functions, including BBB formation and maintenance (Armulik et al., 2010; Daneman et al., 2010; Vandenhaute et al., 2012), vascular stability and angiogenesis (Armulik et al., 2011; Winkler et al., 2011; Stapor et al., 2014), clearance of toxic cellular byproducts (Dore-Duffy, 2008; Winkler et al., 2011; Sagare et al., 2013; Pieper et al., 2014), cerebral blood flow (Peppiatt et al., 2006; Fernández-Klett et al., 2010; Hall et al., 2014) and neuroinflammation (Kovac et al., 2011; Jansson et al., 2014; Persidsky et al., 2016). Previously, we showed that human BBB pericytes express the major HIV receptor CD4 and co-receptors CXCR4 and CCR5, which results in their infection by HIV and compromises BBB integrity via functional alterations of endothelial cell tight junction proteins (Nakagawa et al., 2012). Furthermore, occludin depletion induced a robust increase in HIV transcription via regulation of the class III histone deacetylase sirtuin (SIRT)-1/NFκB-p65 acetylation (Castro et al., 2016). However, the involvement of GJ-intercellular communication in HIV infection of human BBB pericytes has been poorly investigated and understood. Intercellular communication is a potentially important problem in HIV CNS pathogenesis, as only a limited amount of pericytes are infected by HIV; yet, the disruption of BBB integrity appears wide-spread (Nakagawa et al., 2012; Castro et al., 2016). Our overall hypothesis is that injury signals from infected pericytes propagate into neighboring NI cells via GJs, enhancing cell toxicity and HIV-induced BBB disruption.

In vitro experiments with human BBB pericytes included control treatment with EcoHIV, a modified strain of HIV-1 NL4-3 generated by replacing the coding regions of gp120 with the envelope of ecotropic murine leukemia virus (gp80; Potash et al., 2005; Saini et al., 2007). While EcoHIV does not infect human cells, the virus was propagated in HEK293T/17 cells using the same methodology as HIV. Throughout the study, we did not observe any impact of EcoHIV on human cells, indicating that the responses in HIV-infected pericytes were specific and not influenced by general cellular stressors (i.e., pro-inflammatory cytokines or chemokines) which are typically present in viral stocks employed for pericyte infection.

HIV infection of BBB pericytes demonstrated a dual-stage response pattern, the first stage being an increase in viral replication occurring at days 2–3 post-infection, followed by the second stage of a steady decrease in active viral production that reaches a minimum at days 7–8 post-infection (Figure 1A). Our recently published study (Castro et al., 2016) linked this pattern of changes to the alterations of intracellular occludin levels. Interestingly, integration of HIV DNA continued to increase while the first active phase of viral production ceased (Figure 1B), suggesting that human BBB pericytes may play a role in the formation of viral reservoirs in HIV-infected brains. Thus, BBB pericytes, in addition to perivascular macrophages, microglia or astrocytes (Cosenza et al., 2002; Churchill et al., 2009; Schnell et al., 2011; Gray et al., 2014; Joseph et al., 2015; Marban et al., 2016), may be another cell type in the brain that harbors dormant HIV infection. Such a role is important because HIV reservoirs in the CNS have a bystander impact on cellular dysfunction and may be responsible for preserving the production of neurotoxic factors and chronic inflammatory status in the CNS (Gorry et al., 2003; Eugenin and Berman, 2007; Eugenin et al., 2011; Narasipura et al., 2014). Nevertheless, more detailed work is required to properly address the formation of HIV reservoirs in BBB pericytes as well as their possible reactivation in response to molecular or cellular stressors.

Novel results of the current study also demonstrate that a prominent GJ protein, Cx43, participates in HIV infection of BBB pericytes. Protein levels of total Cx43 were significantly up-regulated and correlated with the time of active HIV infection. In addition, expression of pCx43, an important player in regulating GJ trafficking, assembly/disassembly, degradation and gating (Lampe and Lau, 2004; Solan and Lampe, 2009; Axelsen et al., 2013), was proportional to the up-regulated total Cx43. Cx43 expression was also elevated in BBB pericytes in EcoHIV-infected mice. While these in vivo results are supportive, a careful investigation on involvement of GJs and HIV entry via gp120 and co-receptors-mediated signaling pathway is required to better understand impact of HIV infection on GJs due to the lack of gp120/gp41 engagement in EcoHIV infection. Furthermore, GJ-mediated intercellular communication was elevated in HIV-infected BBB pericytes, and correlated with the peak of infection. These results suggest highly unique responses in HIV-infected BBB pericytes because Cx43 was not altered and GJ function was decreased in HIV-infected human astrocytes (Eugenin and Berman, 2007).

We then investigated the role of occludin in HIV-induced alterations of Cx43 and GJ-mediated intercellular communication. The rationale of these experiments was related to our findings that occludin levels regulate HIV transcription rates in pericytes, namely, a decrease in occludin stimulates robust HIV replication (Castro et al., 2016). This effect is long standing as demonstrated in Figure 5A. Silencing occludin resulted in marked down-regulation of Cx43 and functional GJ-mediated dye-coupling (Figures 5C,E, respectively). Such effects are caused by the direct binding of occludin to another tight junction protein, ZO-1, which is known to interact with Cx43. In fact, specific domains of Cx43, such as the ser(-9) and ser(-10) at the C-terminal, serve as binding sites for ZO-1 (Schmidt et al., 2001; Xiao et al., 2011). On the other hand, the impact of occludin silencing on Cx43 protein levels and reduced GJ channel function was completely reversed by HIV infection. Indeed, the levels of Cx43 and GJ-mediated dye coupling were equal in the HIV-infected and HIV-infected plus occludin silencing groups, and markedly elevated as compared to NI controls (Figures 5D,E, respectively). These results confirm a strong regulatory impact of HIV infection on GJ function in BBB pericytes. Recent studies suggest that reverse transcription of HIV is affected by the levels of a nucleocytoplasmic shuttling protein, human antigen R (HuR; or ELAVL1), which also regulates GJs and GJ-mediated intercellular communication (Lemay et al., 2008; Ale-Agha et al., 2009). The involvement of HuR in the early steps of HIV replication might influence the levels of Cx43 and GJ-mediated dye coupling as observed in the present study.

Previous studies reported that GJs of HIV-infected astrocytes spread to neighboring uninfected cells via cytochrome c-mediated inositol trisphosphate and calcium ions, resulting in disruption of BBB integrity with extensive neuroinflammation (Eugenin and Berman, 2007, 2013; Eugenin et al., 2011). On the other hand, the current study demonstrates that GJs play an important role in the propagation of HIV infection in BBB pericytes. This is supported by the observation that the GJ blocker, CBX, drastically abolished not only dye-coupling in neighboring cells (Figure 4D), but also p24 production in infected cultures (Figure 6). This effect was observed both in WT and occludin-depleted pericyte cultures. Thus, these observations strongly support the notion that GJ-mediated intercellular communication is involved in propagation of HIV infection to neighboring cells.

In addition to GJs, cells communicate via single-membrane channels, also known as HCs, to allow small signaling molecules to be released into the extracellular space. The molecules involved in this paracrine communication include glutamate, aspartate, ATP, and prostaglandins (Orellana et al., 2009). HIV-infected human pericytes, both WT and occludin-depleted, exhibited a substantial increase in extracellular ATP levels, suggesting stimulation of functional hemichannel activity. In addition, this effect was abrogated in the presence of CBX (Figure 7), indicating the involvement of Cx-containing HCs. ATP release into the extracellular milieu may be an additional factor affecting HIV infection via possible activation of purinergic receptors (Velasquez and Eugenin, 2014; Graziano et al., 2015; Swartz et al., 2015). These receptors mediate nucleosides and nucleotides, including adenosine and ATP, and play a crucial role in the innate and adaptive immune responses (Paoletti et al., 2012; Cekic and Linden, 2016). Indeed, it has been shown that HIV-induced extracellular ATP release and purinergic receptors actively participate in HIV uptake by human macrophages (Hazleton et al., 2012; Tewari et al., 2015).



CONCLUSION

Our results indicate the role of Cx43 and intercellular communication mediated by GJs and Cx-containing HCs in HIV infection of human BBB pericytes. These results contribute to a better understanding of the intercellular network activated by HIV, which may not only affect the BBB, but also contribute to the CNS dysfunction and neurocognitive changes frequently observed in HIV-infected brains. In addition, the presented findings may provide a foundation for novel treatments to ameliorate and protect the BBB from dysfunction in HIV CNS infection.
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A c-Src Inhibitor Peptide Based on Connexin43 Exerts Neuroprotective Effects through the Inhibition of Glial Hemichannel Activity
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The non-receptor tyrosine kinase c-Src is an important mediator in several signaling pathways related to neuroinflammation. Our previous study showed that cortical injection of kainic acid (KA) promoted a transient increase in c-Src activity in reactive astrocytes surrounding the neuronal lesion. As a cell-penetrating peptide based on connexin43 (Cx43), specifically TAT-Cx43266–283, inhibits Src activity, we investigated the effect of TAT-Cx43266–283 on neuronal death promoted by cortical KA injections in adult mice. As expected, KA promoted neuronal death, estimated by the reduction in NeuN-positive cells and reactive gliosis, characterized by the increase in glial fibrillary acidic protein (GFAP) expression. Interestingly, TAT-Cx43266–283 injected with KA diminished neuronal death and reactive gliosis compared to KA or KA+TAT injections. In order to gain insight into the neuroprotective mechanism, we used in vitro models. In primary cultured neurons, TAT-Cx43266–283 did not prevent neuronal death promoted by KA, but when neurons were grown on top of astrocytes, TAT-Cx43266–283 prevented neuronal death promoted by KA. These observations demonstrate the participation of astrocytes in the neuroprotective effect of TAT-Cx43266–283. Furthermore, the neuroprotective effect was also present in non-contact co-cultures, suggesting the contribution of soluble factors released by astrocytes. As glial hemichannel activity is associated with the release of several factors, such as ATP and glutamate, that cause neuronal death, we explored the participation of these channels on the neuroprotective effect of TAT-Cx43266–283. Our results confirmed that inhibitors of ATP and NMDA receptors prevented neuronal death in co-cultures treated with KA, suggesting the participation of astrocyte hemichannels in neurotoxicity. Furthermore, TAT-Cx43266–283 reduced hemichannel activity promoted by KA in neuron-astrocyte co-cultures as assessed by ethidium bromide (EtBr) uptake assay. In fact, TAT-Cx43266–283 and dasatinib, a potent c-Src inhibitor, strongly reduced the activation of astrocyte hemichannels. In conclusion, our results suggest that TAT-Cx43266–283 exerts a neuroprotective effect through the reduction of hemichannel activity likely mediated by c-Src in astrocytes. These data unveil a new role of c-Src in the regulation of Cx43-hemichannel activity that could be part of the mechanism by which astroglial c-Src participates in neuroinflammation.

Keywords: connexin, c-Src, hemichannels, excitotoxicity, neuroinflammation, neuroprotection, neurons, astrocytes


INTRODUCTION

Neuronal excitotoxicity mediated by glutamate receptors contributes to a variety of disorders in the central nervous system (CNS), including acute insults like ischemic stroke or neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease or Huntington’s chorea (Zhang and Zhu, 2011; Lewerenz and Maher, 2015). The initial neuronal excitotoxic damage causes reactive gliosis, an inflammatory response characterized by the proliferation and activation of microglia and astrocytes, which contributes to the outcome of the neurodegenerative process. Excitotoxic neuronal death is commonly induced experimentally in rodents by the administration of kainic acid (KA), a potent agonist to the AMPA/kainate class of glutamate receptors.

Our previous studies showed that after a cortical lesion induced by a KA injection, astrocytes within the area depleted in neurons reacted with an increase in glial fibrillary acidic protein (GFAP) and a decrease in connexin43 (Cx43) expression (Koulakoff et al., 2008), the main protein that forms gap junction channels and hemichannels in astrocytes (Giaume et al., 2010, 2013). Furthermore, we found a transient increase in c-Src activity in this region surrounding the neuronal lesion (Gangoso et al., 2012).

c-Src, is a non-receptor tyrosine kinase very well-known because of its oncogenic properties in many cancers. However, c-Src also plays an important role in inflammatory signaling (Byeon et al., 2012; Liu et al., 2014). Within the CNS, the participation of c-Src signaling in neuroinflammation has been well documented (Song et al., 2016), for instance mice lacking c-Src show decreased infarct volumes after stroke (Paul et al., 2001). This study elegantly demonstrates that c-Src represents a key intermediate in the pathophysiology of cerebral ischemia, where it appears to regulate neuronal damage by influencing vascular endothelial growth factor-mediated vascular permeability. Similarly, the inhibition of c-Src, through the reduction of neuroinflammation, promotes a neuroprotective effect in Parkinson’s disease and Alzheimer’s disease models (Dhawan and Combs, 2012; Tai et al., 2013).

We have recently shown that Cx43, through the interaction with c-Src and its endogenous inhibitors c-terminal Src kinase (CSK) and phosphatase and tensin homolog (PTEN), inhibits c-Src activity in astrocytes and glioma cells (Herrero-González et al., 2010; González-Sánchez et al., 2016; Tabernero et al., 2016). In fact, a cell-penetrating peptide based on this interacting region, TAT-Cx43266–283, is sufficient to recruit c-Src, CSK and PTEN and to inhibit c-Src activity in different types of glioma cells (Gangoso et al., 2014; González-Sánchez et al., 2016; Jaraíz-Rodríguez et al., 2017). As c-Src activity, an important mediator in neuroinflammation, is increased after an excitotoxic neuronal lesion (Gangoso et al., 2012), we presently investigated the effect of TAT-Cx43266–283 on neuronal death promoted by KA.



MATERIALS AND METHODS


Animals

C57BL6 mice were maintained in the animal facility of the Collège de France (Paris). Animal experimentation was carried out in accordance with the European Community Council Directives (2010/63/UE) and care was taken to minimize their suffering. The study with C57BL6 mice was approved by the bioethics committee of the Collège de France (Paris). Albino Wistar rats were obtained from the animal house of the University of Salamanca (Spain) and were used according to local and EU Ethical Committee guidelines. The study with Albino Wistar rats was approved by the bioethics committee of the University of Salamanca and Junta de Castilla y León (Spain).



Peptides

Synthetic peptides (>85% pure) were obtained from GenScript (Piscataway, NJ, USA). YGRKKRRQRRR was used as the TAT sequence, which is responsible for the cell penetration of the peptides. The sequence of TAT-Cx43266–283 was TAT-AYFNGCSSPTAPLSPMSP (Gangoso et al., 2014).



Kainic Acid Lesion and Peptide Administration in Mice

Adult mice were subjected to intracerebral injection as previously described (Koulakoff et al., 2008; Gangoso et al., 2012). Briefly, mice were deeply anesthetized by intraperitoneal injection of 0.3 mL of 2% avertin and were then subjected to a low-pressure injection of 1 nmol KA (Sigma-Aldrich, St. Louis, MO, USA) in 1 μL phosphate-buffered saline (PBS) in controls, 1 nmol KA plus 1 nmol TAT in 1 μl PBS, or 1 nmol KA plus 1 nmol TAT-Cx43266–283 in 1 μl PBS under stereotaxic guidance (coordinates: −2.1 mm anteroposterior, 1.5 mm mediolateral and 0.6 mm dorsoventral from Bregma) aiming the injection into the right cerebral cortex. Animals were sacrificed by cervical dislocation at 7 days post-injection.



Quantification of the Extent of Neuronal Lesions in Mice

Cryostat sections (20 μm) prepared as previously described (Mei et al., 2010) were fixed for 30 min at room temperature with 4% paraformaldehyde, washed in PBS and pre-incubated for 1 h in PBS containing 0.2% gelatine and 0.2% Triton-X100. Brain sections were incubated overnight at 4°C with rabbit polyclonal antibody anti-GFAP (1:1000, G9269; Sigma) and mouse monoclonal anti-NeuN (1:500, MAB377; Merck Millipore, Madrid, Spain). After three washes with PBS, sections were incubated for 2 h at room temperature with their corresponding Alexa Fluor secondary antibodies (1:2000; Life Technologies, Carlsbad, CA, USA). After several washes, slices were mounted in Fluoromount (Southern Biotechnologies, Birmingham, AL, USA) and examined with an epifluorescence microscope (Eclipse E800; Nikon, Tokyo, Japan).

For quantification, the whole area of the lesion was analyzed using Fiji (Schindelin et al., 2012). Every 20 μm across the entire lesion (1500 μm), the damaged area was drawn in each slice with the freehand selection tool (Figure 1A). For drawing, we followed as criteria a reduction in NeuN staining within neurons compared with the contralateral region. The necrotic tissue was included as part of the lesion (Figure 1B). Sometimes the necrotic tissue was lost but that area was counted, assuming it was damaged tissue. Although some slices where lost during the sectioning process, all the conditions analyzed comprised at least 80% of the lesion. The areas across the whole lesion were plotted against their location using Prism software. Cavalieri’s principle was used to estimate the volume of the lesion (Jelsing et al., 2005). Briefly, the volume was estimated multiplying the summatory of the areas, obtained as described previously, by the distance between the sections analyzed along the rostro-caudal axis.
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FIGURE 1. Effect of TAT-connexin43 (Cx43)266–283 on NeuN and glial fibrillary acidic protein (GFAP) expression in adult mouse brain after kainic acid (KA) injection. (A) Schematic of the experimental strategy used to analyze neuronal injury promoted by 1 nmol/μl KA injection. (B) Expression of NeuN and GFAP in the cortex, 7 days after KA injection. Representative photomicrographs from the same field at the level of the lesioned area delimited by the dashed red line. (C) Quantification of neuronal death area along the rostrocaudal axis. Representative photomicrographs of GFAP (D) and NeuN (E) immunohistochemical staining in brain sections at the level of the lesioned area, 7 days after the injection of 1 nmol/μl KA + 1 nmol/μl TAT or 1 nmol/μl KA + 1 nmol/μl TAT-Cx43266–283. Higher magnification photomicrographs showing the decrease in NeuN-positive cells after the injection of KA+TAT compared to KA+TAT-Cx43266–283. Bar, 250 μm.





Neuron and Astrocyte Cultures

Primary cultures were obtained as previously described (Tabernero et al., 1993). For neuron cultures, rat fetuses at 17.5 days of gestation were delivered by rapid hysterectomy after cervical dislocation of the mother. Postnatal 1-day newborn rats were used to prepare astrocytes in culture. Briefly, animals were decapitated and their brains immediately excised. After removing the meninges and blood vessels, the forebrains were placed in Earle’s balanced solution (EBS) containing 20 μg/ml DNase and 0.3% (w/v) BSA. The tissue was minced, washed, centrifuged and incubated in 0.025% trypsin (type III) and 60 μg/ml DNase I for 15 min at 37°C. Trypsinization was terminated by the addition of Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FCS; Gibco, Life Technologies). The tissue was then dissociated by gently passing it eight times through a siliconized Pasteur pipette, and the supernatant cell suspension was recovered. This operation was repeated and the resulting cell suspension was centrifuged. The cells were then resuspended in DMEM containing 10% FCS and plated on Petri dishes coated with 10 μg/ml poly-L-lysine at a density of 105 cells/cm2. Cells were maintained at 37°C and 5% CO2. One day after plating, 10 μM cytosine arabinoside was added to avoid glial cell proliferation on neuronal cultures.



Neuron-Astrocyte Co-cultures

For neuron-astrocyte co-cultures, the cell suspension obtained for neuron culture was plated at a density of 3.75 × 104 cells/cm2 on confluent 21 days in vitro (DIV) astrocytes. These co-cultures were maintained at 37°C and 5% CO2 in DMEM + 10% FCS for 7 days and then different treatments were applied for 8 h.

For non-contact neuron-astrocyte co-cultures, the cell suspension obtained for neuron culture was plated at a density of 105 cells/cm2 in 12-well plates coated with 10 μg/ml poly-L-lysine. Cells were maintained at 37°C and 5% CO2 and 1 day after plating, cytosine arabinoside was added to avoid glial cell proliferation. Eighteen DIV astrocytes were plated in 500 μL DMEM + 10% FCS on inserts containing polyethylene terephthalate filters with 1-μm pores (Merck Millipore) at 105 cells/cm2, whereas 1 ml DMEM + 10% FCS was added to the lower well. After 3 days, the medium of the astrocytes was changed and the inserts were placed on top of 4 DIV neurons with 25% of the medium changed. These non-contact co-cultures were maintained at 37°C and 5% CO2 in DMEM + 10% FCS in the presence of the different treatments for 3 days.



Cell Treatments

All treatments were added to the culture medium and maintained at 37°C for the indicated times. The treatments were as follows: 50 μM TAT, 50 μM TAT-Cx43266–283, 100 μM KA, 10 μg/ml lipopolysaccharide (LPS; Sigma), 200 μM carbenoxolone (CBX; hemichannel inhibitor, Sigma), 1 μM dasatinib (c-Src inhibitor; Selleck Chemicals, Munich, Germany), dimethyl sulfoxide (vehicle for dasatinib; 1 μl/ml), 20 μM 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP; NMDA receptor blocker), 200 μM Adenosine 5′-triphosphate, periodate oxidized sodium salt (oATP; P2X receptor blocker, Sigma) and 100 μM Brilliant Blue G (BBG; P2X7 receptor blocker, Sigma).



Immunocytochemistry

Cells were fixed with 4% (w/v) paraformaldehyde in PBS for 20 min and blocked for 30 min in antibody diluting solution (PBS containing 10% FCS, 0.1 M lysine and 0.02% sodium azide). Cells were then incubated overnight at 4°C with mouse anti-NeuN (1:100) and for 2 h with the secondary antibody anti-mouse labeled with Alexa Fluor 488 (A11029; Life Technologies) all prepared in antibody diluting solution containing 0.1% Triton-X100. Nuclei were stained with 4′,6′-diamidino-2-phenylindole (DAPI; 1.25 μg/ml; Invitrogen) for 10 min. Cells were then mounted using the Slowfade Gold Antifade Kit (ThermoFisher) and analyzed on a Nikon inverted fluorescence microscope connected to a digital video camera (DC100; Leica, Wetzlar, Germany). Negative controls carried out by omission of the primary antibodies resulted in absence of staining in all cases. At least six photomicrographs were taken from each plate. The number of nuclei (DAPI staining) and NeuN-positive cells were counted with ImageJ (NIH, Bethesda, MD, USA) on 8-bit images. The percentage of NeuN-positive cells was calculated from the total number of cells (DAPI staining).



MTT Assay

Cells cultured at 37°C were incubated in the dark for 75 min with culture medium containing 0.5 mg/ml MTT (Sigma). The medium was then removed, and the cells were incubated for 10 min in the dark with dimethyl sulfoxide with mild shaking. Finally, the absorbance was measured at a wavelength of 570 nm using a microplate reader (Appliskan 2001; Thermo Electron Corporation, Thermo Scientific, Madrid, Spain).



Ethidium Bromide Uptake Analyses in Cell Cultures

Cultured cells were incubated with 5 μM ethidium bromide (EtBr) in HEPES-buffered salt solution (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM glucose and 5 mM HEPES; pH 7.4) for 10 min. Cells were then washed with the same buffer, fixed with 4% paraformaldehyde in PBS and analyzed on a Nikon inverted fluorescence microscope connected to a digital video camera (Leica DC100). The EtBr fluorescence intensity within the nucleus was measured with the ImageJ software and the average of data from six images from different fields in the same culture was calculated to obtain the final measurement of dye uptake in each culture.



Assessment of Gap Junctional Intercellular Communication

Gap junction permeability was determined by the scrape-loading/dye transfer technique as previously described (Herrero-González et al., 2010). Scrape-loading was performed by scraping the cell layer with a broken razor blade in a Ca2+-free ionic solution containing Lucifer yellow (LY; 1 mg/ml). LY is a low molecular weight (457 Da) fluorescent dye that can pass through the gap junctions of loaded cells to their neighbors. After 2 min, the dye solution was removed and the cells were carefully washed. Subsequently, 8 min after scraping, fluorescence photomicrographs were captured with a digital video camera (Leica DC100) connected to an inverted fluorescent microscope equipped with the appropriate filters (Diaphot, Nikon). At least six photomicrographs of the center of the dish were taken and the number of fluorescent cells per field were counted.



Statistical Analysis

Results are expressed as the mean ± SEM of at least three independent experiments. Statistical analyses were carried out in Sigma Plot 11 (Systat Software) using an analysis of variance (one-way ANOVA), followed by the Holm-Sidak method for multiple comparisons at a significant level of p < 0.05.




RESULTS


TAT-Cx43266–283 Exerts Neuroprotective Effects in in Vivo KA-Induced Cortical Lesions

Following the method previously described (Koulakoff et al., 2008), KA was cortically injected and after 7 days, brains were dissected, fixed and 20-μm frontal sections were cut along 1500 μm to cover the entire lesion (Figure 1A). Neuronal death was estimated by measuring the area in which neurons contain a reduced NeuN intensity when compared to contralateral region (Figure 1B), as described in “Materials and Methods” section. In agreement with previous results (Koulakoff et al., 2008), KA promoted neuronal death and reactive gliosis, characterized by the increase in GFAP expression (Figure 1B). Figure 1C shows neuronal death areas along the rostrocaudal axis found 7 days after KA injection.

Next, we analyzed the effect of TAT-Cx43266–283 on neuronal death promoted by KA using TAT penetrating peptide as a control. TAT-Cx43266–283 was injected with KA and its effect was compared with KA or KA+TAT. Our results showed that TAT-Cx43266–283 diminished reactive gliosis as judged by GFAP staining (Figure 1D). More importantly, TAT-Cx43266–283 prevented the reduction in NeuN-positive cells promoted by KA (Figure 1E).

Indeed, when the neuronal death area was estimated along the rostrocaudal axis (Figure 2), there was a strong reduction in neuronal death in animals injected with KA+TAT-Cx43266–283 (Figure 2C1) compared to KA (Figure 2A1) or KA+TAT (Figure 2B1). Quantification of neuronal death areas along the rostrocaudal axis showed a reduction in the height and length of the curves in mice treated with KA+TAT-Cx43266–283 (Figure 2C2) compared to KA (Figure 2A2) or KA+TAT (Figure 2B2). The area under these curves was calculated, using Cavalieri’s principle (described in “Materials and Methods” section) as an estimation of the volume of these lesions (Figure 2D). These results confirmed that TAT-Cx43266–283 strongly reduced the extent of neuronal death promoted by KA injection (Figure 2D).
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FIGURE 2. Effect of TAT-Cx43266–283 on the extent of neuronal death in adult mouse brain cortex after KA injection. Representative photomicrographs of NeuN immunohistochemical staining in brain sections at the level of the lesioned area, 7 days after 1 nmol/μl KA injection (A1), KA+TAT (B1) or KA+TAT-Cx43266–283 (C1). The lesioned area was delimited by a dashed red line and quantified along the rostrocaudal axis, 7 days after KA injection (A2), KA+TAT (B2) or KA+TAT-Cx43266–283 (C2). The areas of at least 50 sections per animal were quantified. The results from three independent experiments were plotted on each graph. (D) Quantification of neuronal death volume (means ± SEM n = 3). *p < 0.05 ANOVA post-test (Holm-Sidak method for multiple comparisons). Bar, 250 μm.





Astrocytes Are Involved in the Neuroprotective Effect of TAT-Cx43266–283

In order to gain insight into the neuroprotective mechanism of TAT-Cx43266–283 we used cell cultures to address the contribution of each type of cell to this process. First, the effect of KA and TAT-Cx43266–283 in neurons from primary cultures was analyzed. Surprisingly, TAT-Cx43266–283 did not protect against neuronal death promoted by KA in these cultures (Figure 3), suggesting the participation of a glial cells partnership in the neuroprotective effect of TAT-Cx43266–283. Indeed, when neurons were grown on top of astrocyte cultures, TAT-Cx43266–283 prevented neuronal death promoted by KA (Figure 4). The number of NeuN-positive cells decreased in neuron-astrocyte co-cultures in the presence of KA (Figure 4A vs. Figure 4B). However, when KA was added together with TAT-Cx43266–283 (Figure 4D) the number of NeuN-positive cells was not reduced when compared with the control (Figure 4A). Quantification of this data (Figure 4E) confirmed the preventive effect of TAT-Cx43266–283 on the reduction of NeuN-positive cells promoted by KA treatment in neuron-astrocyte co-cultures. It should be mentioned that TAT-Cx43266–283 did not affect NeuN staining in neuron-astrocyte co-cultures in the absence of KA (Supplementary Figure S1). In agreement with previous studies (Meloni et al., 2014), TAT also showed a slight neuroprotective effect, although it was lower to that found with TAT-Cx43266–283, suggesting that the region 266–283 in Cx43 has a neuroprotective effect.
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FIGURE 3. Effect of TAT-Cx43266–283 on neuronal death promoted by KA in cultured neurons. Representative phase-contrast photomicrographs showing that 100 μM KA induced neurotoxicity in cultured neurons in the presence or absence of 50 μM TAT or TAT-Cx43266–283 for 72 h. Bar, 20 μm.
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FIGURE 4. Effect of TAT-Cx43266–283 on neuronal death promoted by KA in neuron-astrocyte co-cultures. Representative photomicrographs of NeuN immunocytochemistry (green) and 4′,6′-diamidino-2-phenylindole (DAPI) nuclear staining (blue) in control neuron-astrocyte co-cultures (A) or co-cultures treated with 100 μM KA (B), 100 μM KA + 50 μM TAT (C) or 100 μM KA + 50 μM TAT-Cx43266–283 (D) for 8 h. (E) Bar chart showing the ratio of NeuN-positive cells against the total number of cells stained with DAPI per field. The results are the means ± SEM (n = 4) and are expressed as percentages of the control (0KA). ***p < 0.001 ANOVA (post-test Holm-Sidak). Bar, 20 μm.



To address whether a change in the production of diffusible molecule was involved in the neuroprotective effect, non-contact neuron-astrocyte co-cultures were used. Astrocytes cultured within inserts were placed into wells containing neuronal cultures, as illustrated in Figure 5A. After different treatments, astrocyte inserts were removed and neuronal viability was estimated by MTT viability assays as described in “Materials and Methods” section. In parallel, neurons were subjected to the same treatments in the absence of astrocyte inserts. Consistent with the images shown in Figure 3, in the absence of glial cells TAT-Cx43266–283 did not significantly modify neuronal death promoted by KA (Figure 5B). However, in the presence of inserts containing astrocytes, TAT-Cx43266–283 prevented neuronal death promoted by KA (Figure 5B), suggesting that soluble factors released by astrocytes are contributing to this effect.
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FIGURE 5. Effect of TAT-Cx43266–283 on neuronal death promoted by KA in non-contact neuron-astrocyte co-cultures. (A) Schematic of the non-contact neuron-astrocyte co-culture system used. (B) Neurons were plated alone or in co-culture with astrocytes. After incubation in the absence (control) or presence of 100 μM KA, 100 μM of KA + 50 μM TAT or 100 μM KA + 50 μM TAT-Cx43266–283 for 72 h, the neuronal viability was analyzed by MTT. The results are expressed as the percentages of the absorbance found in the control and are the mean ± SEM (n = 3). ***p < 0.001, **p < 0.01, *p < 0.05; ANOVA (post-test Holm-Sidak).





Astrocyte Hemichannels Contribute to KA-Induced Neurotoxicity

It has been extensively documented that astrocyte hemichannels when activated release several factors, such as glutamate and ATP that cause neuronal death (Orellana et al., 2011a). Therefore, we explored the participation of these channels in KA-induced neurotoxicity. Adding 200 μM oATP (P2X receptor blocker), 100 μM BBG (P2X7 receptor blocker) or 20 μM CPP (NMDA receptor blocker) during KA incubation prevented the reduction in NeuN-positive cells caused by KA in neuron-astrocyte co-cultures (Figure 6). Together these data confirmed that inhibitors of ATP- and NMDA-receptors prevented neuronal death in co-cultures treated with KA, suggesting the participation of glutamate and ATP release associated with astrocyte hemichannel activity in this neurotoxic process.
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FIGURE 6. Effect of glutamate and ATP on neuronal death promoted by KA in neuron-astrocyte co-cultures. Representative photomicrographs of NeuN immunocytochemistry (green) and DAPI nuclear staining (blue) in neuron-astrocyte co-cultures treated with 100 μM KA (A), 100 μM KA + 200 μM oATP (P2X receptor blocker; B), 100 μM KA + 100 μM BrilliantBlue G (BBG; P2X7 receptor blocker; C) or 100 μM KA + 20 μM CPP (NMDA receptor blocker; D) for 8 h. (E) Bar chart showing the ratio of NeuN-positive cells against the total number of cells stained with DAPI per field. The results are the means ± SEM (n = 3) and are expressed as percentages of the control (0KA). *p < 0.05 vs. control (0 KA), ***p < 0.001 vs. KA; ANOVA (post-test Holm-Sidak). Bar, 20 μm.





TAT-Cx43266–283 Inhibits Astrocyte Hemichannel Activity Through c-Src

Because astrocyte hemichannels appeared to be involved in KA-mediated neuronal death (Figure 6), we hypothesized that TAT-Cx43266–283 could prevent hemichannel activation with the subsequent neuroprotective effect. To address this point, first we analyzed the effect of TAT-Cx43266–283 on glial hemichannel activity by EtBr uptake (Figure 7). Under resting conditions, glial hemichannel activity is negligible (Figure 7B, dotted line), therefore astrocytes were exposed to LPS for 24 h to increase hemichannel activity (Retamal et al., 2007; Orellana et al., 2011a). As shown in Figure 7A, LPS-treated astrocytes showed a strong uptake of the hemichannel permeable tracer. This effect was suppressed by CBX, a hemichannel inhibitor, applied in the presence of LPS, 15 min before and during the EtBr uptake (Figures 7A,B), demonstrating that EtBr uptake occurred through hemichannels. Interestingly, TAT-Cx43266–283 applied in the same way, i.e., in the presence of LPS, 15 min before and during the EtBr uptake, strongly reduced the activation of hemichannels promoted by LPS (Figures 7A,B). Since TAT-Cx43266–283 is an inhibitor of c-Src (Gangoso et al., 2014), which is an important mediator of neuroinflammation (Paul et al., 2001; Tai et al., 2013), we investigated the effect of dasatinib, a potent inhibitor of Src, on hemichannel activity. Dasatinib inhibited astrocyte hemichannel activity promoted by LPS (Figure 7B), revealing a role of c-Src in the regulation of hemichannel activity. Furthermore, the results obtained with dasatinib were very similar to those obtained with TAT-Cx43266–283 suggesting that TAT-Cx43266–283, by inhibiting c-Src, reduced hemichannel activity in astrocytes. We also analyzed the effect of TAT-Cx43266–283 on the communication through gap junctions in astrocytes (Figure 7C). The scrape loading assay showed that TAT-Cx43266–283 did not significantly modify gap junction intercellular communication between astrocytes.
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FIGURE 7. Effect of TAT-Cx43266–283 on astrocyte hemichannel activity and gap junctional intercellular communication (GJIC) in astrocyte cultures and in neuron-astrocyte co-cultures. (A,B) Astrocyte cultures were incubated with 10 μg/ml lipopolysaccharide (LPS) for 24 h or with 100 μM KA or conditioned medium from KA-treated neuron-astrocyte co-cultures (CM) for 8 h. Then, 5 μM ethidium bromide (EtBr) was added for 10 min. Two-hundred micromolar Carbenoxolone (CBX), 50 μM TAT-Cx43266–283, 1 μM dasatinib and 1 μl/ml dimethyl sulfoxide were applied in the presence of LPS, 15 min before and during EtBr uptake. (A) Representative photomicrographs showing EtBr uptake in astrocytes after LPS treatment and the inhibition promoted by CBX and TAT-Cx43266–283. (B) Quantification of EtBr uptake intensity in arbitrary units (AU). Dotted line represents the basal level of EtBr fluorescence found in untreated astrocytes. The results are the means ± SEM (n = 3; at least 300 cells were counted per condition). **p < 0.01, ANOVA (post-test Holm-Sidak). (C) Astrocyte cultures were incubated in the absence or presence of 50 μM TAT-Cx43266–283 24 h before and during the scrape-loading experiment. Photomicrographs obtained after Lucifer yellow (LY) scrape loading and quantification of the number of fluorescent cells per field. The results are the means ± SEM (n = 3). (D,E) Neuron-astrocyte co-cultures were incubated with 100 μM KA for 8 h and then 5 μM EtBr was added for 10 min. Two-hundred micromolar CBX, 50 μM TAT-Cx43266–283 or 1 μM dasatinib were applied in the presence of KA, 15 min before and during EtBr uptake. (D) Representative photomicrographs showing EtBr uptake in neuron-astrocyte co-cultures after KA treatment and the inhibition promoted by CBX and TAT-Cx43266–283. (E) Quantification of EtBr uptake intensity in AU. The results are the means ± SEM (n = 3; at least 300 cells were counted per condition). ***p < 0.001 ANOVA (post-test Holm-Sidak). Bar, 50 μm.



To test the involvement of hemichannel activity on the neuroprotective effect of TAT-Cx43266–283 in KA-induced neurotoxicity, EtBr uptake was analyzed in neuron-astrocyte co-cultures treated with KA. Figures 7D,E show that KA strongly increased hemichannel activity in these co-cultures. Interestingly, TAT-Cx43266–283 applied in the presence of KA strongly inhibited hemichannel activity (Figures 7D,E). In fact, the inhibition promoted by TAT-Cx43266–283 was similar to that promoted by CBX, a hemichannel inhibitor, or by dasatinib, a c-Src inhibitor (Figures 7D,E). These data suggest that TAT-Cx43266–283 by inhibiting c-Src activity prevented hemichannel activity promoted by KA in neuron-astrocyte co-culture.

We then investigated whether KA, per se, affected astrocyte hemichannel activity. Figure 7B shows that KA did not activate hemichannels in astrocytes. However, when astrocytes were exposed to conditioned medium from KA-treated neuron-astrocyte co-cultures, the activity of astrocyte hemichannels strongly increased (Figure 7B). These results confirm that some factors released by damaged neurons, but not KA, activate astrocyte hemichannels. Altogether, these data suggest that TAT-Cx43266–283, by inhibiting c-Src, prevents the activation of hemichannels caused by factors released by KA-damaged neurons (Figure 8).
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FIGURE 8. Proposed mechanism of TAT-Cx43266–283 neuroprotective effect. (1) KA induces neuronal death by excitotoxicity. (2) This injury promotes the release of proinflammatory molecules that cause the activation of c-Src in astrocytes. (3) c-Src, among other effects, can activate astrocyte hemichannels, causing the release of some factors, such as ATP and glutamate. (4) ATP and glutamate increase the extent of neuronal death. (5) TAT-Cx43266–283 inhibits c-Src activity and consequently glial hemichannel activity with the subsequent neuroprotective effect.






DISCUSSION

Our previous studies reported that a cortical injection of KA promoted a transient increase in c-Src activity in the region surrounding the neuronal lesion (Gangoso et al., 2012). c-Src is an important mediator in several signaling pathways related to neuroinflammation (Paul et al., 2001; Tai et al., 2013). In this study, we revealed that TAT-Cx43266–283, a Cx43 mimetic peptide that inhibits c-Src activity (Gangoso et al., 2014; González-Sánchez et al., 2016; Jaraíz-Rodríguez et al., 2017), reduces the extent of neuronal death promoted by KA.

Intriguingly, we show here that the neuroprotective effect of TAT-Cx43266–283 in KA-injured neurons requires the presence of astrocytes. Clearly, the initial neuronal injury promoted by KA is due to excitotoxicity. As a potent agonist for the AMPA/kainate class of glutamate receptor, KA increases the production of reactive oxygen species, mitochondrial dysfunction and apoptosis in neurons (Wang et al., 2005). Similarly to other neuronal injuries, this primary tissue damage induces subsequent neurotoxic factor release, resulting in the activation of microglia cells and astrocytes that, although initially exert a neuroprotective effect, in the long term contributes to the delayed neuronal death (Hong et al., 2010; Zhang and Zhu, 2011). Although further research is required, it could be proposed that TAT-Cx43266–283, by inhibiting c-Src, interferes with the neuroinflammatory response evoked by activated astrocytes after KA-induced neuronal death. In agreement with this, KA promotes a transient increase in c-Src activity in activated astrocytes surrounding KA-injured neurons (Gangoso et al., 2012). Moreover, the present study shows that the inhibitor of c-Src, TAT-Cx43266–283, reduces the activation of astrocytes that follows KA lesion.

Astrocytes are known to represent the brain cell population that expresses the higher among of connexins forming hemichannels. Moreover, increasing evidence suggests that inflammation-induced astrocyte hemichannel activation plays a critical role in neuronal death (Bennett et al., 2012; Ishii et al., 2013; Yi et al., 2016; Belousov et al., 2017; Gajardo-Gómez et al., 2017). Thus, astrocyte hemichannels in neuron-astrocyte co-cultures participate in NMDA-induced neurotoxicity (Froger et al., 2010). The activation of astrocyte hemichannels releases ATP and glutamate that contribute to neuronal death (Orellana et al., 2011a; Bennett et al., 2012). Although our results did not demonstrate that the release of ATP and glutamate occurs directly from hemichannels, because it was not under the scope of this study, they showed a neurotoxic effect of ATP and glutamate that takes place when astrocyte hemichannels are opened. Indeed, according to our results, ATP and glutamate participate in neuronal death promoted by KA in neuron-astrocyte co-culture, suggesting the participation of astrocyte hemichannels in the neurotoxic effect caused by KA. In agreement with this, the results presented in this study showed that some factors released by damaged neurons promoted the activation of astrocyte hemichannels and neuronal death. Interestingly, this effect was impaired by TAT-Cx43266–283, which inhibited astrocyte hemichannel activity. The astrocyte hemichannel activation appears to be mediated by c-Src, first because TAT-Cx43266–283 has been reported to be an important inhibitor of c-Src (Gangoso et al., 2014; González-Sánchez et al., 2016; Jaraíz-Rodríguez et al., 2017) and also because other inhibitors of c-Src, such as dasatinib, inhibited astrocyte hemichannel activity.

Neuronal injury causes the release of several pro-inflammatory cytokines such as TNF-alpha, IL-1or IL-6 (Feuerstein et al., 1994) that can activate c-Src (Yu et al., 2007; Byeon et al., 2012; Liu et al., 2014; Song et al., 2016) and astrocyte hemichannels (Froger et al., 2010). In fact, c-Src activation and glial hemichannel activity are common events in several CNS diseases, suggesting a link between them. Thus, the deleterious contribution of c-Src activity to neurodegeneration have been extensively documented in models of Parkinson’s disease (Tai et al., 2013; Wang et al., 2016), Alzheimer’s disease (Dhawan and Combs, 2012; Kaufman et al., 2015) and stroke (Paul et al., 2001). Similarly, astrocytes open their Cx43 hemichannels in Parkinson’s disease (Rufer et al., 1996; Kawasaki et al., 2009) Alzheimer’s disease (Orellana et al., 2011b; Takeuchi et al., 2011; Yi et al., 2016) and ischemia (Contreras et al., 2002; Retamal et al., 2006). We found that c-Src inhibitors reduce astrocyte hemichannel activity promoted by LPS or by damaged neurons, suggesting that c-Src activity increases astrocyte hemichannel activity. To our knowledge, there is no evidence indicating that c-Src directly opens Cx43 hemichannels. c-Src binds to the SH3 domain binding motif of Cx43 and then phosphorylates tyrosines 265 and 247. As a consequence, gap junctional intercellular communication (GJIC) is reduced, and Cx43 turnover is initiated (Kanemitsu et al., 1997; Giepmans et al., 2001; Sorgen et al., 2004). Although other possibilities cannot be ruled out, these changes in Cx43 conformation and/or location might be responsible for the increase in hemichannel activity. Consistent with this, pioneer studies on Cx43 mimetic peptides showed that the sequence 271–287 injected into Xenopus oocytes prevented the inhibition of Cx43 gap junction channels promoted by intracellular acidification (Calero et al., 1998). Intracellular acidification increases c-Src activity (Yamaji et al., 1997) and reduces gap junctional communication (Li et al., 2005), suggesting a link between both processes (Lau, 2005). Therefore, we speculated that the sequence 271–287, similarly to TAT-Cx43266–283, could inhibit c-Src activity by recruiting PTEN and CSK (González-Sánchez et al., 2016; Jaraíz-Rodríguez et al., 2017) interfering with the effects of c-Src on Cx43-channel properties.

Taken together, these results allow us to propose that astrocyte hemichannel activity is increased after KA-neuronal injury and that TAT-Cx43266–283, by inhibiting c-Src, among other effects reduces astrocyte hemichannel activity with the subsequent neuroprotective effect (Figure 8). Furthermore, it should be mentioned that TAT-peptides can be delivered in vivo in mice, and display penetration into the brain parenchyma (Abudara et al., 2014; Stalmans et al., 2015), which increase the interest of TAT-Cx43266–283 for the development of new therapies to reduce excitotoxic-mediated neurodegeneration. Additionally, the results obtained with this Cx43 mimetic peptide may provide some clues about the role played by the changes in Cx43 expression found in astrocytes under pathological conditions (Giaume et al., 2010). In this sense, in addition to affect Cx43 channel functions, changes in Cx43 expression can modulate c-Src activity. Thus, down-regulation of Cx43 in astrocytes increases c-Src activity (Gangoso et al., 2012; Valle-Casuso et al., 2012). Conversely, if TAT-Cx43266–283 mimics the effect of the up-regulation of Cx43, the increase in astrocyte Cx43 expression would reduce c-Src activity with the subsequent reduction in hemichannel activity and neuroprotective effect. Finally, this study opens the interesting possibility that glial hemichannels could be involved in the neuroinflammatory response mediated by c-Src in major CNS diseases like Parkinson’s disease, Alzheimer’s disease or stroke (Paul et al., 2001; Dhawan and Combs, 2012; Tai et al., 2013; Kaufman et al., 2015; Wang et al., 2016).
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The formation of gap junctions was initially thought to be the central role of connexins, however, recent evidence had brought to light the high relevance of unopposed hemichannels as an independent mechanism for the selective release of biomolecules during physiological and pathological conditions. In the healthy brain, the physiological opening of astrocyte hemichannels modulates basal excitatory synaptic transmission. At the other end, the release of potentially neurotoxic compounds through astroglial hemichannels and pannexons has been insinuated as one of the functional alterations that negatively affect the progression of multiple brain diseases. Recent insights in this matter have suggested encannabinoids (eCBs) as molecules that could regulate the opening of these channels during diverse conditions. In this review, we discuss and hypothesize the possible interplay between the eCB system and the hemichannel/pannexon-mediated signaling in the inflamed brain and during event of synaptic plasticity. Most findings indicate that eCBs seem to counteract the activation of major neuroinflammatory pathways that lead to glia-mediated production of TNF-α and IL-1β, both well-known triggers of astroglial hemichannel opening. In contrast to the latter, in the normal brain, eCBs apparently elicit the Ca2+-activation of astrocyte hemichannels, which could have significant consequences on eCB-dependent synaptic plasticity.
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INTRODUCTION

Because neurons are the excitable cells responsible for the transmission of electrochemical impulses during major cognitive processes, they were considered for a long time the main functional units at the central nervous system (CNS; Navarrete and Araque, 2010). Nonetheless, accumulating evidence in the last two decades has showed that other cell types may also play an active and highly coordinated role in multiple brain functions (Iadecola, 2017). For example, microvascular endothelial cells are pivotal players in the neurovascular coupling, as they actively modulate both the local blood flow and transport across the blood-brain barrier (BBB), ensuring oxygen, glucose and metabolite supply on demand (Zhao et al., 2015). At the other end, along with being the major population of glial cells in the CNS, astrocytes also are the gatekeepers of the BBB and govern synaptic transmission, ionic and transmitter homeostasis, as well as antioxidant and neurovascular responses, among other functions (Allen and Eroglu, 2017). Although initially not considered an element of the chemical synapse, microglia are now recognized to have a broad spectrum of functions beyond their immune capabilities, ranging from neuronal pruning to synaptic plasticity (Li and Barres, 2017). Because they are the primary source of inflammatory mediators during infections, injuries and chronic neurodegenerative diseases, microglia finely control the inflammatory profile of astrocytes and decidedly impact the functions and fate of neurons (Kettenmann et al., 2011). Most of the abovementioned functions and features tightly depend on the complex interaction and intercellular synchronization among brain cells. In mammals, cell-to-cell communication is in part mediated by two unrelated families of plasma membrane proteins: connexins and pannexins (Wang et al., 2013a; Decrock et al., 2015).

Connexins encompass a broad protein family of 21 members in humans (20, 37 and 17 in mice, zebrafish and frog, respectively), whose major structural features include the presence of four highly conserved transmembrane domains, two extracellular loops, intracellular N- and C-termini and a cytoplasmic loop linking the second and third transmembrane segments (Esseltine and Laird, 2016; Figure 1). These proteins form two types of functional plasma membrane channels: hemichannels and gap junction channels (GJCs). Each hemichannel is the assembly of six connexins around a central aqueous pore that allow the bidirectional flux of ions and molecules between the intracellular and intracellular milieu (Sáez et al., 2010; Figure 1). Additionally, hemichannels may diffuse freely to areas of cell-to-cell contact to align and dock with compatible hemichannels from a neighboring cell to complete the formation of GJCs. The arrangement and clustering of hundreds of GJCs at membrane appositions constitute the gap junction plaque, which provide a pathway of direct cytoplasmic communication between adjacent cells (Sáez et al., 2003). These channels are the building blocks of the electrically conductive link between two neighboring neurons (electrical synapse), as well as the functional syncytium of coupled astrocytes that underlie the homeostatic regulation of ions, transmitters and metabolites at the CNS (Orellana et al., 2009; Decrock et al., 2015). For example, the essential architecture of electrically coupled retinal circuits rely on the communication through GJCs, as they are broadly found in all cell types of the retina (Bloomfield and Volgyi, 2009). While the formation of gap junctions was initially thought to be the central role of connexins, the last decade had brought to light the high relevance of unopposed hemichannels as independent mechanisms for the selective release of relevant biomolecules (e.g., ATP, glutamate, PGE2) during physiological and pathological conditions (Giaume et al., 2013; Montero and Orellana, 2015; Gajardo-Gómez et al., 2017).
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FIGURE 1. Basic structure of connexin and pannexin-based channels. Connexins and pannexins share a similar membrane topology with four α-helical transmembrane domains connected by two extracellular loops and one cytoplasmic loop; both the amino- and carboxy-termini are intracellular. The relative positions of the extracellular loop cysteines (green balls) and glycosylated asparagines (blue branches) are also shown. Hemichannels (also known as connexons) are formed by the oligomerization of six subunit connexins around a central pore. Pannexons are single membrane channels that are composed of six pannexin subunits. Recently, a band pattern more consistent with an octamer than a hexamer was observed in Panx2 by cross-linking studies and native gels of purified homomeric full-length and C-terminal truncation mutants (Ambrosi et al., 2010). Under resting conditions, hemichannels and pannexons remain preferentially closed, but they may be activated by diverse physiological and pathological conditions and offer a diffuse transmembrane route between the intra- and extracellular milieu. Hemichannels dock each other to form functional cell-to-cell channels termed gap junction channels (GJCs). GJCs aggregate in well-known anatomical structures called gap junctions to facilitate the intercellular cytoplasmic exchange of metabolites, second messengers and ions.



Pannexins, on the other hand, belong to a three-member family of chordate proteins homologous to the invertebrate gap junction proteins: the innexins (Bruzzone et al., 2003). Pannexins, unlike innexins and connexins, seem to have lost the capacity to directly couple contacting cells and thereby, the molecular and ionic interchange between the cytoplasmic and extracellular space is today widely recognized as their fundamental function. Although these proteins share some structural and topological features with connexins, their amino acid sequence and major post-translational modifications totally differ (Dahl and Keane, 2012). Single pannexin channels, also known as pannexons, allow the release of different paracrine molecules, including ATP, UTP, D-serine and glutamate (Bond and Naus, 2014). Pannexons formed by Pannexin 1 (Panx1), the most ubiquitous member of its family, are activated through direct protein-to-protein interactions with P2X7 receptors (P2X7R; Locovei et al., 2007), whereas the P2Y receptor (P2YR)-mediated rise in intracellular free Ca2+ concentration ([Ca2+]i) causes similar effects in these channels (Locovei et al., 2006). Consequently, the crosstalk between pannexons and purinergic receptors has been proposed to be crucial for the paracrine ATP release and amplification of cell-to-cell Ca2+ signaling (Wang et al., 2013a; Dahl, 2015). The latter is particularly true for astrocytes. They can communicate each other and with neurons by the spread of Ca2+ waves through two major interdependent mechanisms. One of them requires the physical interaction among contacting astrocytes and involves the diffusion through GJCs of cytoplasmic Ca2+-mobilizing second messengers such as IP3, cADP-ribose (cADPR) or Ca2+ itself (Scemes and Giaume, 2006; Orellana et al., 2012b). Alternatively, ATP produced by astrocytes may diffuse in a paracrine way to activate P2XRs/P2YRs, increasing the [Ca2+]i and perpetuating the propagation of Ca2+ waves as new ATP is released into the extracellular space (Guthrie et al., 1999; Anderson et al., 2004). This mechanism of ATP-induced ATP release constitutes a critical pathway through which astrocytes exert their modulatory actions over neuronal activity (Chen et al., 2013; Shen et al., 2017).

Throughout the CNS there is a complex pattern of expression for connexins and pannexins, being highly dependent on developmental stage, brain region, cell type and brain homeostatic conditions (Söhl et al., 2000; Koulakoff et al., 2012; Gaete et al., 2014; Swayne and Bennett, 2016). Up to now, most studies indicate that hemichannels and pannexons play pivotal roles at the normal CNS, including the establishment of adhesive interactions, tolerance to ischemia, fear memory consolidation, glucose and redox sensing, chemoreception, BBB permeability, spontaneous electrical activity, synaptic transmission and neuronal migration (Orellana et al., 2016). Nevertheless, during acute and chronic brain damage, these channels behave abnormally, showing an increased activity and altering their permeability properties to different crucial biomolecules. The latter phenomenon has been hypothesized as a common hallmark reflecting the homeostatic unbalance observed in diverse neuropathological conditions such as Alzheimer’s disease (AD), epilepsy, ischemia and HIV-associated neurological disorders (Domercq et al., 2010; Orellana et al., 2011a; Decrock et al., 2015; Berman et al., 2016; Robel and Sontheimer, 2016; Giaume et al., 2017). While the mechanisms linked to hemichannel/pannexon dysfunction remain still obscure, some clues coming from recent studies argue in favor of the involvement of inflammatory and redox signaling in this process (Takeuchi et al., 2006; Retamal et al., 2007; Karpuk et al., 2011; Adamson and Leitinger, 2014; Retamal, 2014; Avendaño et al., 2015). The release of potentially neurotoxic compounds through hemichannels and pannexons has been insinuated as one of the functional alterations that negatively impact the progression of multiple brain diseases, turning the study and comprehension of this field in something of high relevance (Shestopalov and Slepak, 2014; Kim et al., 2016; Giaume et al., 2017; Malik and Eugenin, 2017; Rovegno and Sáez, 2018). Accordingly, many research groups are currently focused in developing new therapeutic and pharmacological tools to tackle the exacerbated activity of hemichannels and pannexons (Moore and O’Brien, 2015; Becker et al., 2016; Willebrords et al., 2017). Recent insights in this matter have suggested cannabinoids (CBs) as molecules that could counteract the opening of hemichannels and pannexons during neuroinflammatory conditions (Froger et al., 2009; Gajardo-Gómez et al., 2017). In this review, we first describe major features of the brain endocannabinoid (eCB) system and its critical role in synaptic transmission. Later, the possible neuroprotective actions of eCBs are discussed, in particular, the inhibition of the uncontrolled opening of glial cell hemichannels. Finally, we hypothesize how astroglial hemichannels may participate in eCB-mediated synaptic transmission in the healthy brain.



THE ENDOCANNABINOID SYSTEM AT THE CNS

Although cannabis (Cannabis sativa) has been widely used throughout history for medicinal, religious, recreational and social purposes, just in the past two decades research in the field has brought to light its multiple benefits (Corcos et al., 2005; Biswas et al., 2017; Mahvan et al., 2017; Yassin et al., 2017). In 1964, tetrahydrocannabinol (THC), the principal psychoactive constituent of cannabis, was isolated and purified, permitting the elucidation of its chemical structure (Gaoni and Mechoulam, 1964). Since then, many studies have been conducted to reveal the molecular mechanisms responsible for the psychoactive effects of cannabis-derived compounds, also known as phytocannabinoids (Zuardi, 2008). Late in the 1980s, as a result of decades of research on THC, Devane et al. (1992b) discovered the binding sites for the first CB receptor in the brain: CB1. Shortly after the cloning of the CB1 receptor (Matsuda et al., 1990), a second receptor called CB2 was isolated from human promyelocytic leukemia cells (Munro et al., 1993), whereas two eCBs agonists were identified: anandamide or N-arachidonoylethanolamine (AEA) and 2-arachidonylglycerol (2-AG; Devane et al., 1992a; Sugiura et al., 1995). Up to now, several molecules encompass the current thirteen-member list of eCBs (Pertwee, 2015), including O-arachidonoyl ethanolamine (Porter et al., 2002) and 2-arachidonyl glyceryl ether (Hanus et al., 2001); nevertheless, most studies have been focalized on AEA and 2-AG. Whether plant derived, synthetic or endogenous, CBs are lipid messengers that activate at least two Gi/o protein-coupled receptors; CB1 and CB2; and one ionotropic receptor: the transient receptor potential vanilloid 1 (TRPV1; Zygmunt et al., 1999). AEA predominantly acts as partial agonist of both CB1 and CB2 receptors and shows less relative intrinsic efficacy and affinity for CB2 than for CB1 receptors (Pertwee, 2010). On the other hand, 2-AG binds with the same affinity to both receptors and exhibits higher potency than AEA as CB1 and CB2 receptor agonist (Pertwee, 2010). AEA also binds and activates TRPV1s (Zygmunt et al., 1999), whereas 2-AG also binds GABAA receptors (Sigel et al., 2011). In concert, eCBs, their receptors and regulatory synthetic (N-acylphosphatidylethanolamine phospholipase D [NAPE-PLD] and diacyglyerol lipase α [DAGLα]) and catabolic (fatty acid amide hydrolase [FAAH], monoacylglycerol lipase [MAGL] and others) enzymes constitute the triad usually referred as the eCB system (Battista et al., 2006). This systemic pathway plays key homeostatic functions in the CNS, as well as in multiple peripheral sites including skin, cardiovascular system, gastrointestinal tract, adipose tissue and liver (Pertwee, 2012).

At the CNS, AEA originates from the metabolism of NAPE by the activity of NAPE-PLD, being this process dependent on rising [Ca2+]i upon depolarization and/or activation of ionotropic receptors (Luchicchi and Pistis, 2012). The biosynthesis of 2-AG from triacylglycerols requires the action of DAGL triggered by the activation of metabotropic receptors coupled to the PLCβ (Kreitzer and Regehr, 2002). Once postsynaptic neurons release eCBs into the synaptic cleft, they diffuse in a retrograde manner to activate presynaptic Gi/o-coupled CB1 receptors, which result in the hyperpolarization of presynaptic terminals and as a consequence decreases neurotransmitter release (Ohno-Shosaku et al., 2001). The latter occurs at least by two major mechanisms of synaptic depression. At one end, short-term stimulation of CB1 receptors may lead to presynaptic inhibition of Ca2+ influx through N- and P/Q-type voltage-gated Ca2+ channels (Kreitzer and Regehr, 2002; Nimmrich and Gross, 2012), or activation of presynaptic A-type and inward rectifier K+ channels (Kreitzer and Regehr, 2002). At the other end, long-term activation of CB1 receptors may blunt the function of adenylyl cyclase (Childers and Deadwyler, 1996), resulting in the subsequent reduction of presynaptic cAMP levels and PKA activity (Chevaleyre et al., 2007). Synaptic signaling of eCBs ceases with their re-uptake and subsequent intracellular degradation. Inactivation of AEA takes place primarily by action of FAAH (Cravatt et al., 1996), whereas 2AG is degraded by the presynaptic enzyme MAGL and α/β-Hydrolase domain-containing 6 (Dinh et al., 2002; Marrs et al., 2010). Additionally, eCBs can act as non-retrograde messengers, where 2-AG may stimulate postsynaptic CB1 or CB2 receptors, whereas AEA may open postsynaptic TRPV1s (Castillo et al., 2012).

Most of the psychoactive effects of cannabis depend on CB1 receptors and their vast expression on neurons throughout the brain, including the basal ganglia, cerebellar cortex and hippocampus (Moldrich and Wenger, 2000). Despite of being characterized in some neurons (Onaivi, 2011; Stempel et al., 2016); CB2 receptors seem mostly found in glial cells at the nervous system (see below) and immune cell in the periphery, such as macrophages, neutrophils, lymphocytes, natural killer cells and monocytes (Galiègue et al., 1995; Buckley et al., 2000; Núñez et al., 2004). What remained as an open question for a long time is whether glial cells actually express CB receptors. Although early studies described the presence of CB1 and CB2 receptors in astrocytomas and primary astroglial cultures (Bouaboula et al., 1995; Sánchez et al., 1998; Molina-Holgado F. et al., 2002; Sheng et al., 2005), other studies did not find CB receptors in astrocytes (Sagan et al., 1999; Walter and Stella, 2003; Lou et al., 2012). In microglia, first reports showed an important expression of CB2 receptors in primary cultures and cell lines from different species (Carlisle et al., 2002; Facchinetti et al., 2003; Klegeris et al., 2003; Walter et al., 2003; Ramírez et al., 2005), however, CB1 receptors were rarely detected (Waksman et al., 1999). These contradictory results may reflect differences in the approaches used, including animal strains or species, antibody specificity and efficacy and cell conditions, as well as the fact that lower expression of CB receptors could make extremely difficult their identification by western blotting or immunohistochemistry (Onaivi et al., 2012; Metna-Laurent and Marsicano, 2015). In particular, several in vitro culture conditions influence glial function and inflammatory profile, such as type of isolation, culture medium, serum supplementation, medium changes, confluence, cell age, substrates and purity (Saura, 2007; Codeluppi et al., 2011; Stansley et al., 2012; Bohlen et al., 2017). Nowadays, most in vitro and in vivo evidence indicates that both astrocytes and microglia express CB1 and CB2 receptors in rodents (Gong et al., 2006; Navarrete and Araque, 2008; Palazuelos et al., 2009; Sagredo et al., 2009; Mecha et al., 2015; Navarro et al., 2018), dogs (Fernández-Trapero et al., 2017) and humans (Benito et al., 2005, 2007), thus playing critical roles in immunomodulatory responses and synaptic plasticity (Di Marzo et al., 2015; Oliveira da Cruz et al., 2016).



NEUROPROTECTIVE ACTIONS OF CANNABINOIDS VIA THE INHIBITION OF HEMICHANNELS

Neuroinflammation is a pivotal determinant in the pathogenesis and progression of multiple acute and chronic neurodegenerative diseases. Microglial activation, reactive astrogliosis, production of inflammatory mediators (cytokines, chemokines, nitric oxide [NO], reactive oxygen and nitrogen species [ROS/RNS]), BBB breakdown and subsequent brain infiltration of circulating immune cells characterize this process (Becher et al., 2017). Both microglial activation and reactive astrogliosis constitute graded and multistage conserved glial reactions that counteract acute damage, restoring the homeostasis and limiting the brain parenchyma injury (Kettenmann et al., 2011; Pekny and Pekna, 2014). Nevertheless, during severe challenges and chronic brain damage, microglia and astrocytes may turn in uncontrolled source of inflammatory mediators rather than exhibiting a repair-oriented activity profile. While an efficient immune response is necessary to resolve brain threats, under the above circumstances, astrocytes and microglia may worsen disease progression by altering synaptic function, ion homeostasis, antioxidant defense and neuronal survival.

A growing body of data support the idea that eCBs are endowed with powerful immunoregulatory and anti-inflammatory properties, influencing both the CNS and peripheral tissues (Walter and Stella, 2003; Rom and Persidsky, 2013; Turcotte et al., 2015). eCBs and synthetic CB receptor agonists decrease the production of NO, ROS/RNS, free radicals and pro-inflammatory cytokines in activated glial cells, while facilitate the switching of dysfunctional microglia towards an anti-inflammatory phenotype (Waksman et al., 1999; Molina-Holgado E. et al., 2002; Molina-Holgado et al., 2003; Sheng et al., 2005; Mecha et al., 2015). Remarkably, brain levels of eCBs and glial CB receptors increase during neuroinflammation and neurodegenerative conditions, which may reflect self-neuroprotective and adaptive processes aimed at limiting the deleterious effects of inflammatory responses. In this line, CBs have been proposed as therapeutic tools to tackle several brain pathologies such as AD, multiple sclerosis (MS), Huntington’s disease (HD), traumatic brain injury (TBI), Parkinson’s disease (PD), among others (Kendall and Yudowski, 2016; Lu and Mackie, 2016). Supporting this notion, CB administration greatly mitigates the symptoms generated in animal models of MS (Lyman et al., 1989), HD (Palazuelos et al., 2009) and AD (Ramírez et al., 2005; Martín-Moreno et al., 2012), as well as a well-characterized model of chronic neuroinflammation produced by the infusion of lipopolysaccharide (LPS; Marchalant et al., 2007). Accumulating evidence suggests that neuroprotective actions of CBs depend on cellular and molecular events modulating the dysfunctional status of glial cells (Stella, 2004, 2010). At this point, one line of thought has argued that CBs may favor neuronal survival by inhibiting the uncontrolled activity of glial hemichannels and pannexons (Orellana et al., 2012c).

Inflammation has been established as a corner stone in the impaired function of hemichannels and pannexons not only in the CNS but also in peripheral organs (Kim et al., 2016; Crespo Yanguas et al., 2017). Just in the last 3 years a large list of inflammatory agents have been shown to exacerbate the opening of these channels in glial cells, such as cytokines (Abudara et al., 2015), growth factors (Garre et al., 2016), LPS (Avendaño et al., 2015), human immunodeficiency virus (Orellana et al., 2014) and ultrafine carbon black particles (Wei et al., 2014). Over the same period, similar findings have been found in multiple animal models of human disease, including amyotrophic lateral sclerosis (Almad et al., 2016), AD (Yi et al., 2016), hypercholesterolemia (Orellana et al., 2014), traumatic injury (Rovegno et al., 2015) and stress (Orellana et al., 2015). The release of cytokines from activated microglia represents a fundamental mechanism of Cx43 hemichannel activation in astrocytes in vitro (Retamal et al., 2007) and ex vivo (Abudara et al., 2015). In healthy conditions, the expression and activity of these channels is not high, but enough to ensure the release and influx of relevantly biological substances (Orellana et al., 2016). However, when astrocytes are cultured with primary microglia in presence of LPS, the opening of Cx43 hemichannels, determined from unitary current and dye uptake recordings, is prominently raised (Retamal et al., 2007). The latter response is emulated with conditioned media (CM) harvested from LPS-stimulated primary microglia, bringing up the idea that soluble factors released by microglia modulate astrocyte hemichannels (Retamal et al., 2007). ELISA, immunoneutralization and cytokine receptor blocking analysis reveal that IL-1β and TNF-α are indeed the soluble factors increasing Cx43 hemichannel opening in primary astrocytes (Retamal et al., 2007), which is consistent with previous studies showing that both cytokines reduce Cx43 expression and coupling between astrocytes (Même et al., 2006). Hence, IL-1β and TNF-α released by LPS-treated microglia regulate gap junctions and hemichannels in an opposing manner in cultured astrocytes (Retamal et al., 2007).

With this in mind, Froger et al. (2009) investigated whether endogenous (methanandamide [Meth], a non-hydrolyzable analog of AEA) and synthetic (WIN-55,212-2 [WIN] and CP 55,940 [CP]) CBs could modulate the release of IL-1β and TNF-α from LPS-treated microglia and their opposite effects on astroglial GJC and hemichannel function. They found that WIN, CP or Meth suppress the release of TNF-α and IL-1β by LPS-treated primary microglia (Froger et al., 2009), reinforcing previous reports describing that THC, as well as eCBs or synthetic CBs, blunt the expression and production of both cytokines in activated primary microglia (Puffenbarger et al., 2000; Facchinetti et al., 2003). More relevantly, these CBs prevented the astroglial uncoupling elicited by the following conditions: (i) LPS treatment in astrocyte-microglia primary mixed cultures; (ii) CM harvested from LPS-activated primary microglia; or (iii) mixture of IL-1β and TNF-α (Froger et al., 2009). Particularly, these preventive effects occurred in an additive way, indicating that WIN, CP and Meth likely act on different CB receptors. Coincident with this line of though, CB1 or CB2 receptor blockers abrogated with distinct pharmacological profiles the counteracting actions of WIN and Meth (Froger et al., 2009). The latter fit with the current notion of astrocytes expressing both CB1 and CB2 receptors (Benito et al., 2007; Navarrete and Araque, 2008; Sagredo et al., 2009; Navarro et al., 2018). In the same study, WIN and Meth were found to fully abolish the increase in Cx43 hemichannel activity in astrocytes triggered by the mixture of IL-1β and TNF-α (Froger et al., 2009). Contrary to the preventive effects observed in astroglial uncoupling, the CB-mediated inhibition of hemichannel opening was not additive and depended only on the activation of CB1 receptors (Froger et al., 2009).

As indicated above, exacerbated opening of glial hemichannels or pannexons may lead to the release of potentially neurotoxic compounds, resulting in neuronal alterations and subsequent cell death. In a follow-up study, Froger et al. (2010) tested the contribution of Cx43 hemichannel opening to NMDA-induced excitotoxicity in neuron/astrocyte co-cultures after treatment with TNF-α and IL-β. NMDA treatment significantly increased neurotoxicity in cytokine-treated co-cultures compared to the untreated ones, whereas this response did not occur in neurons co-cultured with Cx43 knock-out astrocytes or in the presence of Cx43 hemichannel blockers (Froger et al., 2010). At this point, the authors addressed the possibility that CB treatment could have a neuroprotective effect in NMDA and cytokine-induced excitotoxicity. Concordant with this notion, WIN completely prevented the increase in NMDA neurotoxicity produced by the mixture of TNF-α and IL-β (Froger et al., 2010). In the same line, recent studies by Gajardo-Gómez et al. (2017) reported that CBs ameliorate the amyloid-β peptide (Aβ)-induced neuronal death by preventing the dysfunctional opening of Cx43 hemichannels in astrocytes. Using time-lapse measurements of ethidium uptake, as well as patch clamp recordings, they showed that WIN, 2-AG and Meth, fully neutralize the Aβ-induced Cx43 hemichannel opening in cultured astrocytes and acute hippocampal slices. These responses were accompanied with a significant decline of the Aβ-induced production of IL-1β, TNF-α and NO in astrocytes (Gajardo-Gómez et al., 2017). Similar to that found by Froger et al. (2009), blockade of CB1 receptors with SR-141716A completely prevented the counteracting action of WIN, 2-AG and Meth over the Aβ-induced Cx43 hemichannel opening in cultured astrocytes. CBs also improved neuronal survival by mitigating the Aβ-induced excitotoxic release of glutamate and ATP linked to the opening of astroglial Cx43 hemichannels (Gajardo-Gómez et al., 2017). In discrepancy with primary cultures, in acute hippocampal slices the protective actions of WIN over hemichannel activity and neuronal death occurred via the activation of both CB1 and CB2 receptors, suggesting a cumulative action of CBs as they can act simultaneously in several cell types (Gajardo-Gómez et al., 2017).

How CBs impede the opening of hemichannels during pro-inflammatory conditions? A decade ago, Retamal et al. (2006) demonstrated that NO increases the opening of Cx43 hemichannels in ischemic astrocytes by inducing the S-nitrosylation of surface Cx43. Such key covalent modification also seems crucial for the cytokine-dependent opening of astroglial Cx43 hemichannels, as the inhibition of iNOS completely suppress this response in several pathological conditions (Retamal et al., 2007; Orellana et al., 2014; Avendaño et al., 2015; Gajardo-Gómez et al., 2017). In similar scenarios, blocking of p38 MAP kinase mitigates the activity of these channels, which is consistent with the fact that this pathway is a well-established cytokine target that induces iNOS expression and subsequent NO production in astrocytes (Wang et al., 2017; Figure 2). Altogether, these data denote that CB-mediated counteracting actions on hemichannel function may primarily proceeds by decreasing cytokine production and p38 MAP kinase activation, resulting in the subsequent suppression of NO production (Figure 2). In this context, the suppressive action of CBs on the NF-κβ pathway should be crucial, as it controls multiple aspects of neuroinflammation, including activation of glial cells and production of inflammatory mediators such as cytokines and NO (Shih et al., 2015; Figure 2). According with this notion, CBs blunt NF-κβ activation and reduce the production of NO and both IL-1β and TNF-α, as well as the activation of p38 MAP kinase in astrocytes (Curran et al., 2005; Sheng et al., 2009; Aguirre-Rueda et al., 2015), even in those stimulated with conditions that open hemichannels (e.g., Aβ; Aguirre-Rueda et al., 2015). Noteworthy, inhibition of NO production appears to rely on both CB1 and CB2 receptors (Sheng et al., 2005), while blockade of p38 MAP kinase activity is preferentially driven by CB2 receptors (Sheng et al., 2009). The latter may constitute a possible explication to the differential CB1/CB2 receptor pharmacology of synthetic and endogenous CBs in diverse astrocyte functions. A second but complementary mechanism of hemichannel regulation to that resulting from posttranslational modifications (e.g., S-nitrosylation) is the sorting of hemichannels to the cell surface. For instance, WIN fully abolish the Aβ-induced augment in surface levels of Cx43, signifying that modifications in surface expression of this protein may account for the preventive effects of CBs (Gajardo-Gómez et al., 2017). Future studies are required to elucidate the mechanisms associated to the CB-mediated regulation of surface Cx43.
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FIGURE 2. Cannabinoids (CBs) prevent the opposite regulation of astroglial connexin-based channels evoked by inflammatory conditions. In activated microglia, endocannabinoids (eCBs) acting on CB1Rs/CB2Rs counteract the NF-κβ-dependent release of TNF-α and IL-1β (1). In addition, in activated astrocytes, the stimulation of CB1Rs could also blunt the NF-κβ-mediated autocrine/paracrine release of TNF-α and IL-1β (2) along with the corresponding activation of TNFR1 (3) and IL1RI/IL1RAcP (4). The latter results in the inhibition of p38 MAP kinase and nitric oxide (NO) production, as well as the consequent reduction in excitotoxic release of gliotransmitters (e.g., glutamate and ATP) through astroglial Cx43 hemichannels (5). In parallel, activation of CB1Rs/CB2Rs may neutralize the reduction in gap junction communication (6) evoked by pro-inflammatory conditions (7).





THE POSSIBLE CROSSTALK BETWEEN ASTROCYTE HEMICHANNELS AND CANNABINOID SYSTEM DURING SYNAPTIC TRANSMISSION AND PLASTICITY

Without a doubt, the strategic alliance between neurons and astrocytes is crucial to understand the contemporary notion of synaptic transmission and plasticity (Araque et al., 2014). Pioneering studies by Araque et al. (1998a,b) served to later coin the term “tripartite synapse”, which describes how astrocytic processes together with pre- and postsynaptic terminals constitute a functional structure that sustain the activity of neural circuits (Eroglu and Barres, 2010). In this delicate physical and functional interaction, astrocytes sense and respond to neuronal activity by releasing bioactive molecules termed “gliotransmitters” through different pathways, including vesicles, P2X7R, volume-regulated anion channels (VRACs), bestrophin-1 Ca2+-activated chloride channels, pannexons, hemichannels and transporters (Gundersen et al., 2015). In addition to embracing the synaptic cleft, astrocytes are endowed with specialized terminal processes so called “endfeet”, which ensheath capillaries, intracerebral arterioles and venules; covering almost completely the abluminal vascular surface (Simard et al., 2003). This complex crosstalk with neurons and vascular cells provides astrocytes with an incomparable architectural advantage to facilitate local and long-distance release of gliotransmitters, thereby modulating synaptic transmission and plasticity with potentially significant consequences for memory and behavior (Dallerac and Rouach, 2016).

As already mentioned, retrograde eCB signaling may mediate short-term (Kreitzer and Regehr, 2001; Wilson and Nicoll, 2001) and long-term (Gerdeman et al., 2002; Marsicano et al., 2002) mechanisms of synaptic depression at both excitatory and inhibitory synapses (Navarrete et al., 2012). Surprisingly, although CB1 receptors are usually coupled to Gi/o proteins (Piomelli, 2003), the CB1-dependent [Ca2+]i rise in astrocytes depends on the phospholipase C (PLC)-mediated IP3 production, indicating the involvement of Gq proteins rather than a “classical” inhibition of adenylate cyclase (Navarrete et al., 2012). Quite remarkably, eCB release from neurons requires astroglial Ca2+ elevations to stimulate glutamate release from astrocytes, which in turn, increases the frequency of postsynaptic NMDA receptor (NMDAR)-mediated slow inward currents (SIC) in proximal pyramidal neurons (Navarrete et al., 2012). A study from the same group described that [Ca2+]i rise elicited by astroglial CB1 receptors lead to heterosynaptic short-term facilitation of synaptic transmission, likely through glutamate released from astrocytes and subsequent activation of presynaptic metabotropic glutamate receptors type-1 (mGluR1; Navarrete and Araque, 2010). These studies reinforce the idea that while eCBs trigger transient synaptic depression at local synapses via presynaptic CB1 receptors, they also induce transient synaptic potentiation at distant synapses through activation of astrocytic CB1 receptors.

The involvement of astroglial CB1 receptors in synaptic transmission also include processes of long-term plasticity. Indeed, stimulation of astroglial CB1 receptors increases [Ca2+]i and causes glutamate release from astrocytes, which by activating presynaptic NMDARs trigger spike timing dependent long-term depression (t-LTD; Min and Nevian, 2012). Equivalent mechanisms of t-LTD have been found in the hippocampus, yet in these cases, either D-serine or glutamate seem the gliotransmitters involved in presynaptic or postsynaptic activation of NMDARs, respectively (Han et al., 2012; Andrade-Talavera et al., 2016). Noticeably, astroglial CB1 receptor-mediated t-LTD is critical for inducing the impairment of working memory in vivo, with the latter response being dependent on activation of NR2B-containing NMDARs and endocytosis of AMPARs (Han et al., 2012). Examples of astroglial participation in CB1 receptor-mediated long-term plasticity also include synaptic facilitation. Just a while ago, it was described that eCB-mediated activation of astroglial CB1 receptors elevates [Ca2+]i and induces glutamate release that acting on presynaptic mGluR1s evokes long-term potentiation (LTP) when it coincides with the postsynaptic release of NO (Gómez-Gonzalo et al., 2015). Similar events of LTP facilitation have been described in the mouse neocortex with the ATP as major gliotransmitter implicated (Rasooli-Nejad et al., 2014). These studies open up the possibility that eCBs may have opposite and complementary regulatory effects, namely, while their signaling lead to transient or LTD via presynaptic CB1 receptors in local homoneuronal synapses (Wilson and Nicoll, 2001; Chevaleyre and Castillo, 2003), they transiently (Navarrete and Araque, 2010) or persistently (Gómez-Gonzalo et al., 2015) potentiate synaptic transmission at more distant synapses through activation of astrocytes. It is unclear whether these opposite mechanisms might coexist in vivo or whether they occur only in specific physiological or pathophysiological circumstances.

While a lot has been learned about the role of astrocytes on eCB-mediated synaptic plasticity, how exactly gliotransmitters are released from astrocytes is uncertain but it could involve vesicular exocytosis in some cases. Using the light chain of tetanus toxin and Evans blue, an inhibitor of the vesicular glutamate transporter, Min and Nevian (2012) demonstrated that eCB-mediated t-LTD requires the SNARE-dependent exocytosis of astroglial glutamate. Likewise, other study showed that eCBs trigger release of ATP and D-serine from neocortical astrocytes by SNARE-complex-dependent mechanism, with ATP being crucial for LTP facilitation (Rasooli-Nejad et al., 2014). Although it is well-accepted that [Ca2+]i-dependent vesicular fusion of either large or small synaptic-like vesicles (Araque et al., 2000; Bezzi et al., 2004; Martineau et al., 2008, 2013; Kang et al., 2013) lead to glutamate and D-serine release from astrocytes, the involvement of alternative non-vesicular pathways in eCB-mediated plasticity deserve more investigation. One alternative mechanism may reside in the opening of hemichannels, either directly as a route for diffusion or indirectly by favoring Ca2+ entry that subsequently activates other [Ca2+]i-dependent gliotransmitter release pathways (Montero and Orellana, 2015). Certainly, hemichannels formed by Cx43, the predominant channels of their kind in astrocytes, have already been associated with the release of diverse gliotransmitters such as glutamate (Ye et al., 2003; Orellana et al., 2011b), ATP (Stout et al., 2002; Kang et al., 2008; Chever et al., 2014), D-serine (Meunier et al., 2017), glutathione (Rana and Dringen, 2007) and lactate (Karagiannis et al., 2016). A while ago, it was showed that lowering extracellular Ca2+ to concentrations that take place during neuronal bursting activity, causes ATP efflux via astroglial Cx43 hemichannels, which subsequently strengths inhibitory transmission by activation of neuronal P2Y1R (Torres et al., 2012). The latter study brought to light the idea that gliotransmitter release linked to the physiological opening of astroglial hemichannels may regulate synaptic transmission. This was demonstrated later on by Chever et al. (2014), who found that constitutive function of astroglial Cx43 hemichannels contributes to ATP release and tuning of basal excitatory synaptic transmission in the hippocampus.

Additionally, when studied in basal conditions, the opening of astroglial Cx43 hemichannels enhances the amplitude of slow oscillations in mitral cells of the olfactory bulb (Roux et al., 2015) and is essential for fear memory consolidation in the basolateral amygdala (BLA), a brain region crucial for anxiety and emotional memory processing (Stehberg et al., 2012). The last-mentioned study revealed that microinjection of the BLA with TAT-L2, a peptide that specifically blocks Cx43 hemichannels, does not affect short-term memory, but fully induces amnesia towards an auditory fear conditioning paradigm (Stehberg et al., 2012). TAT-L2, along with Gap19, are the most predominant pharmacological tools used to inhibit hemichannel function without affecting gap junctional communication (Iyyathurai et al., 2013). TAT-L2 is a cell-permeable mimetic peptide of the so-called L2 cytoplasmic loop region of Cx43, whereas Gap19 is a smaller nonapeptide derived from it (Iyyathurai et al., 2013). Remarkably, the TAT-L2-mediated amnesic response was prevented by co-infusing a mixture of gliotransmitters together with the peptide, including glutamate, D-serine, glycine, lactate, ATP and glutamine. Likewise, Cx43 hemichannels appear to be critical for spatial memory. Using the spontaneous alternation Y maze training, a recent study reported that blockade of astroglial Cx43 hemichannels impairs hippocampal-dependent short-term spatial memory, but not working memory (Walrave et al., 2016). Decisive evidence establishing the involvement of astroglial hemichannels in regulating synaptic transmission came from a recent study of Giaume’s group. They observed that Cx43 hemichannel inhibition and clamping [Ca2+]i in astrocytes decreases NMDA but not AMPA postsynaptic currents in the prefrontal cortex (Meunier et al., 2017). Furthermore, electrophysiological experiments of high frequency stimulation revealed D-serine release linked to astroglial Cx43 hemichannel opening is crucial for LTP of NMDA or AMPA synaptic currents (Meunier et al., 2017). This study uncover a possible mechanism to explain previous findings showing that exogenous administration of D-serine revert LTP impairment caused by inhibition of [Ca2+]i oscillations in astrocytes (Henneberger et al., 2010).

Overall, the above studies provide a solid picture about the role of astroglial hemichannels in synaptic transmission and thus their involvement on eCB-mediated neural plasticity could be critical. How hemichannels may contribute to the eCB-dependent synaptic dialog between astrocytes and neurons? Given that postsynaptic eCBs cause the [Ca2+]i-dependent release of glutamate and D-serine from astrocytes (Navarrete and Araque, 2008, 2010; Andrade-Talavera et al., 2016), one may question whether Cx43 hemichannels are involved in this process. In this line, a recent work has shown that eCBs may activate astrocytic hemichannels under basal conditions. Using two-photon in vivo microscopy, Vázquez et al. (2015) detected an increased basal activity of astroglial Cx43 hemichannels in the cortex of FAAH-null mice, which possess 15-fold augmented endogenous brain levels of AEA (Cravatt et al., 2001). Equivalent results were observed when AEA was directly applied in the mouse cortex (Vázquez et al., 2015), attributing to eCBs the ability of stimulate basal activity of astroglial hemichannels in the normal brain. It is noteworthy that CB1-dependent elevation of [Ca2+]i in astrocytes relies on PLC activation and further IP3 production (Navarrete and Araque, 2008), the latter being a well-recognized pathway involved in the activation of Cx43 hemichannels (De Bock et al., 2012; Orellana et al., 2012a; Bol et al., 2017), including in astrocytes (Alvarez et al., 2016). Indeed, the opening of Cx43 hemichannels respond to changes in cytoplasmic Ca2+ according to a bell-shaped “convex-up” pattern, with maximal activity in the 500 nM range and decreasing activities at both higher and lower [Ca2+]i (De Bock et al., 2012). Dye uptake and single-channel recordings have been used to prove this feature in astrocytes, glioma cells and other cells types (De Vuyst et al., 2009; De Bock et al., 2012; Wang et al., 2013b; Bol et al., 2017; Meunier et al., 2017). This evidence places the hemichannels as possible candidates to mediate directly or indirectly the eCB-dependent release of glutamate, D-serine or ATP from astrocytes, the latter being potentially significant for neuronal synaptic function (Figure 3).


[image: image]

FIGURE 3. Possible roles of connexin- and pannexin-based channels in CB-mediated synaptic plasticity through activation of astrocytes. In the hippocampus, the activity-dependent production of eCB triggers a decrease of neurotransmitter release through the stimulation of presynaptic CB1Rs in homoneuronal synapses (1). In the cortex and hippocampus, the coincidence of postsynaptic metabotropic glutamate receptor (mGluR) activation during synaptic activity and Ca2+ influx (not depicted) caused by postsynaptic back-propagating action potentials evoke the release of eCBs (2). The latter stimulates astroglial CB1 receptors and could elicit the Ca2+-dependent release of glutamate or D-serine through Cx43 hemichannels (3), leading to the activation of presynaptic NMDA receptors (NMDARs) and subsequent induction of spike timing dependent long-term depression (t-LTD; Min and Nevian, 2012; Andrade-Talavera et al., 2016). Alternatively, in the hippocampus, astroglial CB1 receptor activation and rise of cytoplasmic Ca2+ may cause the Cx43 hemichannel-dependent release of glutamate (4) which, through the stimulation of postsynaptic NMDAR, elicits the internalization of AMPARs and further t-LTD (Han et al., 2012). At the other end, the eCB-mediated increase in cytoplasmic Ca2+ may trigger the release of glutamate through Cx43 hemichannels (5) that, acting on mGluRs induces lateral potentiation of synaptic transmission at distant synapses (Navarrete and Araque, 2010; Gómez-Gonzalo et al., 2015). The interacting coupling between NMDARs and Pannexin 1 (Panx1) channels could be a possible mechanism to potentiate the above response. Finally, purinergic signaling mediated by ATP released via Panx1 channels (6) along with gap junctional communication (7) among astrocytes could favor the widespread of eCB-mediated intracellular Ca2+ responses.



Another angle not mentioned so far is the eventual contribution of connexin/pannexin-dependent widespread of astrocyte Ca2+ responses in gliotransmission and subsequent CB-mediated potentiation of heterosynaptic plasticity at distant synapses (Navarrete and Araque, 2010; Gómez-Gonzalo et al., 2015). Although ATP seems released through different pathways (Zhang et al., 2007; Kreft et al., 2009), several studies suggests that hemichannels and pannexons are the major contributors to this phenomenon in astrocytes (Stout et al., 2002; Kang et al., 2008; Suadicani et al., 2012). Noteworthy, Panx1 channel-dependent release of ATP relies on protein-protein interactions between P2X7Rs and Panx1 (Locovei et al., 2007). In fact, Panx1 co-immunoprecipitates with P2X7Rs (Pelegrin and Surprenant, 2006; Silverman et al., 2009), and proline 451 in their C-terminal tails has been involved in this interaction (Iglesias et al., 2008; Sorge et al., 2012). P2YR stimulation also may mediate ATP efflux from astrocytes by activating the PLC/IP3/Ca2+-dependent opening of hemichannels and pannexons, as has been previously demonstrated for other cell types (Locovei et al., 2006; Orellana et al., 2012a). In addition, because hemichannels are permeable to Ca2+ (Sánchez et al., 2009; Schalper et al., 2010; Fiori et al., 2012), their dependency on [Ca2+]i may contribute to perpetuate [Ca2+]i-induced Ca2+ entry pathways associated to ATP release. Altogether, these data highlight that ATP signaling via purinergic receptors, hemichannels and pannexons may represent a plausible mechanism for underlying the CB1-dependent astroglial modulation of synaptic transmission and plasticity (Figure 3). In agreement with this notion, ATP released from eCB-stimulated astrocytes directly activates post-synaptic P2XRs, facilitating LTP due to downregulation of synaptic and extra-synaptic GABA receptors in cortical pyramidal neurons (Rasooli-Nejad et al., 2014). Desensitization of purinergic P2XRs/P2YRs and degradation of extracellular ATP by exonucleases may turn off in part ATP-dependent widespread of Ca2+ responses in astrocytes (Fields and Burnstock, 2006). Other negative feedback loops may reside in the direct counteracting action of ATP on Panx1 channels (Qiu and Dahl, 2009), as well as the inhibition of Cx43 hemichannels by [Ca2+]i over 500 nM (Meunier et al., 2017). Future studies will uncover whether opening of hemichannels and pannexons may contribute to astrocyte signaling during eCB-mediated synaptic transmission and plasticity.

In addition to contributing to astroglial-mediated release of gliotransmitters, Panx1 channels may also regulate synaptic communication given its broad expression and functionality in neurons (Thompson, 2015). Precisely, Panx1 is mainly found in the postsynaptic density of excitatory neurons (Zoidl et al., 2007) and couple NMDARs (Weilinger et al., 2012), making it well positioned to participate in eCB-mediated synaptic plasticity. Two independent groups have showed that acute hippocampal slices from adult Panx1 KO mice exhibit a significant increase in synaptic transmission, as measured in input-output curves at the hippocampal Schaffer-collateral CA1 synapse (Prochnow et al., 2012; Ardiles et al., 2014). As either adenosine application or blockade of NMDARs restored normal synaptic transmission (Prochnow et al., 2012), it is possible that loss of Panx1 may trigger extracellular adenosine depletion, thus favoring activation of postsynaptic NMDARs. Supporting this idea, stimulation of adenosine A1 receptors blunt the release of glutamate from pre-synaptic terminals (Dunwiddie and Masino, 2001) and hyperpolarizes post-synaptic neurons via ATP-sensitive K+ channels (Kawamura et al., 2010). Up to now, it is unclear whether a similar mechanism might account for transient or long-term eCB-mediated synaptic depression in the hippocampus or cortex (Han et al., 2012; Min and Nevian, 2012; Andrade-Talavera et al., 2016).



CONCLUDING REMARKS AND FUTURE DIRECTIONS

As we noted before, it seems that the outcome of CBs in the functional activity of hemichannels will depend on the physiological status of the brain. Namely, under physiological conditions, eCBs may induce the controlled opening of astrocyte hemichannels and the consequent release of gliotransmitters. This may be particularly relevant for transient or long-lasting mechanisms of synaptic transmission and plasticity evoked by eCBs. At the other end, in the inflamed brain, eCBs may counteract the dysfunctional opening of hemichannels by triggering a large-scale of anti-inflammatory pathways that result in the inhibition of hemichannels and stimulation of astroglial coupling. The exact scenario and cellular cascades by which eCBs lead to this dual opposite regulation of hemichannels remain uncertain. Nevertheless, part of the explanation may rely in that eCBs may have different outcomes depending on which CB receptor they are exerting their actions. Additionally, the altered expression and production of CB receptors and eCBs during pathological conditions, respectively, may trigger different pathways that oppositely regulate the function of hemichannels. Considering the recent evidence linking the activity of GJCs, hemichannels and pannexons with major depression, addiction, autism, epilepsy and schizophrenia (Sarrouilhe et al., 2017), one may question whether the dialog between connexin/pannexin-based channels and the CB system may also impact the pathogenesis and progression of psychiatric disorders. At the other end, given the well-established role of eCB receptors in adult neurogenesis (Prenderville et al., 2015) and because connexin/pannexin function has been implicated in this process (Rozental et al., 1998; Swayne et al., 2010; Liebmann et al., 2013; Salmina et al., 2014; Swayne and Bennett, 2016), it would be interesting to unveil how the interaction between both pathways may impact neural progenitor proliferation, neuronal differentiation, maturation and survival. The mechanisms involved in all these events need to be studied further to better understand their biological implications for developing novel therapies against different brain diseases.
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Long-term potentiation (LTP) and long-term depression (LTD) are two forms of synaptic plasticity that have been considered as the cellular substrate of memory formation. Although LTP has received considerable more attention, recent evidences indicate that LTD plays also important roles in the acquisition and storage of novel information in the brain. Pannexin 1 (Panx1) is a membrane protein that forms non-selective channels which have been shown to modulate the induction of hippocampal synaptic plasticity. Animals lacking Panx1 or blockade of Pannexin 1 channels precludes the induction of LTD and facilitates LTP. To evaluate if the absence of Panx1 also affects the acquisition of rapidly changing information we trained Panx1 knockout (KO) mice and wild type (WT) littermates in a visual and hidden version of the Morris water maze (MWM). We found that KO mice find the hidden platform similarly although slightly quicker than WT animals, nonetheless, when the hidden platform was located in the opposite quadrant (OQ) to the previous learned location, KO mice spent significantly more time in the previous quadrant than in the new location indicating that the absence of Panx1 affects the reversion of a previously acquired spatial memory. Consistently, we observed changes in the content of synaptic proteins critical to LTD, such as GluN2 subunits of N-methyl-D-aspartate receptors (NMDARs), which changed their contribution to synaptic plasticity in conditions of Panx1 ablation. Our findings give further support to the role of Panx1 channels on the modulation of synaptic plasticity induction, learning and memory processes.

Keywords: Pannexin 1, long-term depression, GluN2 subunits, behavioral flexibility, synaptic plasticity


INTRODUCTION

N-methyl-D-aspartate receptor (NMDAR)-dependent long-term potentiation (LTP) and long-term depression (LTD) are two opposing forms of activity-dependent synaptic plasticity which have emerged as putative cellular mechanisms underlying learning and memory in the central nervous system (CNS; Lynch, 2004; Collingridge et al., 2010). Whereas a plethora of studies support the role of LTP in memory related behaviors, data backing a significant participation of LTD in memory formation is currently sparse. Interestingly, growing evidence suggest that during complex memory related tasks requiring a high degree of behavioral flexibility information storage critically depends in LTD (Manahan-Vaughan and Braunewell, 1999; Zeng et al., 2001; Kemp and Manahan-Vaughan, 2004; Morice et al., 2007; Nicholls et al., 2008; Dong et al., 2013; Liu et al., 2014). In the CA1 area of the hippocampus, a region actively involved in the formation and retrieval of memories, two predominant forms of LTD can be found, NMDAR- and metabotropic glutamate receptor (mGluR)-dependent LTD (Malenka and Bear, 2004; Collingridge et al., 2010). Although these LTD types involve different induction and signal transduction cascades, basically both share a common expression mechanism, namely the removal of postsynaptic AMPA receptors due to modifications in membrane trafficking (Collingridge et al., 2010).

Pannexin 1 (Panx1) is a membrane protein that forms non-selective channels (Bao et al., 2004). The protein is expressed by different cell types of the CNS (Vogt et al., 2005; Huang et al., 2007) and interestingly is enriched in postsynaptic densities from hippocampal and cortical neurons (Zoidl et al., 2007). Recent studies have revealed a novel physiological role of Panx1 channels in modulating neuronal excitability and plasticity (Prochnow et al., 2012; Ardiles et al., 2014). Transgenic animals lacking the Panx1 gene display an enhanced hippocampal LTP accompanied by behavioral alterations including increased anxiety, impaired object recognition and spatial memory deficits (Prochnow et al., 2012). Similarly, we have reported that mice lacking Panx1 protein showed an increased NMDAR-dependent LTP at the Schaffer-collateral CA1 pyramidal cell synapse whereas NMDAR-dependent LTD was abolished specifically in adult mice (Ardiles et al., 2014). These results could be replicated by pharmacological block of Panx1, indicating that this protein might regulate the sliding threshold for excitatory synaptic plasticity (Ardiles et al., 2014).

In despite of the importance of LTD and LTP in memory formation, the mechanisms by which Panx1 regulates plasticity remain unclear. In the present study, we investigated the molecular substrates of Panx1 modulation of plasticity. We have found that the absence of Panx1 modifies the expression of NMDARs in a subtype-specific manner, and influences the contribution of these receptors in LTP and LTD. Moreover, we demonstrate that consistent with a deficit in LTD expression, Panx1 knockout (KO) animals have a deficit in spatial reversal learning, supporting novel functions of Panx1 channels in synaptic plasticity and memory flexibility.



MATERIALS AND METHODS


Animals

All experiments were carried out in 6–8 months old C57BL/6 or Panx1-KO mice. The generation of KO mice has been described previously (Anselmi et al., 2008). Mice were housed at 22°C at constant humidity (55%), 12/12 h dark–light cycle, with a light phase from 08:00 AM to 08:00 PM. Food and water were provided ad libitum. The use and care of the animals were approved by the Ethics and Animal Care Committee of Universidad de Valparaíso (BEA064-2015).




EXPERIMENTAL DESIGN

Animals were submitted during 31 consecutive days to behavioral tests. At the end of this period, mice were sacrificed to obtain hippocampal slices to study synaptic transmission and plasticity. Finally, after completion of the electrophysiological experiments, hippocampal slices were immediately frozen for biochemistry or histological studies.


Behavioral Tests

Spatial working memory was assessed in a T-maze using a Delayed non-match to place (DNMTP) paradigm during 14 days with four trials per day and 15 min of intertrial delay. The T-maze apparatus was made of black Plexiglas (two goal arms of 10 × 20 cm and one start arm of 10 × 30 cm with a central partition at the end separating the goal arms (Deacon and Rawlins, 2006). Mice were food deprived using a diet consisting of a 15% of reduction of the regular feeding volume. During training and testing trials mice were rewarded with food pellets (45 mg dustless precision pellets, Bio-Serv, Frenchtown, NJ, USA) mixed with condensed milk. On each trial, both goal arms were baited with reward. Trials (60 s each one) consisted in a forced run in which one arm of the maze was blocked, followed by a choice run in which both arms were open (Figure 5E). A correct choice was scored when the animal entered the previously blocked goal arm to find the remaining reward. Spatial learning flexibility was assessed in a modified Morris water maze (MWM) to evaluate the forward and reverse spatial learning (Nicholls et al., 2008). The MWM consisted in a circular pool of white Plexiglas (120 cm diameter and 60 cm high) surrounded by distal extra-maze visual cues and a circular platform (10 cm diameter) used as the goal platform. Room and water temperature were held at 22–23°C. For first 2 days (days 1–2), the animals learned to swim to the visible platform which was randomly located in a different quadrant for each trial. The next 10 days (days 3–12), the animals learned to find a hidden platform localized at a fixed quadrant (acquisition phase). Finally, during the last 5 days (days 13–17), the animals needed to learn the position of a hidden platform located at the opposite quadrant (OQ) than the one used during the acquisition phase (reversal learning phase; Figure 5A). For all phases, four trials of 60 s were given each day at 15-min inter-trial intervals. During the last day of acquisition and reversal phases, the platform was removed from the pool to assess retention of the previously acquired information. Path, latency to find the platform and time spent in the quadrants was determined. All behavioral experiments were performed and analyzed blind to the genotype of each mouse.
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FIGURE 1. Altered contribution of GluN2 subunits to N-methyl-D-aspartate receptor (NMDAR)-dependent long-term potentiation (LTP) in the Schaffer Collateral–CA1 pathway from Pannexin 1 (Panx1)-knockout (KO) mice. (A) LTP obtained in slices from wild type (WT) in the absence (WT, dashed black line) or the presence of Ifenprodil (WT+Ifen, black circle), TCN-201 (WT+TCN, open circle) or TCN-201 plus ifenprodil (WT+TCN/Ifen, gray square). TBS protocol was delivered at the time indicated by the arrow. (B) Averaged LTP magnitude during the last 10 min of recording for WT (patterned bar), WT+Ifen (black bar), WT+TCN (open bar) and WT+TCN/Ifen (gray bar). One-way ANOVA (F(3,24) = 17.35, p < 0.0001) followed by Dunnett’s post hoc test vs. WT. (C) LTP obtained in slices from Panx1-KO in the absence (KO, dashed green line) or the presence of Ifenprodil (KO+Ifen, green circle), TCN-201 (KO+TCN, open circle) or TCN-201 plus ifenprodil (KO+TCN/Ifen, light green square). (D) Averaged LTP magnitude during the last 10 min of recording for KO (patterned bar), KO+Ifen (green bar), KO+TCN (open bar) and KO+TCN/Ifen (light green bar). One-way ANOVA (F(2,24) = 20.21, p < 0.0001) followed by Dunnett’s post hoc test vs. KO. (E) Percentage of LTP blockade for WT and KO slices in the presence of GluN2 antagonists. One-way ANOVA (F(3,15) = 34.99, p < 0.0001) followed by Tukey’s post hoc test. The values in parentheses indicate the number of hippocampal slices (left) and the number of animals (right) used. **p < 0.01; ***p < 0.001; ns, non-significant.
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FIGURE 2. Panx1 deficiency modifies the contribution of GluN2 subunits to NMDAR-dependent long-term depression (LTD). (A) LTD obtained in slices from WT in the absence (dashed line) or the presence of Ifenprodil (WT+Ifen, black circle), TCN-201 (WT+TCN, open circle) or TCN-201 plus ifenprodil (WT+TCN/Ifen, gray square). LTD protocol was delivered at the time indicated by the horizontal bar. (B) Averaged LTD magnitude during the last 10 min of recording for WT (patterned bar), WT+Ifen (black bar), WT+TCN (open bar) and WT+TCN/Ifen (gray bar). One-way ANOVA (F(3,25) = 1.054, p = 0.3863) followed by Dunnett’s post hoc test (*p < 0.01) vs. WT. (C) NMDAR-LTP obtained in slices from Panx1-KO in the absence (KO, dashed green line) or the presence of Ifenprodil (KO+Ifen, green circle), TCN-201 (KO+TCN, open circle) or TCN-201 plus ifenprodil (KO+TCN/Ifen, light green square). (D) Averaged LTD magnitude during the last 10 min of recording for KO (patterned bar), KO+Ifen (green bar), KO+TCN (open bar) and KO+TCN/Ifen (light green bar). One-way ANOVA (F(2,17) = 6.368, p = 0.0086) followed by Dunnett’s post hoc test (*p < 0.01) vs. KO. (E) Percentage of LTD blockade for WT and KO slices in the presence of GluN2 antagonists. One-way ANOVA (F(3,14) = 41.13, p < 0.0001) followed by Tukey’s post hoc test (*p < 0.05). The values in parentheses indicate the number of hippocampal slices (left) and the number of animals (right) used. *p < 0.05; ***p < 0.001; ns, non-significant.
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FIGURE 3. Reduced contribution of extrasynaptic NMDARs to hippocampal LTD in Panx1 deficient mice. (A) LTD induced by LFS in the presence of 10 μM DL-TBOA in slices from WT (WT+TBOA, black line) or Panx1-KO (KO+TBOA, green line). LTD protocol and DL-TBOA application were delivered at the time indicated by the horizontal bar. (B) Averaged LTD magnitude during the last 10 min of recording for WT (black bar) and KO (green bar). Two-tailed t-test revealed non-significant differences. (C) LTD induced by LFS in the presence of DL-TBOA and 100 μM APV in slices from WT (WT+TBOA, black line) or Panx1-KO (KO+TBOA, green line). LTD protocol and DL-TBOA application were delivered at the time indicated by the horizontal bar. (D) Averaged LTD magnitude during the last 10 min of recording for WT (black bar) and KO (green bar). Two-tailed t-test revealed non-significant differences. (E) Effects of GluN2 antagonists on NMDAR-EPSPs for WT (black lines) and KO (green lines). Ifen, TCN and DL-APV were applied at the time indicated by the horizontal bar. (F) Averaged percentage of GluN2 blockade for WT (top pie chart) and KO (bottom pie chart). Two-tailed t-test revealed non-significant differences. The values in parentheses indicate the number of hippocampal slices (left) and the number of animals (right) used. ns, non-significant.
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FIGURE 4. GluN2 subunits expression is modified in Panx1-KO mice. (A–D) Representative photomicrographs showing immunohistochemical staining of GluN2A (A,B) and GluN2B (C,D) in coronal section of WT and Panx1-KO. None differences were observed between WT and Panx1-KO mice. Magnifications of CA1 are superimposed in each photograph. Scale bar represents 500 μm. (E) Representative immunoblots (top) and quantification (bottom) for synaptic proteins in hippocampal lysates from WT and Panx1-KO. Two-tailed t-test revealed non-significant differences. (F) Representative immunoblots (right) and quantification (left) for surface biotinylated GluN2 subunits in hippocampal slices from WT and Panx1-KO. Two-tailed t-test revealed non-significant differences. (G) Representative immunoblots and quantification for GluN2 subunits in hippocampal synaptosomal (left) and post-synaptic densities (PSD)-enriched fractions (right) from WT and Panx1-KO. Unpaired two-tailed t-test (*p = 0.0309 for GluN2A in synaptosomal fraction; *p = 0.0242 for GluN2B in PSD fraction). (H) Relative ratio of GluN2A and GluN2B subunits in synaptosomal and PSD fractions. Unpaired two-tailed t-test revealed non-significant differences. (I) Representative electron micrograph of hippocampal synapses from WT and Panx1-KO mice showing immunogold labeling of GluN2A and GluN2B subunits (Scale bar, 50 nm). (J) Percentage of GluN2 particles localized at synaptic (red) and non-synaptic (blue) sites. The values in parentheses indicate the number of animals used.
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FIGURE 5. Impaired behavioral flexibility in Panx1-KO mice. (A) Diagrams showing the location of the platform (red circle) during visible phase (visible platform in the training quadrant, TQ), acquisition phase (hidden platform in the TQ) and reversal phase (hidden platform in the opposite quadrant, OQ). (B) Average latency (top) and distance traveled to the platform (bottom) during all phases of Morris water maze (MWM) test. Two-way ANOVA (F(16,204) = 11.60, p < 0.0001) followed by Bonferroni post hoc test (*p < 0.05). (C) Average of time spent in the TQ, OQ, and the averaged adjacent quadrants (AQ) at the end of the acquisition phase (Day 12). Unpaired two-tailed t-test (p = 0.5562 for TQ; p = 0.4299 for OQ; p = 0.5353 for AQ). (D) Average of time spent in the TQ, OQ, and the averaged AQ at the end of the reversal phase (Day 17). Unpaired two-tailed t-test (**p = 0.0024 for TQ; *p = 0.0187 for OQ). (E) Schematic of the delayed non-match to place (DNMTP) protocol in a T-maze. (F) Percentage of correct choices per day. Two-way ANOVA (F(1,196) = 24.63, p < 0.0001) followed by Bonferroni post hoc test (*p < 0.05). (G) Average of correct choices recorded per session during days 1–5 and 10–14. Unpaired two-tailed t-test (*p = 0.0256 for S2; *p = 0.0448 for S3; *p = 0.0323 for S4) during days 10–14. The values in parentheses indicate the number of animals used.





Electrophysiology

Hippocampal slices were prepared as we previously reported (Ardiles et al., 2012). Six to 9-month-old mice were deeply anesthetized with isoflurane, and their brains were quickly removed. Slices (350 μm) were obtained in ice-cold dissection buffer using a vibratome (Leica VT1200S, Leica Microsystems, Nussloch, Germany). Synaptic responses were evoked by stimulating the Schaffer collaterals with 0.2 ms pulses delivered through concentric bipolar stimulating electrodes, and recorded extracellularly in the stratum radiatum of CA1. LTP was induced using four theta burst stimulation (TBS; 10 trains of four pulses at 100 Hz; 5 Hz inter-burst interval) delivered at 0.1 Hz. LTD was induced using low frequency stimulation (LFS; 900 pulses delivered at 1 Hz) in the presence or absence of the glutamate transport inhibitor DL-Threo-β-Benzyloxyaspartic acid (DL-TBOA, 10 μM). LTP and LTD magnitude were calculated as the average (normalized to baseline) of the responses recorded 50–60 min after conditioning stimulation. TCN-201 (TCN, 10 μM) or Ifenprodil (Ifen, 5 μM) were used to block GluN2A- and GluN2B-containing NMDARs respectively (Izumi et al., 2006; Izumi and Zorumski, 2015). Synaptically evoked NMDAR EPSPs were isolated by application of CNQX 10 μM in ACSF containing 2 mM calcium and 0.1 mM magnesium. After 30 min of CNQX pre-incubation, NMDAR-EPSPs were recorded for additional 1 h in the presence of GluN2 subunit antagonist (Ifen or TCN) or the unspecific NMDA receptor antagonist DL-APV 100 μM.



Histological Studies

For immunohistochemistry analysis, mice were transcardially perfused with 4% paraformaldehyde (PFA) in phosphate buffer pH 7.4 and 20 μm brain sections were obtained using a cryostat (Leica CM1900). Tissue sections were treated with 3% hydrogen peroxide in distilled water for 20 min to block endogenous peroxidase activity. Subsequently, sections were treated with CAS-Block (Invitrogen, 008120) during 30 min followed by a blocking solution to avoid unspecific antibody binding (5% goat serum, Tween 20 and 0.3% PBS 0.1 M) for 30 min. The sections were incubated with mouse primary anti-GluN2A/NR2A clone N32/95 and anti-GluN2B/NR2B clone N59/20 (1:100; NeuroMab), antibodies in blocking solution overnight (ON) at 4°C. The sections were then incubated with HRP-linked secondary goat anti-mouse antibody (1:250; Thermo Fisher Scientific, G21040) for 1 h. Peroxidase reaction was visualized using 3-amino-9-ethylcarbazole (AEC) substrate chromogen system (Vector Laboratories, SK-4800) for 6 min at RT. Finally, tissues were coverslipped with hydrophilic mounting medium (Aquatex, Merck Millipore, 108562). Additionally, to verify the specificity of the secondary antibody, negative controls were performed in parallel omitting the primary antibody. For electron microscopy analysis, mice were transcardially perfused with a mixture of 4% PFA and 0.5% glutaraldehyde, followed by post-fixation in the same mixture ON at 4°C. Brain tissue blocks were trimmed in the CA1 area of the hippocampus and dehydrated in a graded series of ethanol, infiltrated in 1:1 volumes of 100% ethanol and 100% LR White (EMS) during 4 h, immersed in 1.5% OsO4 in 0.1 M sodium phosphate buffer (pH 7.4) for 2 h and then embedded in epoxy resin which was polymerized at 50°C ON. Ultrathin sections (90 nm) were made using an ultramicrotome (Leica Ultracut R, Leica Microsystems, Nussloch, Germany) and contrasted with 1% uranyl acetate and lead citrate and located on nickel 300 mesh grids (Ted Pella Inc., Redding, CA, USA). Grids were observed under a transmission electron microscope Philips Tecnai 12 operated at 80 kV (FEI/Philips Electron Optics, Eindhoven) equipped with a digital micrograph camera (Megaview G2, Olympus). For immunogold post-embedding labeling, grids were washed in TBST (Tris buffer solution, 0.1% Triton-X), blocked in a solution of 2% (wt/vol) BSA in TBST then incubated ON in primary antibodies (1:50 mouse GluN2A and GluN2B), washed in TBST, and incubated for 2 h in 12 nm gold bead-conjugated secondary antibody (1:20, Jackson Immunoresearch). Gold particles were counted in serial sections (six sections per series), 15–20 fields per series in two animals. An average 2–3 synapses per field and 4–6 gold particles per synapse were counted.



Biotinylation

Surface biotinylation was performed in acute hippocampal slices as previously reported (Ardiles et al., 2014). Slices were briefly preincubated in ACSF at 30°C for 1 h, washed twice with ice-cold ACSF and then incubated with sulfo-NHS-SS-Biotin (Thermo Scientific; 1 mg/ml in ACSF) for 45 min on ice with gentle rotation. Excess biotin was removed by means of two brief washes with 10 mM lysine (in ACSF) and two ACSF washes. Slices were then lysed in 500 μl of lysis buffer, centrifuged at 14,000 rpm for 5 min at 4°C and supernatants were discarded. Pellets were resuspended in lysis buffer and biotinylated cell-surface proteins were precipitated with high capacity neutravidin agarose resin (Thermo Scientific, Rockford, IL, USA) and the mixture was rotated ON at 4°C. After several washes with lysis buffer, precipitates were collected by centrifugation (14,000 rpm for 1 min) and detected by immunoblot.



Synaptosomal Fractionation

Synaptosomes were extracted from hippocampus of adult male mice. Hippocampi were homogenized in ice-cold homogenization buffer (320 mM sucrose, 5 mM Tris, and 0.5 mM EGTA, pH 7.4; protease and phosphatase inhibitor’s cocktails) using a Dounce Tissue Grinder. The homogenate was centrifuged at 1800 rpm for 10 min at 4°C (Beckman F0630 rotor) obtaining a supernatant (S1) which was collected whereas the pellet (P1) was discarded. Then, S1 was centrifuged at 15,000 rpm for 20 min at 4°C (Beckman S4180 rotor). The obtained pellet (P2) containing the membrane proteins was resuspended in homogenization buffer, layered on the top of a discontinuous sucrose density gradient (0.32/1.0/1.2 M) and subjected to ultracentrifugation at 43,000 rpm (Beckman SW-60ti rotor) for 65 min at 4°C. Afterwards, both the sediment and sucrose 0.32/1 M interface were discarded, whereas material accumulated at the interface of 1.0 M and 1.2 M sucrose containing synaptosomal fraction was collected (SP1). SP1 was diluted with lysis buffer to restore the sucrose concentration back to 320 mM and remained on ice with gently agitation for 30 min. Then, SP1 was centrifuged at 15,000 rpm for 30 min. The pellet obtained (PS1) was resuspended in a gradient load buffer, loaded on 0.32/1.0/1.2 M discontinuous gradient and centrifuged at 43,000× rpm for 65 min. The sucrose 1.0/1.2 M interphase, synaptosome fraction 2 (SP2), was recovered and delipidated in delipidating buffer. Next, SP2 was diluted with filling buffer to restore the sucrose concentration and then centrifuged at 15,000 rpm for 1 h. The sediment obtained (PS2) was washed with 50 mM HEPES-Na and centrifuged at 43,000 rpm for 10 min. The final sediment obtained (PS3), containing post-synaptic densities (PSD), was resuspended in 50 mM HEPES-Na and homogenized. PS2 or PSD fractions were quantified for protein concentration as below indicated.



Immunoblotting

Total proteins and synaptosomal fractions were run on gradient, denaturing gels, blotted, and probed with appropriate antibodies. Samples for total tissue proteins were homogenized in ice-cold lysis buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.4, EDTA 2 mM, 1% Triton X-100 and 0.1% SDS), supplemented with a protease and phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL, USA) by using a homogenizator. Protein samples were centrifuged twice for 10 min at 12,000 rpm at 4°C. Protein concentration was determined with the Qubit® Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). For both cases 40 μg of protein per lane were resolved by 10% SDS-PAGE, followed by immunoblotting on PVDF membranes (BioRad, CA, USA) with mouse anti-GluN2A/NR2A clone N32/95, anti-GluN2B/NR2B clone N59/20 (1:500; NeuroMab), anti-calcineurin (1:500; R&D Systems), anti-GluA1 (1:100; Santa Cruz Biotechnology) and anti-Tubulin (1:1000; Santa Cruz Biotechnology). Band intensities were visualized using an enhanced chemiluminescence kit (ECL, BioRad, Hercules, CA, USA) and the intensity of each band was scanned and densitometrically quantified using ImageJ (version 1.46r; NIH, Bethesda, MD, USA). Selected bands were background subtracted using a toolbox provided by ImageJ. Total and biotinylated protein data were normalized to β-tubulin levels and expressed as a % of control group (wild type, WT). For synatosomal proteins, data were normalized to averaged control group (WT) and expressed as % of WT.



Statistics

All data were presented as mean ± standard error or deviation of the mean (SEM or SD). Data analysis was carried out using the Prism software (GraphPad Software Inc., San Diego, CA, USA). The Kolmogorov–Smirnov test was used to determine whether the data sets were normally distributed. Specific tests used were as follow: the two-tailed t-test for two groups comparison and one way-ANOVA test followed by Dunnett’s or Tukey post hoc test for multiple comparisons. p values < 0.05 were considered to represent significant differences.




RESULTS


Absence of Panx1 Modifies the Contribution of GluN2-Containing NMDARs to Synaptic Plasticity

Recently, we have shown that in mice lacking Panx1 or after pharmacological blockade of these channels the threshold for plasticity induction at the Sch-CA1 synapse of adult animals is dynamically modified (Ardiles et al., 2014), but the molecular mechanisms involved remain unclear. Previous studies have suggested that the subunit composition of NMDARs can control the polarity of synaptic plasticity (Shipton and Paulsen, 2014). Therefore, we analyzed if an altered NMDARs composition could cause the differences in the expression of plasticity observed in adult Panx1-KO mice. For testing this we analyzed the contribution of subunit-specific NMDARs on the induction of either LTP or LTD, using a TBS protocol or a low frequency stimulation protocol respectively (see “Materials and Methods” section), at the Sch-CA1 pathway of age-matched adult KO and WT animals (Figures 1, 2). Confirming previous results (Ardiles et al., 2014), a TBS protocol induced a stronger potentiation in Panx1-KO animals compared to WT animals (51 ± 6.1% and 105.4 ± 9.76% for WT and KO animals, n = 14–18 slices, Figure 1). Inhibition of GluN2A- and GluN2B-containing NMDARs, by preincubation of slices with either 10 μM TCN-201 (TCN) or 5 μM Ifenprodil (Ifen) respectively, generated a reduction in the magnitude of LTP both in WT and KO animals confirming that LTP under these conditions depends on NMDARs (33.4 ± 6.75% and 3.5 ± 0.48% potentiation with Ifen incubation for WT an KO animals respectively; 15.1 ± 3.26 and 31.8 ± 4.81% potentiation with TCN incubation). As expected, Ifen together with TCN almost completely reduced LTP in both WT and KO (7.3 ± 7.34% and 10.8 ± 8.6% potentiation for WT and KO animals respectively). Remarkably, we observed differences in the relative effects of the specific NMDARs antagonists on the LTP magnitude in WT and KO mice (Figure 1E). While the GluN2A-specific antagonist produced a similar reduction in LTP in both groups (70.27 ± 4% and 69.82 ± 5% reduction of control LTP with TCN preincubation for WT and KO mice, n = 4 slices), the GluN2B antagonist was significantly more efficient in reducing potentiation in KO animals (34.25 ± 7% and 96.68 ± 2% reduction of control LTP with Ifen preincubation for WT and KO mice, n = 5 slices). These results suggest that the lack of Panx1 changes the contribution of GluN2 subunits to hippocampal LTP, enhancing the participation of GluN2B.

Next, we examined if similar modifications occur during LTD. As we previously reported (Ardiles et al., 2014), a LFS protocol effectively evoked enduring LTD in hippocampal slices of WT mice, but induced a robust LTP in hippocampal slices from KO mice (22.5 ± 2.84% depression and 17.1 ± 7.25% potentiation for WT and KO animals, n = 9–12 slices, Figure 2). In control mice, blocking either GluN2A or GluN2B containing receptors produced a mild decrease in the depression of synaptic transmission induced by LFS (14.36 ± 2.84% and 15.85 ± 2.95% depression for TCN and Ifen treatment respectively, n = 5–7 slices; Figures 2A,B). Surprisingly, in mice lacking the Panx1 channel, blocking GluN2B-containing NMDARs reversed the KO phenotype and a robust LTD was observed after LFS (16.01 ± 5.16% depression with Ifen treatment, Figures 2A,B), while blocking GluN2A-containing NMDARs indicated a trend toward an increase in the LTP observed in the absence of antagonists (37 ± 8.16% potentiation with TCN treatment, Figures 2A,B). The combination of GluN2 subunit antagonists precluded LFS-induced synaptic changes in both WT and KO (5.8 ± 5.1% and 3.7 ± 6.6% potentiation respectively). Therefore, while both subunits contribute equally to LTD in WT animals (36.03 ± 3% or 29.4 ± 7.25% reduction of control LTD with TCN or Ifen incubation respectively, n = 5–7 slices; Figure 2E), GluN2A NMDAR subunits seem to play a major role in LTD of KO animals compared to WT, since it can induce LTD in the absence of GluN2B-containing NMDARs, which in contrast favor potentiation (Figures 2C,D).

It has been reported that LFS-induced LTD is more difficult to evoke in older than younger animals (Errington et al., 1995), but that manipulations increasing glutamate spillover facilitate LTD induction in adult animals through the activation of extrasynaptic GluN2B-containing NMDARs (Massey et al., 2004; Wong et al., 2007; Duffy et al., 2008). To investigate how extrasynaptic NMDARs might affect the differential effect of LFS in WT and KO mice, we induced LTD in the presence of the glutamate transport inhibitor DL-TBOA (10 μM). As expected, TBOA application facilitated the induction of LTD in WT animals (28.5 ± 2.84% depression, n = 12 slices, Figures 3A,B). In contrast, in KO animals TBOA application during LFS precluded the expression of LTP and even a slight depression was observed (10 ± 5.1% depression, n = 12 slices, Figures 3A,B). Preincubating hippocampal slices with the NMDAR antagonist APV (100 μM; Figures 3C,D) blocked LTD in both WT and KO groups, confirming that the observed plastic processes depended on the participation of NMDARs.

To further evaluate if Panx1 ablation modifies the expression of different NMDARs subtypes, we examined the effect of selective GluN2 subunit antagonists on NMDAR-mediated EPSPs evoked by stimulation of the Schaffer collateral. Notably, application of Ifen had a greater effect on NMDAR-EPSP in the KO group (46% and 57% of reduction in WT and KO respectively), while TCN produce a bigger reduction of NMDAR-EPSP in WT animals (54% and 43% of reduction in WT and KO respectively; Figures 3E,F). Together, these results suggest that Panx1-deficiency affects the contribution of specific GluN2 subunits to hippocampal excitatory LTP/D.



Synaptic GluN2 Subunit Composition Is Altered in the Absence of Panx1

How can the differential contribution of subunit-specific NMDARs to plasticity in Panx1-KO and WT mice be explained? Modulation of NMDARs expression or trafficking is known to influence the manifestation of plastic phenomena. Immunohistochemical labeling of hippocampal slices showed no difference in the expression of GluN2A or GluN2B subunits between KO and WT animals (Figures 4A–D). Similarly, western blot analysis of hippocampal homogenates showed comparable expression of the studied NMDAR subunits between these two animal cohorts (Figure 4E). Moreover, biotinylation assay in hippocampal slices demonstrated that the total content of GluN2 subunits at the plasma membrane was also unaltered (Figure 4F). Nevertheless, when we measured the amount of GluN2A and GluN2B subunits at the subcellular level by using specific membrane fractions, we observed that they tended to be more concentrated in synaptosomal- and PSD-enriched fractions obtained from KO mice. Indeed, GluN2B protein was significantly enriched in PSD fractions whereas GluN2A was significantly enriched in synaptosomes of KO compared to WT (Figure 4G). Interestingly, estimating the GluN2 subunit ratio, we observed that GluN2A/GluN2B tended to be higher in synaptosomes and lower in PSD fractions of the KO group compared to WT animals, although these tendencies were not statically significant (Figure 4H). Despite that, these observations suggest that the synaptic (PSD fraction) vs. non-synaptic (synaptosomal fraction without PSD) GluN2 subunit content is differentially modulated by the Panx1 channel.

To further examine the synaptic distribution of GluN2 subunits, we performed electron-microscopy immunogold detection of GluN2A and GluN2B proteins in hippocampal slices (Figures 4I,J). In general, we found that the total number of GluN2 gold particles per synapse did not differ across genotype (6.5 ± 1.56 and 4.4 ± 0.75 gold particles for WT and KO synapses, n = 6–12 sections Figure 4I). Although in both, WT and KO samples, GluN2A particles was mainly extrasynaptically located, in KO animals we observed that GluN2B particles tended to accumulate in synaptic membranes while in WT animals they were homogeneously distributed (Figure 4I).

Collectively, these results suggest that the absence of Panx1 modifies the content of GluN2A- and GluN2B-containing NMDARs in the synaptic membrane and hence could explain the different contribution of GluN2 subunits to LTP/LTD and the shift in the induction of NMDAR-dependent synaptic plasticity (Ardiles et al., 2014).



Panx1-KO Mice Exhibits Deficits in Flexibility of Hippocampal-Dependent Spatial Memory

LTD play important roles in several forms of learning and memory, particularly those involving the modification of previously acquired information and the processing of newly learned memories (Collingridge et al., 2010). For instance, hippocampal LTD has been related with the perception of novelty during object recognition (Manahan-Vaughan and Braunewell, 1999; Kemp and Manahan-Vaughan, 2004) or during spatial object recognition memory tasks (Goh and Manahan-Vaughan, 2013). Moreover, LTD has been demonstrated to be necessary for the consolidation of fear memory (Liu et al., 2014) and spatial memory (Ge et al., 2010), and the behavioral flexibility of spatial learning (Nicholls et al., 2008; Dong et al., 2013; Mills et al., 2014). As we have previously shown that removing the Panx1 gene or blocking Panx1 channels prevents the induction of hippocampal NMDAR-LTD (Ardiles et al., 2014), we wanted to evaluate if this also results in a deficit in spatial memory flexibility. To this end we first used MWM to evaluate the acquisition and the reversion of spatial learning (Figures 5A–D). First, we trained the animals to find a visible platform, and found that both groups learned to find the position of the platform at comparable levels (days 1–2; Figure 5B), showing similar escape latencies and traveled distance at the end of this phase (day 2; latency: WT: 531.2 ± 50.2 s, n = 7 and KO: 461.9 ± 63.08 s, n = 7; path: WT: 33.8 ± 4.1 s, n = 7 and KO: 27.9 ± 6.2 s, n = 7; Figure 5B). Next, we trained animals to find a hidden platform placed at a fixed quadrant of the pool assisted by visual clues (days 3–12; Figure 5B). Both animal groups learned to find the hidden platform at similar rates during the acquisition phase (Figure 5B), although KO mice showed a trend for a better performance, during the first days of this acquisition phase, although not statistically significant, suggesting that KO mice can learn quicker than WT. Nevertheless, both groups showed similar path length and escape latencies at the end of the acquisition phase (day 12; latency: WT: 271.8 ± 41.1 s, n = 7 and KO: 284.3 ± 44.01 s, n = 7; path: WT: 15.5 ± 1.4 s, n = 7 and KO: 12.3 ± 1.7 s, n = 7; Figure 5B) pointing towards a similar level of task-learning for both groups. We then trained the animals to find a hidden platform in the OQ to the previously learned location (reversal phase; Figure 5B), and evaluated the acquisition of this new spatial memory (Figure 5B). Although both groups exhibited increased path length and escape latencies during the first days, ultimately all animals learned to find the new location of the platform (Figure 5B). Remarkably, on the first day of the reversal phase (day 13), the KO group showed a significantly greater path length compared to the WT group indicating that reverse learning took a longer time in KO animals (day 13; latency: WT: 732.9 ± 74.1 s, n = 7 and KO: 1060.4 ± 81.6 s, n = 7; path: WT: 35.7 ± 3.2 s, n = 7 and KO: 51.9 ± 2.0 s, n = 7; Figure 5B). Moreover, a trend to perform worse was maintained during all sessions of the reversal phase for KO animals (days 13–17; Figure 5B). Accordingly, at the end of the reversal phase, these mice spent significantly more time in the OQ whereas WT displayed a longer preference for the training quadrant (TQ) (Figure 5C). These results indicate that ablation of the Panx1 gene decrease the capability of rapidly adjusting old and creating new spatial associations. To further verify the effects of Panx1 KO on learning flexibility, we used another hippocampus-dependent memory test, a T-maze DNMTP test, in which animals need to acquire and retain new spatial information each successive trial in which the reward location is changed (McHugh et al., 2008). WT animals progressively improved their performance with each trial starting from the 6th day, reaching almost a 90% of correct choices at the end of the task (day 14, Figure 5F). In stark contrast, KO mice continuously performed only at chance level during the entire experiment (Figure 5F). Interestingly, when we assessed the animal performances by trial we found that KO mice showed a significantly decreased number of correct choices in trials 2, 3 and 4 during the last 5 days of the task, when the inter-trial delay was only 15 min, but in the first trial when delay was 24 h, no differences were observed (Figure 5G). Therefore, these data show that, as with the reversal phase of the MWM, the absence of Panx1 affects the reverse learning of previously acquired spatial information in DNMTP, supporting that behavioral flexibility for hippocampal-dependent spatial memory tests is reduced in Panx1 KO mice.




DISCUSSION

Recent studies have provided evidences for a novel physiological role of Panx1 channels in the modulation of activity-dependent phenomena such as synaptic plasticity and behavior (Prochnow et al., 2012; Ardiles et al., 2014). In the present study, we have provided evidences that Panx1 ablation modifies the content of synaptic vs. non-synaptic GluN2 subunits of NMDARs and changes the relative contribution of specific GluN2 subunits to LTP and LTD at the Schaffer collateral–CA1 synapses in the adult hippocampus. These modifications lead subsequently to impairments in the balance of synaptic plasticity and cognitive flexibility of spatial learning.


Behavioral Phenotype of Pannexin 1 Deficient Mice

Since the ablation of Panx1 channels affects the induction of NMDAR-LTD (Ardiles et al., 2014), we predicted that Panx1 absence might disrupt LTD-dependent components of learning and memory such as the acquisition of a new spatial memory. Using MWM and DNMTP tests we examined learning and relearning of a new spatial location (Figure 5). We found that mice lacking Panx1 take more time to learn a new location in the MWM showing longer path and latency to find the platform, spending more time in the previous quadrant than in the new location compared to WT animals. Accordingly, KO mice showed impaired learning on the T maze, performing at chance level over the entire test, whereas WT group gradually improved their performance in this task. These findings show that Panx1-deficient mice exhibit impairment in memory tasks where behavioral flexibility is necessary to find a specific location. Previous studies using a different Panx1-deficient mouse (Panx1−/−) revealed that loss of Panx1 leads to enhanced anxiety and impaired object recognition and spatial memory (Prochnow et al., 2012). Consistent with our findings, Prochnow et al. (2012) reported that Panx1−/− mice display an altered ability to discriminate between a known and a new object using the object recognition memory test, indicating that Panx1 loss also affects another behavioral paradigm based in LTD plastic mechanisms (Griffiths et al., 2008). In this regard, considerable evidence indicates that LTD is important to learning and memory behaviors particularly involving the processing and acquisition of new information (Collingridge et al., 2010). For instance, LTD has been shown to regulate novelty acquisition in an object recognition memory (Manahan-Vaughan and Braunewell, 1999; Kemp and Manahan-Vaughan, 2004), spatial object recognition (Goh and Manahan-Vaughan, 2013), working/episodic like memory (Etkin et al., 2006), the consolidation of fear memory (Liu et al., 2014) and spatial memory (Ge et al., 2010). Notably, LTD has been reported to regulate behavioral flexibility (Morice et al., 2007; Nicholls et al., 2008; Kim et al., 2011; Dong et al., 2013; Mills et al., 2014). Moreover, manipulation of LTD signaling, such as genetic deletion or pharmacological inhibition of calcineurin (CaN) and PI3Kγ have been showed to produce deficits in NMDAR-dependent LTD and behavioral flexibility (Kim et al., 2011), further supporting a role of LTD in memory processes.

Together, our findings suggest that Panx1 ablation promotes changes in LTD mechanisms that impact on related behavior.



Mechanisms of Synaptic Plasticity Modulation by Panx1 Channels

It is still unclear how Panx1 ablation can modulate synaptic and cognitive functions. For instance, it is unknown whether Panx1 exerts this function directly or through the interaction with other synaptic proteins. Panx1 might closely interacts with NMDAR GluN2A and GluN2B subunits, since it has been suggested that these channels can be activated by NMDAR stimulation (Thompson et al., 2008). Therefore, it is possible that changes in the expression or localization of specific GluN2 subunits of NMDARs could explain the modification in the induction of synaptic plasticity observed in KO mice (Ardiles et al., 2014). In fact, GluN2B subunits are more important for LTP induction than GluN2A in KO animals, while the opposite is observed in the WT group. At the same time, LFS-induced LTD was absent in KO animals under GluN2A subunit blockade (i.e., GluN2B activation), instead a potentiation was induced (Figure 2), indicating that GluN2B-containing NMDARs rather promote LTP over LTD. Interestingly, when GluN2B was blocked (i.e., GluN2A activation) a similar LTD was obtained in WT and KO mice indicating that GluN2A containing NMDARs support LTD in both groups (Figure 2). Moreover, we also found that LFS applied in the presence of TBOA had a lower effect in slices from KO mice, suggesting that the contribution of extra-synaptic GluN2B-containing NMDARs to LTD is lower in KO compared to WT (Figure 3A).

GluN2A and GluN2B are the main GluN2 subunits expressed in the adult rodent brain, particularly in cerebral cortex and hippocampus, and they have key roles in synaptic function and plasticity (Yashiro and Philpot, 2008). The identity of GluN2 subunits determines some of the biophysical properties of NMDARs important for synaptic plasticity. For instance, GluN2A-containing receptors show lower affinity for glutamate, higher sensitivity to Mg2+ blockade, greater channel open probability and Ca2+ desensitization than GluN2B (Yashiro and Philpot, 2008). This has important implications because these properties can determine the responses to stimulation at different frequencies and hence the directionality of the synaptic modifications (Erreger et al., 2005). In other words, at low frequencies typically used to induce LTD (1 Hz), GluN2B makes a larger contribution to the total charge transfer and calcium influx than GluN2A (Erreger et al., 2005). However, under high-frequency stimulation, typically used to induce LTP (100 Hz), the current mediated by GluN2A considerably exceeds that of GluN2B (Erreger et al., 2005). Currently, there is contrasting evidence regarding the differential roles of GluN2 subunits to LTP and LTD induction. For instance, it has been speculated that GluN2B favors more LTP induction than GluN2A (Tang et al., 1999; Hendricson et al., 2002; Wong et al., 2002; Philpot et al., 2003; Barria and Malinow, 2005; Bartlett et al., 2007; Morishita et al., 2007; Philpot et al., 2007; Wang et al., 2009). However, it has also been reported that GluN2A-, but not GluN2B-containing receptors, mediate LTP (Liu et al., 2004; Massey et al., 2004). On the other hand, some reports indicate that induction of LTD does not require GluN2B-containing NMDARs activation (Hendricson et al., 2002; Bartlett et al., 2007; Morishita et al., 2007). Indeed, a LFS protocol (900 pulses, 1 Hz) induces LTP instead LTD in a GluN2A KO mice (Bartlett et al., 2007). In contrast, other evidences suggest that GluN2B but not GluN2A subunits are important for LTD (Liu et al., 2004; Kollen et al., 2008). It should be noted that the contribution of these GluN2 subunits also depends on the developmental, regional and behavioral experience context in which they are studied. Notwithstanding, these evidences suggest that the threshold for the induction of LTD and LTP is governed by the ratio of GluN2A/GluN2B (Yashiro and Philpot, 2008) and alterations in this ratio might generate, in turn, impairments in synaptic plasticity and brain mechanisms underlying learning and memory. Thus, it has been proposed that synapses exhibiting a high GluN2A/GluN2B ratio, would favor the induction of LTD, while synapses with a low GluN2A/GluN2B ratio would be more prone to express LTP (Yashiro and Philpot, 2008). Our results suggest that Panx1 loss might modify GluN2A/GluN2B ratio which generates the observed changes in LTP and LTD expression. Indeed, we found that the synaptic content of GluN2B-subunit of NMDAR was significantly increased in hippocampal PSD-enriched fractions, whereas GluN2A subunit was significantly increased in synaptosomes obtained from KO mice compared to WT animals. Although comparison between groups revealed no significant differences in the GluN2A/GluN2B ratio in PSD and synaptosomal fractions, we observed a tendency to a reduction in the ratio in KO PSDs compared to WT. The latter suggests that GluN2B levels are higher than GluN2A in KO PSDs. On the contrary, in KO synaptosomes the ratio tended to be higher than WT, suggesting in this case that GluN2B levels are lower than GluN2A in KO synaptosomes. These assumptions were supported by visualization of hippocampal Sch-CA1 synapses by electron microscopy, where we observed a redistribution of gold particles positive for GluN2A- and GluN2B-subunits (Figures 4I,J). It is noteworthy that in KO synapses, most of gold particles positive to GluN2A subunits accumulate in non-synaptic sites, whereas GluN2B particles localize overlying spine membrane.

According with these results, we observed a lower contribution of extra-synaptic GluN2B-containing NMDARs to LTD, revealed by TBOA incubation, in KO slices compared to WT animals (Figures 3E,F), suggesting a modification either in traffic or expression of GluN2 subunits from/toward non-synaptic sites. Indeed, we found a tendency to greater surface level of both GluN2 subunits in KO mice compared to WT animals (Figure 4F). Nevertheless, we did not found changes in total levels of GluN2 subunits evaluated in hippocampal homogenates (Figure 4E). In agreement with that, an earlier report by Prochnow et al. (2012), using Panx1−/− mice, showed no changes in synaptic plasticity related-genes including GluN2 subunits of NMDARs indicating that expression of GluN2 is not affected.

In summary, our data revealed novel functions of Panx1 channels in synaptic plasticity and memory flexibility. Furthermore, these results are in line with a modification in the LTD mechanism thought to be implied in these cognitive processes. For instance, we found that KO mice display a modification in synaptic proteins, some of which are critical for the induction or expression of LTD. Based on the current findings we propose that Panx1 channels modulate the induction of synaptic plasticity by changing the distribution of subunit-specific NMDARs, ultimately leading to deficiencies in learning and memory processes.
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The central nervous system (CNS) requires sophisticated regulation of neuronal activity. This modulation is partly accomplished by non-neuronal cells, characterized by the presence of transmembrane gap junctions (GJs) and hemichannels (HCs). This allows small molecule diffusion to guarantee neuronal synaptic activity and plasticity. Astrocytes are metabolically and functionally coupled to neurons by the uptake, binding and recycling of neurotransmitters. In addition, astrocytes release metabolites, such as glutamate, glutamine, D-serine, adenosine triphosphate (ATP) and lactate, regulating synaptic activity and plasticity by pre- and postsynaptic mechanisms. Uncoupling neuroglial communication leads to alterations in synaptic transmission that can be detrimental to neuronal circuit function and behavior. Therefore, understanding the pathways and mechanisms involved in this intercellular communication is fundamental for the search of new targets that can be used for several neurological disease treatments. This review will focus on molecular mechanisms mediating physiological and pathological coupling between astrocytes and neurons through GJs and HCs.
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INTRODUCTION

Classical studies carried out by the end of 19th and during the 20th century classified astrocytes mainly based on their differences in morphology and localization into two different populations, protoplasmic and fibrous (Ramón y Cajal, 1909). However, recent studies have revealed a more intricate and complex level of astrocyte organization in the central nervous system (CNS). Specialized astrocytes and stem cells with astrocyte features have been found in the cerebellum and retina (Bergmann glia and Müller cells) and neurogenic niches (Ben Haim and Rowitch, 2017). Likewise, these astrocyte populations are characterized by different marker expression. Astrocytes located in the white matter and astrocytic stem cells express high levels of glial fibrillary acid protein (GFAP). In contrast, protoplasmic astrocytes exhibit low expression of GFAP but high levels of the potassium channel Kir4.1 (Ben Haim and Rowitch, 2017). Although, it remains unclear why astrocytes achieve such diversity; this could be an adaptive mechanism to the activity of specific neuronal networks.

Due to their intimate association with neurons and blood vessels cells, astrocytes play a metabolic, structural and regulatory role in the CNS. For instance, astrocytes supply energetic substrates (glucose, lactate, citrate, and glutamine) to neurons, participate in the turnover of neurotransmitters such as glutamate and gamma-aminobutyric acid (GABA; Barres, 2008; Sofroniew and Vinters, 2010), and regulate the blood-brain barrier (BBB) permeability, and the homeostasis of ions and pH (De Bock et al., 2017). In addition, astrocytes can release different growth factors that regulate synapse formation and expression of tight junction proteins (Liebner et al., 2011).

Complex astrocyte endeavors are in part explained by their intercellular communications through gap junctions (GJs). This specialized intercellular communication gives rise to a complex syncytial network that allows diffusion of several essential molecules for signaling and information processing (Robertson, 2013). GJs and hemichannels (HCs) formed by connexins (Cxs) allow small molecule diffusion that induces and regulate functional and metabolic coupling between astrocytes and neurons. Neurotransmitters released by neurons bind to astrocyte membrane-bound receptors, resulting in the production of metabolites, such as inositol 1,4,5 trisphosphate (IP3), adenosine triphosphate (ATP), glutamate, lactate and D-serine that diffuse through GJs to impact back on neuronal function (Orellana and Stehberg, 2014). As a case in point, in the gray matter, it has been shown individual protoplasmic astrocytes occupying non-overlapping spatial domains, where each astrocyte can interact with hundreds of dendrites and neuronal cell bodies (Oberheim et al., 2009; Sofroniew and Vinters, 2010). This bidirectional interaction is fundamental for healthy brain function, and impairment in this communication can lead to the development of pathological conditions. This review will focus on cellular and molecular mechanisms that mediate metabolic and functional coupling between astrocytes and neurons, and how Cxs-mediated intercellular communication in astrocytes play a crucial role in this coupling. Additionally, we will review our current understanding of the neuroglial interaction emerging role in some neurological disease development.



CONNEXIN EXPRESSION IN THE CNS

Cxs are a family of transmembrane proteins composed of six subunits forming homomeric or heteromeric HCs that participate in small molecule release (up to 1.5 kDa) directly to the extracellular space. HCs also dock with other HCs or connexons of adjacent cell membranes to establish GJs (White and Bruzzone, 1996; Figure 1). At the structural level, Cxs have four transmembrane domains and one intracellular domain involved in channel regulation by post-translational modifications (i.e., phosphorylations) or interactions with cytosolic proteins (Márquez-Rosado et al., 2012; Matsuuchi and Naus, 2013; Figure 1). Of the 21 Cxs isoforms so far described, 11 have been detected in the CNS. Cxs in astrocytes, oligodendrocytes, microglia and neurons are characterized by developmental state, region and cell-type specific isoform expression, suggesting a critical role of these proteins in regulation and maintenance of several CNS functions (Lapato and Tiwari-Woodruff, 2018).
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FIGURE 1. Schematic representation of connexins (Cxs), hemichannels (HCs) and gap junctions (GJs) in cell membranes. HCs are transmembrane proteins composed of six connexin subunits that allow flow of several molecules and gliotransmitters from astrocyte to the extracellular space. Adenosine Triphosphate (ATP), glutamate, D-serine and prostaglandin (PG) E-2 can interact with their receptors and induce signaling cascades. Docking between two HCs or connexins forms GJ channels that allow the cell to cell communication mediated by ATP, inositol 1,4,5 trisphosphate (IP3) and Ca2+. HCs and GJs activity modulate neuronal synaptic activity and plasticity.



Cxs not only allow ions, small metabolites, or second messengers flow but also mediate or regulate other processes in the CNS. For example, Cx43 controls migration and positioning of excitatory and cortical interneurons during brain development (Elias et al., 2010; Qi et al., 2016). Cxs are also involved in neurogenesis; while Cx43 promotes survival of newborn neurons in the adult mouse hippocampus; Cx30 limits their proliferation and survival (Liebmann et al., 2013). Magnotti et al. (2011) have reported Cx42 and Cx43 are required for astrocyte survival in white matter by mechanisms dependent on Cxs specific expression in both astrocytes and oligodendrocytes. Therefore, differential expression and spatial distribution of Cxs are important determinants of their functions in the CNS.

In the mature brain, astrocytes express high levels of Cx30 and Cx43 and low Cx26 levels. Possibly this expression profile is responsible for determining the autocrine and paracrine signaling interaction that mediates glial and neuroglial communications (Lapato et al., 2017). GJs in astrocytes facilitate the formation of a functional syncytium, promoting ion and neurotransmitter removal released during neuronal activity, and allow propagation of Ca2+ waves between astrocytes (Takeuchi and Suzumura, 2014). This interglial communication through Cx-based channels, allows astrocytes to sense and integrate local and global synaptic activity and to respond to gliotransmitters that impact synaptic transmission both pre- and postsynaptically (Bazargani and Attwell, 2016). Hence, Cxs and gliotransmitters are essential players in neuronal activity regulation, behavior, and homeostatic maintenance of brain functions (Volterra and Meldolesi, 2005).



CONNEXIN-DEPENDENT REGULATION OF SYNAPTIC TRANSMISSION AND PLASTICITY

Astrocytes are unable to generate action potentials; however, they can raise intracellular calcium concentrations ([Ca2+]i) that spread from cell to cell. Presence of astrocytic calcium ions mobilizations suggests that glial cells may have some excitability and neuromodulator activities (Bezzi and Volterra, 2001; Volterra and Meldolesi, 2005; Dallérac et al., 2013). During intense neuronal firing, glutamate and GABA release induce elevations in glial cells [Ca2+]i (Cornell-Bell et al., 1990; Kang et al., 1998). This in turn causes a Ca2+-dependent release of molecules that impact on neuronal excitability and synaptic transmission and plasticity (Bazargani and Attwell, 2016). Molecules released by astrocytes upon [Ca2+]i increase led to gliotransmitters discovery, which regulates communication between astrocytes and neurons. Hence, it is now accepted that astrocytes work along with neurons through a feedback mechanism, in which neuronal activity induces astrocytes to regulate synaptic transmission and plasticity by releasing gliotransmitters (Figure 2).
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FIGURE 2. Bidirectional communication between astrocytes and neurons. During neuronal firing, neurons release neurotransmitters that bind to G-coupledreceptors expressed on the surface of astrocytes. The activation of these receptors leads to an increase in IP3 and intracellular calcium ions that diffuses through HCs to other astrocytes, inducing gliotransmitter release, such as ATP and glutamate. These gliotransmitters then regulate both glutamatergic and GABAergic neurotransmission by acting either pre- or post-synaptically.



According to this paradigm neurons convey information to astrocytes mostly through neurotransmitter release. In this sense, different studies have shown hippocampal CA1 stratum radiatum astrocytes respond with an increase in [Ca2+]i when activated by ligands. Among the many receptors expressed in astroglial cells are purinergic (Duffy and MacVicar, 1995; Pasti et al., 1997; Porter and McCarthy, 1997; Verkhratsky et al., 1998; Shelton and McCarthy, 1999, 2000; Bowser and Khakh, 2007; Fiacco et al., 2007; Navarrete and Araque, 2008), adrenergic (Duffy and MacVicar, 1995), glutamatergic (Shelton and McCarthy, 1999; Fiacco et al., 2007), and GABAergic. In vitro studies have shown glutamate-induced astrocyte [Ca2+]i increase through ionotropic (NMDA and AMPA) and metabotropic glutamate receptor (mGLURs) activation (Zhang et al., 2003; Hu et al., 2004). Interestingly, in vivo experiments have revealed this [Ca2+]i elevation occurs only in some regions of the brain cortex (Pasti et al., 1997; Volterra et al., 2014). A mechanism illustrating in vivo cortical astrocyte differential response to glutamate has not been fully established. However, it is thought that some regulatory mechanisms may be conditioning the response of these astrocytes. A recent study revealed hippocampal astrocytes discriminate between neurotransmitters released by different axonal pathways (Perea and Araque, 2005). CA1 astrocytes in the hippocampus respond to glutamate released from CA3 neurons (Schaffer collateral, SC) and to acetylcholine, but not to glutamate released by CA1 neurons (Alveus Terminalis, AT). A plausible explanation for this phenomenon is glutamate protein sensors (receptors and transporters) are differentially localized in these astrocytes. Hence, CA1 astrocytes respond to glutamate released by SC axons, because sensors are expressed in astrocytic processes that are close to these fibers. Nevertheless, the fact that a same population of astrocytes can respond specifically to different neurotransmitters, also suggests astrocytes have intrinsic properties that allow them to discriminate and integrate synapse activity (Perea and Araque, 2005).

Neurotransmitters mainly impact astrocytic [Ca2+]i by receptor activation. However, it has also been shown astrocytes express transporters that also regulate synaptic transmission through neurotransmitter uptake (Boddum et al., 2016). GABA is the primary inhibitory neurotransmitter in the brain. It exerts its function by either stimulating chloride ions influx or potassium ions efflux by activating ionotropic and metabotropic GABA receptors (Watanabe et al., 2002). Astrocytes express the GABA transporter GAT-3, whose function is to clear excessive GABA from the synaptic cleft (Ribak et al., 1996). A recent finding suggests GABA uptake throughout GAT-3 can cause inhibition of presynaptic neuronal glutamate release by ATP/adenosine released from astrocytes (Boddum et al., 2016). Different to the canonical pathway in which neurotransmitters directly induce a rise in [Ca2+]i, GABA increases astrocyte excitability by movement of sodium ions to the intracellular milieu, resulting in calcium ion influx through Na+/Ca2+ exchanger. The GABA-dependent Ca2+ increase drives ATP/adenosine release that diffuses to excitatory presynaptic terminals, where it inhibits glutamate release and regulates heterosynaptic depression (Boddum et al., 2016).

Cxs have also been implicated in neuroglial communication modulation by gliotransmitter release, impacting pre- and postsynaptic terminals. In prefrontal cortex (PFC), inhibition of Cx43 HCs by mimetic peptide Gap26 reduces the amplitude of postsynaptic excitatory currents mediated by NMDA receptors and impairs long-term potentiation (LTP) induced by high-frequency stimulation (Meunier et al., 2017). In this area, astrocytic [Ca2+]i raised by an influx of this ion through Cx43 HCs stimulates D-serine release, a gliotransmitter and co-agonist of NMDA receptors. Hence, D-serine released from astrocytes also through Cx43 HCs in conjunction with glutamate induces NMDA receptor activation, a process that is important for AMPA receptor traffic and stability during LTP (Meunier et al., 2017). These results strongly suggest Cx43 HCs activity in astrocytes is a critical postsynaptic determinant of LTP in the PFC, by regulating NMDA receptor co-activation site occupancy by D-Serine (Henneberger et al., 2010). This effect is apparently independent of astrocyte intercellular communication achieved through GJ channels. Studies using Cx43 conditional knockout mice have revealed a presynaptic regulation of basal excitatory synaptic transmission by Cx (Chever et al., 2014a,b). Deletion of Cx43 in astrocytes induces a decrease in basal excitatory synaptic transmission that is coupled to changes in cell volume, without affecting intrinsic and passive membrane properties of astrocytes and activation of NMDA and AMPA receptors in neurons. Although the mechanism is still unclear, this deficiency in synaptic transmission may be explained by Cx metabolic coupling role between astrocytes and neurons. Astrocyte metabolites such as glutamate, glucose, lactate and glutamine permeate through Cx43 HCs and are taken up by neurons to supply metabolic substrates. It also provides glutamate precursors to refill synaptic vesicles that support excitatory synaptic transmission. Consequently, the observed decrease on basal synaptic excitatory neurotransmission in Cx43 KO mice, can be the result of a glutamate diffusion impartment in astrocytes that lead to glutamine-glutamate cycle failure, operating between astrocytes and neurons (more details in the following section; Bak et al., 2006; Chever et al., 2014b). This cycle is essential for neurons to provide glutamine utilized for glutamate and GABA synthesis at the presynaptic terminal.

Astrocytes like neurons have complex morphologies characterized by the presence of processes that protrude into synapses. For synapses to work efficiently, astrocytes and neurons should have developed mechanisms controlling astrocytic processes extension into synapses, limiting astrocyte territories in the synaptic cleft, which is essential to re-uptake neurotransmitters without affecting synaptic transmission. Cx30 knockout mice show a decreased excitatory neurotransmission and impaired synaptic plasticity (Pannasch et al., 2014). These deficiencies are accompanied by low glutamate levels, increased currents throughout GLT transporters, and significant changes in astrocytic processes extension that insert more in-depth into the synaptic cleft. The observed reduction in synaptic strength in Cx30 KO mice can be the result of an increase in glutamate clearance. This novel role of Cx30 is independent of its channel function, but it is determined by its C-terminal domain interaction with cellular elements that regulate adhesion and migration processes, limiting the extension of astrocytes in the synapse (Pannasch et al., 2014). Similar results have been found in Cx30−/−Cx43−/− mice, in which Cxs absence leads to glutamate and K+ ions clearance impairments, changes in astrocyte volume, and increases in glutamate and GABA release. To maintain a regular firing without gain modifications, due to abnormal glutamate and GABA levels, Cxs alter AMPA receptor expression in the postsynaptic terminal, inducing homeostatic plasticity (Pannasch et al., 2011). Therefore, the syncytial network established by astrocytes through Cx30 and Cx43 expression is essential for regulating basal synaptic transmission and plasticity by mechanisms that involve neuronal excitability (K+ buffering), neurotransmitter release and uptake (Glutamate and GABA), and receptor stability (homeostatic plasticity).



ASTROCYTIC [Ca2+]i INCREASE IS COUPLED WITH A GLIOTRANSMITTER RELEASE THROUGH Cx HCs

Binding of synaptic neurotransmitters to high-affinity G protein-coupled receptors (GPCRs) in astrocytes starts a cascade of events that stimulate membrane phospholipid hydrolysis to inositol triphosphate (IP3) and diacylglycerol (DAG; Volterra and Meldolesi, 2005; De Pittà et al., 2009). Diffusion of IP3 then induces Ca2+ efflux from the endoplasmic reticulum, raising astrocyte Ca2+ concentration that drives gliotransmitter release. Although mechanisms that associate [Ca2+]i increases to gliotransmitter release in astrocytes have not been fully established, is believed these bioactive molecules are released by Ca2+-dependent vesicular exocytosis (as in neurons), and non-dependent vesicular release. Astrocytes express Synaptotagmin IV (a Ca2+ sensor expressed in synaptic vesicles) and SNARE type proteins. Synaptotagmin IV knockdown experiments have revealed this Ca2+ sensor is involved in glutamate release from astrocytes (Zhang et al., 2004). Similarly, astrocytes express synaptobrevin II and cellubrevin, two proteins of the SNARE complex that regulate glutamate and neuropeptide-Y release. Remarkably, these two gliotransmitters are not only packed in different vesicles, but they also exert different effects in synaptic transmission (Schwarz et al., 2017).

Non-vesicular gliotransmitter release is achieved through reversible uptake carriers (Rossi et al., 2000), volume-activated anion channels (Rudkouskaya et al., 2008), purinergic receptors (Suadicani et al., 2006), and Cx and pannexin HCs (Panx HCs; Jiang et al., 2011; Orellana et al., 2011). The mechanisms by which astrocyte intracellular Ca2+ changes are coupled to gliotransmitters release through Cx and Panx HCs are not fully understood. However, recent findings suggest Ca2+ levels regulate Cx HCs opening probability. For example, Cx32 HCs have a Ca2+ binding site rich in aspartate residues that sense and decode [Ca2+]e changes in channel gating (Gómez-Hernández et al., 2003). Moreover, Cx32 HC opening is triggered by changes in [Ca2+]i in the range of 200–1000 nM. The presence of calmodulin binding sites in Cx32 and Cx43 HCs and the fact that calmodulin inhibitors block connexin-ATP release, suggest this Ca2+ sensor is part of the Ca2+ pathway utilized to regulate Cx HCs gating (De Vuyst et al., 2006; Lurtz and Louis, 2007).

Other studies using mouse epidermal cells have determined GJ intracellular communication is mediated by a Ca2+-dependent regulation of E-cadherin cell adhesion molecule (Jongen et al., 1991). Although this mechanism has not been evaluated in astrocytes, the above results suggest interactions between Cxs and cell adhesion molecules mediated by Ca2+ increases can be essential for astrocyte syncytium stability during neuronal activity.

Paracrine ATP action can complicate Ca2+ signaling in astrocytes. Extracellular ATP signaling is crucial in the CNS, and its interaction with P2-purinoceptors (P2Rs) has critical neuromodulator functions (Tozaki-Saitoh et al., 2011; Illes et al., 2012). P2YRs are metabotropic receptors coupled with different G-proteins that mediate phospholipase C (PLC) signaling, associating IP3 diffusion to Ca2+ mobilization via GJs (Cotrina et al., 1998; Illes et al., 2012). Hence, ATP- Ca2+ mobilization in astrocytes works as a feedback mechanism, regulating Ca2+ diffusion in astrocytes that allow local synaptic transmission to influence synaptic activity over a large population of neurons.



METABOLIC COUPLING BETWEEN NEURONS AND GLIAL CELLS

Astrocyte [Ca2+]i increase is also used as a signal to trigger metabolic linkage between neural activity and energy demands to sustain neuronal firing. Coupling is achieved by releasing messengers, such as arachidonic acid (AA) that regulates blood vessel tone or by increasing glucose uptake from blood (Bazargani and Attwell, 2016). This energetic coupling between astrocytes and neurons is also achieved by regulating biosynthesis, degradation and uptake of excitatory and inhibitory neurotransmitters (Figure 3).
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FIGURE 3. Metabolic coupling between neurons and astrocytes during synaptic transmission. Glutamatergic and GABAergic neurons have an oxidative metabolism that depends mainly on glucose. Neurons use energy for restoring the ionic balance after action potential firing and for neurotransmitter synthesis. Astrocytes also play a significant role in recycling and inactivation of gamma-aminobutyric acid (GABA) and glutamate neurotransmitters through glutamate-GABA-glutamine cycle, also important for ammonium ion buffering. Astrocytes can also produce lactate upon increase in neuronal activity to sustain high firing rate. Pyr, Pyruvate; LDH, Lactate Dehydrogenase; OAA, Oxaloacetic acid; TCA, tricarboxylic cycle acid; αKG, alpha-ketoglutaric acid; GDH, Glutamate dehydrogenase; GLN, Glutamine; PAG, Phosphate-activated glutaminase; GAD, glutamic acid decarboxylase; GS, Glutamine Synthetase.



Astrocytes express transporters that mediate glucose uptake from adjacent cerebral microvessels through glucose type 1 transporters (GLUT1; Rouach et al., 2008). Glucose is stored as glycogen and then is partially oxidized through the glycolysis pathway to produce pyruvate. However, during intense neuronal activity astrocytes reduce pyruvate to lactate and export this energetic substrate through monocarboxylate transporters 1 or 4 (MCT1-4) to the synaptic cleft, which can be taken-up by neurons via MCT2 transporters. This coupling between cells is known as astrocyte-neuron lactate shuttle (ANLS) hypothesis (Pellerin and Magistretti, 1994). Additionally, astrocytes and neurons can completely oxidize pyruvate in the Krebs cycle (KC). Neuronal aerobic glucose catabolism leads to a net synthesis of alpha-ketoglutarate (α-KG), catalyzed either by glutamate dehydrogenase (GDH) or an amino acid aminotransferase (AAT; Figure 3). As a result, glutamate can be synthesized and used for excitatory synaptic transmission or decarboxylated by a glutamic acid decarboxylase (GAD 65/67) for GABA synthesis in inhibitory presynaptic terminals (Walls et al., 2010, 2011).

A family of five glutamate transporters, called GLAST, GLT-1, EAAC1, EAAT4 and EAAT5 (also known as EAAT1-5), are responsible for maintaining extracellular glutamate concentrations within a range that permits normal excitatory neurotransmission (Tzingounis and Wadiche, 2007). Astrocytes, transform glutamate to glutamine, through a reaction catalyzed by glutamine synthetases (GSs) with an expenditure of 1 ATP (Krebs, 1935). Then, glutamine is released into the extracellular milieu and is taken-up by neurons to synthesize glutamate by a phosphate-activated glutaminase (PAG; Krebs, 1935). Use of glutamate and GABA for glutamine biosynthesis by astrocytes gives origin to the Glutamate-GABA-Glutamine cycle operating between glutamatergic and GABAergic tripartite synapsis (Bak et al., 2006; Figure 3). Therefore, the coupling between excitation and inhibition is a crucial condition required for normal neurotransmission. Synthesis and re-uptake of both glutamate and GABA demand neuroglia compartmentation. Glutamate-GABA-Glutamine cycle by maintaining low neurotransmitter concentrations in the synaptic cleft protects neurons against glutamate excitotoxicity. However, it is an expensive transport process requiring high ATP levels. Each neurotransmitter molecule is co-transported with three sodium ions (Na+), requiring Na+/K+ ATPase activity. Furthermore, in astrocytes, this coupling demands glucose utilization and oxidation (Hertz, 2013; Schousboe et al., 2013a). Hence, to sustain significant glutamate removal from the synaptic cleft, astrocytes must produce enough ATP from different energetic substrates. Another essential function of the Glutamate-GABA-Glutamine cycle is ammonium (NH4+) transport (Figure 3), which is potentially toxic to neurons and it must be taken up by the surrounding astrocytes. This is a clear example of compartmentation between neurons and astrocytes (Hertz, 2013; Schousboe et al., 2013a,b). Synaptic transmission and its regulation by gliotransmitters is a demanding energy process. It requires metabolic coupling to provide energetic substrates to sustain ATP production for neurotransmitter uptake, ion pumps and guarantee the necessary precursors replenishment for neurotransmitter synthesis to maintain synaptic transmission.



ROLE OF CONNEXINS IN CNS DISEASES

As discussed above, astrocytic Ca2+-dependent signaling pathways are activated in healthy brain tissue. However, dramatic changes in astrocytic [Ca2+]i transient frequencies, duration and amplitude have been reported in epilepsy (Ding et al., 2007), Alzheimer’s disease (AD; Kuchibhotla et al., 2009), and stroke (Rakers et al., 2017). These observations suggest changes occurring in reactive astrocytes could regulate liberation of gliotransmitters, instead of synchronizing normal metabolic coupling that could exacerbate injuries or lead to neurodegeneration. Some authors have proposed these events could be a consequence of a rapid response, seconds to minutes, part of a serial of excitotoxic events that are common to these diseases (Agulhon et al., 2012). For instance, damaged neurons after ischemia decline their aerobic metabolism, decrease ATP production, and accumulate toxic ions and molecules, such as Ca2+, K+, radical oxygen species (ROS), and nitric oxide (NO). These toxic molecular species can be released through HCs and propagated from damaged cells to healthy cells through GJs (Takeuchi and Suzumura, 2014). Under these conditions, those signals can activate microglia and astrocytes, inducing the release of pro-inflammatory cytokines and chemokines (Orellana et al., 2009). These inflammatory mediators can exert a modulatory effect on astrocyte physiology, causing alteration on neuronal functions that affect mood, behavior and cognitive abilities (Sofroniew, 2014). At the cellular level, pro-inflammatory cytokines reduce the intercellular communication mediated by GJs and increase Cx HCs activity, leading to an increase in astrocytic ATP and glutamate release (Retamal et al., 2007; Orellana et al., 2011). Under this inflammatory scenario, astrocytes not only produce, but they also respond to molecules such as tumor necrosis factor α (TNFα), transforming growth factor β (TGFβ), IL1β, IL6, interferon γ (IFNγ), CCL12, glial derived neurotrophic factor (GDNF), and proteins, such as fibrinogen, thrombin and endothelin-1 (Hamby et al., 2012; Sofroniew, 2014). Other molecules, such as prostaglandins (PG), NO and AA are produced by astrocytes and can induce deleterious effects in neurons (Avila-Muñoz and Arias, 2014). Neurodegenerative diseases like Alzheimer, Parkinson and other pathological conditions, such as ischemia and traumatic brain injury (TBI) will be discussed in the context of Cx HCs activity in response to injury.



Cxs IN ALZHEIMER’S DISEASE

AD is the leading prevalent dementia in the world and is considered a neurodegenerative condition characterized by a decline of the cognitive function related to a progressive cortical neuronal loss. Although the primary risk factor is aging, at the molecular level, AD has been associated with extracellular accumulation of beta-amyloid peptide (Aβ) and intracellular neurofibrillary tangles of hyperphosphorylated Tau protein, loss of synaptic connections, and oxidative stress increase leading to neuronal death (Querfurth and LaFerla, 2010). A classical AD study in human brains found increased Cx43 expression in reactive astrocytes near amyloid plaques, activated microglia, and neurons (Nagy et al., 1996). Other studies using two murine models of AD for β-amyloid precursor protein (APP) and presenilin 1 (PS1) have found Cx43, and Cx30 expression was increased in activated astrocytes that were associated with amyloid plaques in the pyramidal cell layer of the hippocampus at 6 months (Mei et al., 2010). Human brain samples with a diagnosis of AD and Parkinson’s disease (PD) have also identified increased Cx43 expression associated with astrocytosis, a process that correlates with the progression of both diseases (Kim I. S. et al., 2016). Moreover, studies evaluating APP/PS1 mice have shown Cx43 overexpression that correlates with gliotransmitter increments release, such as ATP, glutamate, and Ca2+, increase in oxidative stress and exacerbated neuronal damage (Yi et al., 2016). Nowadays it is a matter of debate if the increased Cxs expression in AD is part of an adaptive molecular mechanism to restore neuroglia homeostasis communication, or instead, it is an aberrant protein expression that exacerbates cellular conditions and microenvironment favoring disease progress.



Cxs IN PARKINSON’S DISEASE

PD is the second neurodegenerative disorder worldwide. Its main feature is the loss of dopaminergic neurons in the substance nigra pars compacta resulting in decreased dopamine levels, increased oxidative stress, and mitochondrial dysfunction in the striatum. As consequence patients display bradykinesia, rigidity and tremor (Lees et al., 2009). A recent study has shown that overexpression of Cx43 protects SH-SY5Y neuroblastoma cells, against mitochondrial-induced apoptosis by regulating mitochondrial permeability transition pore closing, preservation of mitochondrial membrane potential, and decreasing cytochrome C release (Kim I. S. et al., 2016). In vitro and in vivo studies using rotenone-induced models have shown increased expression of Cx43 and its phosphorylated form (Kawasaki et al., 2009). However, these changes in Cx43expression levels do not correlate with neuronal survival. Phosphorylation of Cx has been associated with functional GJs assembly, therefore in PD Cx43 phosphorylation could be related to mechanisms that reestablish normal synaptic function and promote neuronal survival.

Other studies using SH SY5Y cells that overexpress wild-type α-synuclein demonstrated those cells were more susceptible to hydrogen peroxide and 6-hydroxydopamine. This increased susceptibility was mediated by a molecular interaction between Cx32 and α-synuclein, suggesting that modulatory mechanisms of GJs can be essential to high sensitivity to neuronal toxins (Sung et al., 2007).



Cxs IN ACUTE CEREBRAL ISCHEMIA AND TRAUMATIC BRAIN INJURY (TBI)

Anomalous functioning of Cx43 after ischemic insults causes apoptotic cell death. In a cerebral rat model of ischemia, clamping both arteries increased expression of heteromeric Cx40/Cx43 connexons and Cx43 phosphorylated form. This increase in Cx levels was mediated after ischemia by extracellular signal-regulated kinase (ERK) activation (Chen et al., 2017), suggesting heteromeric Cx complexes contribute to brain damage.

In neonatal rat models of hypoxia/ischemia (HI), Cx43 expression increased, and pre-treatment with Gap26 and Gap27 peptides powerfully decreased cerebral infarct volume and improved muscle strength, motor coordination and spatial memory skills. Furthermore, Gap26 treatment reduced Cx43 expression and astrocytosis after HI insult, suggesting Cx43 could be considered a therapeutic target ischemic or hypoxic disease treatment (Li et al., 2015). This hypothesis is further supported by recent findings in TBI that have shown increased levels of phosphorylated Cx43 raised exosome marker expression and release, which can be activated as protective mechanisms, improving LTP inhibited in TBI (Chen et al., 2018).



FINAL CONSIDERATIONS

During neural activity interglial communication regulates neurotransmitter and K+ buffering by potentiating astrocytic syncytium function. This global integration by astrocytes is essential for functional and metabolic coupling of astrocytes and neurons. Under pathological conditions; although there is an increase in Cxs expression that can stimulate the syncytium ensemble, this process is impaired by a shift towards HC activity. This alteration is mediated by several pro-inflammatory cytokines (TNF-α and IL-β), Ca2+, and metabolic changes that stimulate the probability of pore opening (Retamal et al., 2007; Froger et al., 2010; Kim Y. et al., 2016). This evidence reveals a rise in Cx HCs activity can be a shared phenomenon in neurodegenerative diseases, ischemia and trauma. Additionally, a hallmark in the onset of these diseases could be a decrease in Cx docking required for functional GJs generation. Therefore, search for molecules that can regulate HC pore opening and connexon ensemble can have therapeutic potential.
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Pannexins (Panx) are integral membrane proteins, with Panx1 being the best-characterized member of the protein family. Panx1 is implicated in sensory processing, and knockout (KO) animal models have become the primary tool to investigate the role(s) of Panx1 in sensory systems. Extending previous work from our group on primary olfaction, the expression patterns of Panxs in the vomeronasal organ (VNO), an auxiliary olfactory sense organ with a role in reproduction and social behavior, were compared. Using qRT-PCR and Immunohistochemistry (IHC), we confirmed the loss of Panx1, found similar Panx2 expression levels in both models, and a significant upregulation of Panx3 in mice with a global ablation of Panx1. Specifically, Panx3 showed upregulated expression in nerve fibers of the non-sensory epithelial layer in juvenile and adult KO mice and in the sensory layer of adults, which overlaps with Panx1 expression areas in WT populations. Since both social behavior and evoked ATP release in the VNO was not compromised in KO animals, we hypothesized that Panx3 could compensate for the loss of Panx1. This led us to compare Panx1 and Panx3 channels in vitro, demonstrating similar dye uptake and ATP release properties. Outcomes of this study strongly suggest that Panx3 may functionally compensate for the loss of Panx1 in the VNO of the olfactory system, ensuring sustained chemosensory processing. This finding extends previous reports on the upregulation of Panx3 in arterial walls and the skin of Panx1 KO mice, suggesting that roles of Panx1 warrant uncharacterized safeguarding mechanisms involving Panx3.

Keywords: Panx1, Panx3, olfaction, ATP, knock out, regulation, compensation


INTRODUCTION

The pannexin’s (Panx) is a three-member (in rodents: Panx1, Panx2 and Panx3) family of integral membrane proteins. This gene family has received considerable attention since their initial discovery (Panchin et al., 2000; Bruzzone et al., 2003), with a particular focus on Panx1. The expression of this gene seems ubiquitous throughout the central nervous system (CNS; Ray et al., 2005, 2006) and multiple sensory systems, making Panx1 channels attractive candidates for sensory perception, which is important for interpreting stimuli in an environmental context (Brignall and Cloutier, 2015). Thus far, Panx1 expression in sensory systems has been found in the auditory (Wang et al., 2009), visual (Ray et al., 2005; Dvoriantchikova et al., 2006), gustatory (Huang et al., 2007; Romanov et al., 2007), and main olfactory system (Zhang et al., 2012; Kurtenbach et al., 2014) as well as in pain perception (Zhang et al., 2015, 2017). Given that Panx1 is an adenosine triphosphate (ATP) release channel (Bao et al., 2004), and is present in multiple sensory systems, it is tempting to investigate roles in the modulation of sensory processes.

The introduction of different transgenic mouse lines with distinct Panx1 ablation strategies (Bargiotas et al., 2011; Qu et al., 2011; Dvoriantchikova et al., 2012; Hanstein et al., 2013), has initiated ample opportunities to investigate Panx1 functions in a translational manner—from genes through to systems and behavioral outcomes. The availability of one mouse model (Dvoriantchikova et al., 2012) allowed us to determine a new localization of Panx1 in olfactory sensory neuron (OSN) axon bundles and further dismiss a primary function of Panx1 in olfaction—based upon behavioral testing, electroolfactogram measurements and analysis of ATP release from the olfactory epithelium (OE). The data suggested that Panx1 is one of several alternative pathways to release ATP in the primary olfactory system during chemosensation, likely playing a secondary role only (Kurtenbach et al., 2014).

Here, we report on the presence of Panxs in the accessory olfactory system (AOS), which is home to the accessory olfactory bulb (AOB) and the vomeronasal organ (VNO)—building on previous findings using the same mouse model. The VNO is the primary sensory organ in the AOS. It is located at the base of the nasal septum (Halpern, 1987) and is a chemosensory organ containing specialized sensory neurons called vomeronasal sensory neurons (VSNs), which are found in the pseudostratified neuroepithelium and send signals to the AOB for processing in the brain. In mice, the VSNs recognize chemical signals and initiate innate behavioral responses, like aggressive and reproductive behaviors (Pérez-Gómez et al., 2014). Importantly, ATP appears to play a significant role in triggering these behavioral responses. At the physiological level, ATP release in the VNO is responsible for eliciting a concentration-dependent increase in intracellular calcium, as well as initiating inward currents in VSNs. In turn, increased levels of ATP heighten the responsiveness of VSNs to chemical stimuli (Vick and Delay, 2012). At this time, ATP release is thought to be reliant on purinergic receptor activity upon activation of the vasomotor pump. Exact mechanisms of release are poorly understood, however, known properties of connexins (Cxs) and Panxs (Scemes et al., 2007) suggest that they could contribute either in conjunction or competition with ionotropic P2X or metabotropic P2Y receptors to the release of ATP responsible for signal transduction in the AOS (Gayle and Burnstock, 2005; Vick and Delay, 2012).

To address this knowledge gap, we have characterized the impact of genetic ablation of Panx1 in the AOS. Expression and localization studies demonstrated Panx1 expression in the VNO, with surprising up-regulation of Panx3 both in the sensory and non-sensory neuroepithelium, as well as in nerve fibers innervating the VNO of the Panx1 knockout (KO; −/−) population. Behavioral analysis and a quantitative comparison of steady-state extracellular ATP concentration, via mechanical stimulation in an ex vivo preparation, did not reveal significant differences between the two genotypes. The lack of phenotype and the regulation of Panx3 let us conclude that there are likely compensatory mechanisms at play. To further support this conclusion, we showed that in an established cell culture model Panx3 shares some properties with Panx1 including ATP release, as well as responses to stimulation and pharmacological blocking during dye uptake analysis under physiological conditions. To our knowledge, this research provides the first evidence that Panx3 can compensate, at least in part, for Panx1 function(s) in a sensory organ.



MATERIALS AND METHODS


Panx1 Knockout Mice

The generation and initial characterization of Panx1+/+ mice (Panx1fl/fl) with three LoxP consensus sequences integrated into the Panx1 gene flanking exon 3–4, and KO mice with global loss of Panx1 (Panx1−/−, CMV-Cre/Panx1) was described previously (Grundken et al., 2011; Dvoriantchikova et al., 2012; Prochnow et al., 2012). Animals were housed with a 12-h light/dark cycle and had free access to food and water, in compliance to the standards and policies of the Canadian Council on Animal Care (CCAC), and as approved by York University’s standing animal care committee (ACC; protocol 2011-09-GZ). Adult male mice (4–8 months of age) were housed individually 1 week before, and during, behavioral testing.



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from adult male mice using the RNAeasy Fibrous Tissue Mini Kit (Invitrogen, Canada), and cDNA was synthesized from 1 μg of total RNA with the ReadyScript cDNA Synthesis Kit (Sigma-Aldrich, Canada), according to the manufacturer’s instructions. qPCR was performed using the SsoFast EvaGreen Supermix (Bio-Rad, Canada) using the following oligonucleotide pairs (Table 1). Experiments were performed in triplicates, using six biological replicates and the CFX Connect™ Real-Time PCR Detection System (Bio-Rad, Canada). All experiments included melt curve analysis verifying the identity of PCR amplicons in each reaction. Raw cycle threshold values (Ct-values) were exported from the CFX Manager™ Software (Bio-Rad, Canada), and the relative gene expression was calculated using the Relative Expression Software tool (REST; Pfaffl et al., 2002). The REST software reported relative expression values.


TABLE 1. Primer pairs for quantitative Real Time-PCR (qRT-PCR).
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In Situ Hybridization (ISH)

Digoxigenin (dig)-labeled sense and antisense riboprobes were prepared from the full-length mPanx1 (NM_019482) coding sequence sub-cloned into the pcDNA3 plasmid (Thermo Fisher, Canada), as described previously (Ray et al., 2005, 2006). After linearization of the plasmid, sense and antisense riboprobes were transcribed using T7 and SP6 RNA polymerase with a digoxigenin RNA labeling mix (Roche, Germany). The ISH was performed as described previously with minor changes (Kurtenbach et al., 2014). Tissue from the VNOs of postnatal day 7 (P7) mice were dissected and immediately embedded in tissue freezing medium (Leica, Germany) at −30°C. Cryostat sections (12 μm) were cut immediately and collected on aminoalkylsilane-treated glass slides. The tissue was subsequently fixed in 4% paraformaldehyde in PBS at 4°C for 20 min, washed in PBS and acetylated by a 15-min treatment in 0.1 M triethanolaminhydrochloride solution with 0.25% acetic anhydride on a stirring plate. Individual sections were rinsed in 2× SSC (30 mM NaCl and 3 mM sodium citrate) and pre-hybridized in hybridization buffer (50% formamide, 5× SSC, 5× Denhardts’ solution, 2.5 mM EDTA, 50 μg/ml heparin, 250 μg/ml tRNA, 500 μg/ml salmon sperm DNA and 0.1% Tween-20) for 1 h at 55°C. Riboprobes were added to the hybridization buffer (0.25 ng/μl), denatured at 80°C for 2 min and applied to tissue sections. Sections were protected from evaporation with cover slips and incubated over night at 55°C in a water-saturated atmosphere. Post hybridization, slides were gently treated with 2× SSC to remove coverslips. Nonspecific binding was removed by wash steps at 55°C with 0.2× SSC for 1 h and then with 0.1× SSC for 15 min. Sections were subsequently equilibrated for 10 min in PBS containing 0.1% Triton X-100 (PBST), blocked with 10% goat serum in PBST buffer for 1 h and then incubated with 1:1000 alkaline phosphatase (AP) conjugated anti-dig Fab fragment (Roche, Germany) in blocking solution over night at 4°C. Subsequently, slides were washed in PBST, equilibrated in B3-Buffer (0.1 Tris-HCl, 0.1 M NaCl, 50 mM MgCl2, 0.1% Tween-20) followed by treatment with NBT/BCIP (Roche, Germany) to visualize the hybridization signals.



Immunohistochemistry (IHC)

Three-week-old and adult mice underwent humane euthanasia, quickly followed by full body perfusion before the separation of the head. The heads were then fixed in 4% PFA at 4°C overnight (ON) and stored until use. After removal of the fur and palate, the VNO was carefully isolated from the bony capsule in physiological Ringers solution (138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 10 mM Glucose, pH 7.4) and dehydrated in 30% sucrose at 4°C ON before sectioning. Ten micrometer thick cryosections were prepared using a Leica cryostat. Antigen retrieval was completed with 1% SDS for 5 min, followed by three washes each for 5 min with PBS. Sections were blocked with 5% normal goat serum (NGS), 1% bovine serum albumin (BSA), and 0.1% Triton X100 in PBS for 1 h at room temperature (RT). Primary antibodies (polyclonal anti-Panx1 and anti-Panx3 antibodies were kindly provided by Dr. S. Penuela, Western University, ON, Canada, dilution 1:200; Gαo SC- 13532, Santa Cruz, CA, USA dilution 1:100; Panx2, 42–2800, Invitrogen, dilution 1:100; NF200 clone NE14, N5389, Sigma-Aldrich, 1:100) were applied in buffer with 1% BSA in PBS containing 0.1% Triton X-100, and incubated at 4°C ON in a humidified atmosphere. After washing in PBS for 30 min, secondary goat anti-rabbit Alexa Fluor 488 and 568 (Invitrogen, Canada) diluted in PBS (1:1000), and applied for 60 min at RT in the dark. After three 10 min washes with PBS, sections were mounted, stained with Fluoroshield™ with DAPI (Sigma Aldrich, Canada), sealed, and kept at 4°C ON in the dark. Confocal microscopy was performed using ZEISS LSM 700 microscope, and ZEISS ZEN 2010 software was used to control all imaging parameters. Imaging was performed with 40× or 63× oil, both NA1.4, infinity corrected, DIC objectives. All images were taken using identical settings to allow a direct comparison of tissues from Panx1+/+ and Panx1−/− mice. Supplementary Figure S7 shows a secondary antibody control. LSM images were exported into tiff format and assembled using ImageJ and Photoshop CS6.



Acute ex Vivo VNO Preparation for ATP Release Assay

The VNO was carefully dissected as described above. Here, the dissection was carefully conducted in Ringer’s solution (138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 10 mM Glucose, pH 7.4) under an Olympus SZ61 dissecting microscope to ensure minimal mechanical stimulation or damage to the structure. Isolated VNOs were equilibrated in fresh Ringers solution for 45 min at RT. The Ringers solution was replaced before stimulation and non-stimulation control conditions. Non-stimulated controls remained at rest in Eppendorf tubes for 10-min. Mechanical stimulation was induced by carefully pipetting up and down the Ringers solution around the VNO for a consecutive 10-min period, under visual control ensuring not to capture or disrupt the VNO. After the 10-min incubation time, 50 μl aliquots of the supernatant were removed, heated for 1 min at 95°C, and stored on ice for detecting ATP concentrations (see section below titled “In vitro Luciferase Assay for ATP Determination”). All experiments were repeated five times for ATP measured from the VNO of either genotype.



Behavioral Test: Modified Resident-Intruder Assay

Male mice (4–8 months) were housed individually for 1 week before testing. Before the test, the bedding of the resident mice (same age) cages was not changed for three days. Mice were placed into home cages of other male mice for 10 min, which were covered with a glass plate for the duration of the test. Behaviors were recorded on video, and the animals’ interactions were quantified manually by counting and timing the specific behaviors. Biting, tail rattling/flicking, chasing, cornering and tumbling were considered aggressive behaviors, which were quantified using different parameters such as attack and defensive posture frequency and latency. Smell time was also used as a parameter of the investigation. To test for statistical significance student’s T-test was used.



Plasmid Constructs

Expression vectors contained the full-length open reading frames of mPanx1 (NM_019482, amino acids (aa) 1–426) and mPanx3 (NM_172454, aa 1–392) were cloned into the pEGFP-N1 expression vector (Clontech Laboratories Inc., Mountain View, CA, USA) in two steps. First, the open reading frames were synthesized as gBlocks (Integrated DNA Technologies Inc. (IDT), Coralville, IA, USA) and cloned into the TA cloning vector pJet1.2 (Thermo Fisher Inc., Mississauga, ON, Canada). Then the coding regions were isolated by restriction digest and cloned in-frame into the pEGFP-N1 expression vector. All plasmid constructs used in this study were sequence verified (Eurofins MWG Operon LLC, Huntsville, AL, USA).



Cell Culture, Transient Transfection, Western Blot and Confocal Imaging

Neuroblastoma 2a (Neuro2a) cells (Olmsted et al., 1970) were cultivated in DMEM with 2 mM glutamine, 1% non-essential amino acids (NEAA), 1% penicillin and streptomycin (PS) and 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere with 5% CO2. Approximately 30,000 cells were seeded in each well of 24-well plates or glass-bottom dishes (MatTek Corporation, Ashland, MA, USA) and transfected with 400 ng endotoxin-free plasmid DNA, using the Effectene transfection protocol (Qiagen Inc., Valencia, CA, USA). For western blot, whole cell protein lysates were prepared 48 h after transfection. Twenty microgram protein was separated by 10% SDS-PAGE, transferred to 0.2 μm Midi format nitrocellulose membrane and processed using the iBind™ Western System (Bio-Rad Inc., Mississauga, ON, Canada). Primary antibodies were diluted 1:1000 (mouse anti-GFP, Roche; rabbit anti-GFP (FL), Santa Cruz Biotechnologies, TX, USA) and 1:20,000 (mouse anti-β-actin; Sigma-Aldrich Chemie GmbH, Munich, Germany). The secondary antibodies (LI-COR Biosciences, St. Lincoln, NE, USA) were diluted 1:20,000 (donkey anti-rabbit IRDye680LT) or 1:20,000 (goat anti-mouse IRDye800CW). Signals were detected using the Odyssey® CLx Infrared Imaging System (LI-COR Biosciences).

For confocal microscopy, transfected cells were fixed with 4% paraformaldehyde for 20 min at RT, washed with PBS, and mounted with Fluoroshield™ with DAPI (Sigma Aldrich, Canada) for imaging. Samples were visualized using a Zeiss LSM 700 confocal microscope with a Plan-Apochromat 63×/1.4 Oil DIC M27 objective and the ZEN 2010 program to control all hardware parameters. Images were collected by line averaging (4×) at high resolution (2048 × 2048 pixel) using single planes. Images were exported and further processed using ImageJ and finally were combined using Adobe Photoshop CS6 for presentation.



Fluorescent Dye Uptake Assay

This assay is a variation of the ethidium bromide uptake assay previously reported (Prochnow et al., 2009; Kurtenbach et al., 2013). Neuro2A cells were grown in 3.5 cm MatTek cell culture dishes and transiently transfected with 400 ng EYFP, EGFP, mPanx1-EYFP or mPanx3-EGFP as described above. After 48 h, cultures were equilibrated for 30 min at 37°C and 5% CO2 in 1 mL complete DMEM with 2 mM glutamine, 1% NEAA, 1% penicillin and streptomycin (PS) and 10% FBS, but lacking phenol red (Supplementary Figure S4). MatTek chambers were placed in a live cell imaging chamber attached to the sample stage using a Zeiss 700 confocal microscope. Cells expressing mPanx1 and mPanx3 were selected for imaging at 37°C. Then, 1 mL fresh complete DMEM was added to cultures, to reach a final concentration of 10 μM ethidium bromide (EtBr). Treatment conditions included the application of 50 mM KGlu, 140 mM KGlu, or 3 μM ATP, as well as Panx1 blockers (3 mM ATP, 500 μM probenecid, 10 μM BB FCF). For blocking, cultures incubated for 5 min with blocker alone before application of 140 mMKGlu and EtBr. Images were taken at 1-min intervals, and dye uptake was measured over a period of 20 min.

Normalized dye uptake values were calculated by the change in fluorescence of the red channel (EtBr uptake) over 20 min and the protein expression documented by the fluorescence of the green channel (EGFP/EYFP fluorescence). All experiments were repeated at least three times. An automated cell selection and analysis of fluorescence protocol was created using a collection of plugins built into the ImageJ software. At the start, separated channels were background subtracted. A morphological segmentation tool from the MorphoLibJ plugin library was applied to segment images based on the watershed algorithm, creating new images based on watershed lines. These images were inverted to analyze particles, and the resulting regions of interest (see Supplementary Figure S5 as an example) were filtered using the HiLo algorithm to exclude saturated regions in images. Next, integrated density values were measured from the regions of interest within the green and red channels. As there is a linear relationship between protein expression (green channel) and the amount of dye uptake (red channel; see Supplementary Figure S3), it was possible to normalize dye uptake by calculating the ratio of dye uptake (in 20 min) and the amount of protein fluorescence on a cell to cell basis. Statistical analysis was completed using the Wilcoxin Mann Whitney U test.



In Vitro Luciferase Assay for ATP Determination

ATP assays were performed in a 96 well format (Greiner Bio-One, Canada) using the Molecular Probes® ATP Determination Kit as described by the manufacturer (Life Technologies, USA). Each well was seeded with 10,000 transiently transfected Neuro2a. Samples were measured using the Synergy H4 hybrid multi-well plate reader (Biotek, USA) as reported previously (Kurtenbach et al., 2014). ATP concentrations in experimental samples were determined from ATP standard curves (concentrations: 0 μM, 1 μM, 5 μM, 10 μM and 25 μM), dissolved in 1× TE buffer, included in each assay. The Gen5 Data Analysis Software (BioTek) was used to set luminescent assay parameters, including automatic gain settings and 5 s integration time per well, and complete data exportation. The data analysis was completed in MS-Excel, and the student’s T-test was used to test for statistical significance. All in vitro ATP assays were repeated three times. See Supplementary Figure S6 for a representation of luciferase assay methodology in vitro.



Blocker Pharmacology and Stimulants

Simulants included 3 μM adenosine triphosphate (ATP, pH-buffered, Sigma-Aldrich), 50 mM and 140 mM potassium gluconate (KGlu, Sigma-Aldrich). Blockers used include; 50 μM carbenoxolone (CBX, Sigma-Aldrich), 100 nM mefloquine (MFQ, QU024-1, BioBlocks), 10 μM brilliant blue food dye (BB FCF, Sigma Aldrich). It is important to note that all blocking data were collected after incubation for 5 min before application of 140 mM KGlu and EtBr, and recordings were taken starting upon the application of EtBr.



Statistical Analysis

Statistical analysis and data presentation were performed using Mathworks Matlab software or Microsoft Excel. Experiments were repeated at least three times. In most experiments, at least three independent replicates were used. All data were analyzed for data distribution and subjected to Mann-Whitney U tests for independent samples or a paired t-test, when appropriate. Figures were then compiled in Adobe Illustrator CC 2015 or Photoshop CS5 or higher.




RESULTS


Pannexin3 mRNA Expression Is Upregulated in the Vomeronasal Organ of Panx1−/− Mice

In situ hybridizations with cRNA probes specific for mouse Panx1 (mPanx1; Ray et al., 2005) confirmed expression of mPanx1 in the vomeronasal organ (VNO; Figure 1A). The antisense cRNA revealed strong staining of the VNO epithelia of 7-day-old mice, indicated by the yellow arrowheads, while the sense RNA probes only generated very faint staining, verifying the probes’ specificity. Next, Panx expression was quantified in total RNA isolated from the VNO, using quantitative Real Time-PCR (qRT-PCR) and primers specific for the mPanx1 (GI:8626133), mPanx2 (GI:163838634) and mPanx3 (GI:86262154) mRNAs. Significant expression of mPanx1 was detected in the VNO of adult wild-type mice (Figure 1B). Consistent with the gene targeting strategy ablating exons 3 and 4 of the Panx1 gene (Dvoriantchikova et al., 2012), no mPanx1 expression was detected in the VNO of mPanx1−/− animals (relative expression ratio: 0.0019 ± 0.0006 fold, p < 0.0001, n = 6; mean cycle threshold (Ct) ± SD: wild type 30.36 ± 0.87, mPanx1−/− 38.56 ± 1.61). mPanx2 and mPanx3 mRNA expression were determined to address the possibility of compensatory mechanisms that may affect Panx expression. A significant upregulation of the mPanx3 mRNA expression (2.03 ± 0.78 fold, p = 0.007, n = 6; Ct ± SD: wild type 30.47 ± 1.01, mPanx1−/− 29.50 ± 0.39) in the VNO of Panx1−/− mice was measured. In contrast, no change in the expression of mPanx2 was found in the VNO of the Panx1−/− mice (1.08 ± 0.23 fold, p = 0.89, n = 6, Ct ± SD: wild type 30.09 ± 0.21, mPanx1−/− 30.24 ± 0.46).
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FIGURE 1. Pannexin mRNA expression in the mouse VNO. (A) In situ hybridizations (ISHs) from juvenile mice (P7) with mPanx1 riboprobes. Panx1 antisense cRNA delivered strong labeling in the VNO. The strongest staining was detectable in the basal cell layer of the sensory epithelium (SE) indicated by yellow arrowheads. Note the absence of specific staining when the Panx1 sense cRNA was used. VNO = vomeronasal organ. Scale bar = 100 μm. (B) Quantitative room temperature (RT)-PCR data for Panx expression in the VNO. Panx1−/− mice lacked detectable mPanx1 expression in the VNO (n = 6). Mouse Panx3 mRNA expression showed a significant 2-fold upregulation in the VNO of Panx1−/− mice. No differential mRNA regulation was found for mPanx2. Primers specific for 18S rRNA were used as a reference. Experiments were performed in triplicates; significance is denoted by asterisks: Student’s T-test ***p < 0.001, **p < 0.01, Error Bars denote SEM.





Localization of Pannexin Proteins in the VNO of Wild-Type and Panx1−/− Mice

The mouse VNO is part of the AOS, composed of sensory and non-sensory layers as shown in the cartoon in Figure 2A. In the sensory layer, cell bodies of the sensory neurons, situated in the sensory epithelium (SE), segregate into the apical and basal zones (AZ, BZ) and project to the anterior or posterior portion of the AOB (details not shown) respectively. Cells in the non-sensory layer (NSE) are separated by a nerve fiber tract responsible for the autonomous innervation of local assemblies of the vasculature in cavernous tissue, which respond to increased sympathetic tone with vasoconstriction and in turn regulate the lumen (L) of the VNO.
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FIGURE 2. Panx1 protein expression in the NSE of the juvenile mouse VNO. (A) Overview of the murine VNO adapted from Sánchez-Andrade and Logan (2014) (B–D). The intact wild-type VNO imaged at 40× magnification is shown in (B) depicting DAPI staining of nuclei, the localization of (C) mPanx1 and (D) of the G-alpha protein Gαo. The region highlighted by the box in the overview in (E) is shown at 63× magnification in (F) highlighting the significant mPanx1 expression in the basal and lower expression in the ciliated epithelium of the NSE. (G) A comparable region in Panx1−/− mice lacked Panx1 expression. Abbreviations: AZ, apical zone; BZ, basal zone; SE, sensory epithelium; L, lumen; NSE, non-sensory epithelium; C, cavernous tissue; BV, a blood vessel. Scale bars: (B–E) = 100 μm, (F,G) = 50 μm.



The localization of Panx proteins in the VNO of juvenile mice was tested by IHC. Abundant mPanx1 protein expression was found in nerve fibers innervating blood vessels in the cavernous part of the VNO, with relatively lower levels of expression in the non-sensory epithelial layers (Figures 2B,C). Further, the Gαo protein, a protein known to couple neurotransmitter receptors to ion channels in sympathetic neurons (Jeong and Ikeda, 1998), co-localized with mPanx1 immunoreactive nerve fibers (Figure 2D). The overview in Figure 2E shows that expression of mPanx1 in the sensory part of the VNO was neglegible. Zoomed in views of the complementary areas of the non-sensory part of the VNO using identical immunostaining and imaging conditions, demonstrated an absence of mPanx1 immunoreactivity in Panx1−/− mice (Figures 2F,G).

Interestingly, in juvenile wild-type mice, mPanx3 expression was detectable and confined to regions similar to mPanx1, as well as in cartilage (Figure 3A). Meanwhile, in Panx1−/− mice, Panx3 immunoreactivity was elevated in the non-sensory part of the VNO in regions of Panx1 protein expression in wild-type controls, but not detectable in the SE (Figure 3). This result strongly argues for protein upregulation in subpopulations of cells with loss of mPanx1 expression or nearby thereof. In contrast, mPanx2 was equally expressed in wild-type and Panx1−/− populations, demonstrating ubiquitous expression within and beyond the VNO (Figure 3), and showing higher levels of expression in connective tissue (CT) compared to mPanx1 and mPanx3. The significant expression of the Panx2 protein in the VNO, despite low mRNA levels, is consistent with a previous report demonstrating that Panx1, 2 and 3 mRNA and protein expression were disconnected in most tissues (Le Vasseur et al., 2014).
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FIGURE 3. Localization of mPanx2 and mPanx3 proteins showing upregulation of mPanx3 in the NSE of juvenile Panx1−/− mice. (A) The left panel demonstrates an overview taken at 10x magnification showing the entire VNO and surrounding structures after Panx3 immunostaining. Mouse Panx3 has increased expression where mPanx1 has been demonstrated previously to be found, basal to the NSE, in the autonomous sensory nerve. There is also increased expression in the cartilaginous zone, which is characteristic of mPanx3. (B,C) The two panels in the middle show higher magnifications (63×) of the region indicated by the white box, demonstrating some mPanx3 expression in the cilia of the NSE and cell bodies basal to the NSE in wild-type mice. (C) The panel below shows that there is a clear increase in mPanx3 expression in Panx1−/− in the same regions. (D) Mouse Panx2 is ubiquitously localized in the VNO and the CT. Abbreviations: VNO, vomeronasal organ; V, vasculature; CT, cavernous tissue; C, cartilage; NSE, non-sensory epithelium; AN, autonomous (parasympathetic/sympathetic) nerve; +/+ = WT, −/− = Panx1 knockout (KO). Scale bars 10× overviews = 350 μm, 63× magnifications = 50 μm.



Next, we investigated mPanx1 and mPanx3 protein localization in the VNO of adult mice. Abundant mPanx1 expression was detected in the sensory epithelial (SE) layer, with negligible levels of expression in the non-sensory epithelial (NSE) layer. Meanwhile, no mPanx1 protein expression was found in Panx1−/− mice (Figures 4A,B). At higher magnification, images of the SE of wild-type animals revealed Panx1 localization along the tracts of neurons in the AZ as well as distinct punctate expression in the BZ (Figure 4C). In the SE of the VNO of wild-type mice, only traces of the mPanx3 protein were found, which we dismissed as background staining (Figures 4D,E). However, similar to juvenile Panx1−/− mice, the mPanx3 protein was significantly upregulated in both the SE and NSE (Figure 4F). The zoomed in views shown in Figures 4G,H revealed that mPanx3 was localized in both layers of the SE, as well as in the NSE, AN and the cavernous tissue. At the highest magnification, mPanx3 showed a punctate localization. Together, the tissue distribution of mPanx1 protein found in adult and P7 mice tissue partially overlapped with the mPanx3 protein expression found in Panx1−/− mice, raising the question of whether mPanx3 could functionally compensate for the loss of mPanx1.
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FIGURE 4. Panx1 and Panx3 protein localization in the VNO of adult mice. (A,B) Overviews showing mPanx1 expression (green) and DAPI staining (blue) in the VNO of wild-type and Panx1−/− mice. In the adult Panx1, wild-type VNO the mPanx1 protein is detected in the SE layer, with some expression in the NSE layer. The Panx1−/− VNO showed no mPanx1 staining. Scale bars (A,B) = 200 μm. (C) In the SE layer of wild-type mice, the mPanx1 protein (green) is localized along tracts of sensory neurons in both AZ and BZ, with some immunoreactivity found in NF200 (red) immunoreactive nerve fibers (SN). The mPanx1 protein showed punctate localization in both the apical zone (AZ) and basal zone (BZ). A very low level of mPanx3 immunoreactivity was detectable in the SE layer, which was dismissed as background (D) Scale bars (C,D) = 50 μm. (E,F) Overviews include DAPI staining of nuclei (blue) and Panx3 expression (green) in wild-type and Panx1−/− mice, showing upregulation of Panx3 expression in the VNO of Panx1−/− mice. Scale bars (E,F) = 100 μm. At higher magnification (G,H) of VNOs from Panx1−/− mice showed localization of Panx3 in both the SE and NSE layers, and the NF200 immunoreactive nerve fibers, with the highest magnification demonstrating a punctate pattern of localization. Scale bars (G,H) = 100 μm, 50 μm. Abbreviations: SE, sensory epithelium; NSE, non-sensory epithelium; AZ, apical zone; BZ, basal Zone; L, lumen; SN, sensory nerve; AN, autonomous (parasympathetic/sympathetic) nerve; GL, gland.





ATP Release in the VNO of Wild-Type and Panx1−/− Mice

ATP is a known mediator of VSNs, and Panx1 has been described as a major ATP release channel. Since ATP release can be evoked in the adult VNO by mechanical stimulation (Vick and Delay, 2012), it is possible to quantify extracellular ATP using acute ex vivo preparations of the VNO. Here, basal levels of extracellular ATP were detectable in the VNO of both adult Panx1+/+ and Panx1−/− mice (ATP concentration: Panx1+/+, 0.08 ± 0.007 pM, Panx1−/−, 0.13 ± 0.1 pM; p = 0.5; n = 5). Repeated mechanical stimulations reliably elevated ATP release in both Panx1+/+ and Panx1−/− mice VNO preparations (Panx1+/+, 1.02 ± 0.5 pM; Panx1−/−, 0.95 ± 0.9 pM, p = 0.9; n = 5; Figure 5). The increase was significant for both genotypes (Panx1+/+, p = 0.01; Panx1−/−, p = 0.05), although the concentration of ATP was indistinguishable for both non-stimulated and stimulated conditions. Since evoked ATP release in the VNO was not compromised in KO animals, differential expression of genes encoding for proteins known for interacting with ATP (purinergic receptors), or channels permeable for ATP (connexin, calcium homeostasis modulator), or opening upon mechanical stimulation (transient receptor potential cation channel) were investigated. Using qPCR, the expression of connexin-43 (Cx43), the transient receptor potential cation channel, subfamily C, gene 2 (TRPC2), the transient receptor potential cation channel, subfamily M, gene 5 (TRPM5), the purinergic receptors P2X7, P2X5 and P2Y2, as well as the calcium homeostasis modulator 1 and 2 (Calhm1, Calhm2) were detectable in the VNO. Non-significant expression changes were found for the purinergic receptors P2X7 (Mean ± Standard Error; 0.893 ± 0.310, p = 0.541) and P2X5 (1.235 ± 0.354, p = 0.250), as well as TRPC2 (1.351 ± 0.450, p = 0.138). Furthermore, Cx43 (Cx43: 0.397 ± 0.144, p = 0.004), P2Y2 (0.533 ± 0.183, p = 0.0001), TRPM5 (0.506 ± 0.201, p = 0.016), Calhm1 (0.369 ± 0.176, p = 0.011) and Calhm2 (0.477 ± 0.166, p = 0.001) were significantly downregulated. Together, evidence for compensatory upregulation of the most likely alternative sources contributing to ATP release in the VNO was not found. This result suggests that compensatory upregulation of Panx3, and ATP release through Panx3, could contribute to the similar increase in ATP release upon mechanical stimulation in both genotypes.
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FIGURE 5. Quantification of extracellular ATP after mechanical stimulation of the VNO. ATP release from the VNO of wild-type and knock out animals was determined as outlined in materials and methods using a luminescent ATP detection assays. Without stimulations, very low levels of ATP were detectable, with no differences between the two genotypes. Mechanical stimulation significantly increased ATP release, again, with no difference between wild-type and Panx1−/− animals. Error bars indicate standard deviation. *p < 0.01, **p < 0.05.





Aggression and Defensive Behavior in Wild-Type and Panx1−/− Mice

Since the VNO plays a major role in social interactions, a modified resident-intruder assay was performed to identify discernible behavioral differences between the two populations. Adult male mice were used to test for aggressive and defensive behaviors by the resident, as well as social stress evoked by the intruder. This analysis included quantification of three categories, smell, attack and tail flicks, which are typical behaviors elicited by specific chemosensory ligands present in the sensory epithelial layer of the VNO. Figure 6 shows that adult Panx1−/− mice (n = 14) did not show any significant difference in these measures compared to age-matched wild-type Panx1 (+/+) mice (n = 15). Interestingly, no significant differences were found in six behavioral responses. A single significant increase in smell time of Panx1 KO animals was observed when intruders were placed in their cage. In summary, the behavioral data suggested that lack of Panx1 function(s) in the VNO were not affecting behavioral outcomes in the knock out mice. Considering that the change in behavior was minor, albeit statistically significant, the result was interpreted as an indication of a compensatory role of Panx3.
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FIGURE 6. Behavioral comparison of Panx1+/+ and Panx1−/− mice. This modified intruder assay with N = 14 (Panx1+/+) and N = 15 (Panx1−/−) mice demonstrates that there are no significant differences in three behavioral categories, including aggressive behaviors mediated by the VNO (tail flicks, attacks indicated by biting, chasing, cornering and tumbling), between the two different mouse lines. A significant increase in smell time was found for Panx1 KO resident mice. The cartoon outlines the strategy used. Error bars indicate SEM. *p < 0.05.





Expression Properties of Panx1 and Panx3 in Neuro2a Cells Are Similar

Testing the hypothesis that mPanx3 could functionally compensate for mPanx1 in Panx1−/− mice, we analyzed both proteins in Neuro2a cells. It is worth noting that Neuro2a cells express Panx1 mRNA, but not Panx2 or Panx3 (Supplementary Figure S1), however, very low levels of endogenous Panx1 protein expression have not been detected by western blot (data not shown). Transient transfection of mPanx1-EYFP and mPanx3-EGFP increased steady-state mRNAs ≈95 fold (mPanx1) or ≈3400 fold (mPanx3) relative to endogenous levels (Supplementary Figure S2). The western blot analysis after transient overexpression of mPanx1-EYFP and mPanx3-EGFP in Neuro2a cells demonstrated that both proteins were expressed similarly to previous reports (Boassa et al., 2007; Penuela et al., 2007, 2008; Figure 7A). Also, confocal imaging revealed that both proteins localized in the cell membrane and internal membranes, consistent with the typical distribution of Panx proteins (Figures 7B,C).
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FIGURE 7. Panx1 and Panx3 localization in Neuro2A cells. (A) Western blot showing Panx1-EYFP and Panx3-EGFP proteins 48 h after transient transfection into Neuro2A cells. (B,C) Merged images, including DAPI staining of nuclei (blue), and Panx1-EYFP (Left) and Panx3-EGFP (Right) localization (green) in Neuro2a cells. Scale bars = 10 μm.





Mouse Panx1 and Panx3 Release ATP in Vitro

Panx1 channels are well established ATP release channels and the expression and localization of mPanx1 and mPanx3 were similar in vitro, therefore, an in vitro luciferase assay was used to test whether Panx3 demonstrated similar ATP release channel properties. As shown in Figure 8, both mPanx1-EYFP and mPanx3-EGFP release detectable amounts of ATP upon stimulation with 50 mM potassium gluconate (ATP concentration in pM: mPanx1, 50 mM KGlu: 2.71 ± 0.05, p value = 5.06e−5; mPanx3: 50 mM KGlu 1.75 ± 0.006, p value = 7.10e−4, N = 3 independent experiments) and 140 mM KGlu (mPanx1: 140 mM KGlu 3.09 ± 0.19, p value = 1.78e−4; mPanx3: 140 mM KGlu 1.72 ± 0.05, p value = 4.55e−5, N = 3 independent experiments), when normalized to EGFP or EYFP transfected Neuro2a cells with no stimulation, as well as when compared to non-transfected Neuro2A cells under the same conditions (Neuro2A: 50 mM KGlu 1.05 ± 0.07, N = 3; 140 mM KGlu 0.55 ± 0.3, N = 3). The specificity of the observed ATP release was tested using the Panx1 blockers carbenoxelone (CBX), mefloquine (MFQ) and blue food dye (BB FCF). All blockers showed reliable reduction of ATP release induced by high potassium when cells expressed mPanx1 (CBX 0.26 ± 0.005, p value = 1.10e−4, N = 3; MFQ 0.20 ± 0.007, p value = 1.10e−4, N = 3; BB FCF 0.31 ± 0.01, p value = 1.20e−4, N = 3). Interestingly, all Panx1 blockers caused the same effect on Panx3 expressing cultures (CBX 0.23 ± 0.01, p value = 8.71e−6, N = 3; MFQ 0.27 ± 0.01, p value = 1.05e−5, N = 3; BB FCF 0.23 ± 0.02, p value = 1.05e−5, N = 3). It is important to note that these blockers also reduce the amount of ATP release in non-transfected Neuro2A cells as well (CBX 0.14 ± 0.003, p value = 3.00e−4, N = 3; MFQ 0.10 ± 0.002, p value = 2.06e−4, N = 3; BB FCF 0.07 ± 0.005, p value = 1.77e−4, N = 3), an observation we attribute to endogenously expressed low levels of mPanx1. These results established similar channel properties in vitro, with respect to ATP release, amongst mPanx1 and mPanx3 in response to medium and high concentrations of KGlu and inhibitors that act upon mPanx1. This provides a strong rationale to continue comparing channel function properties in vitro and investigation the potential functional replacement of Panx1.


[image: image]

FIGURE 8. Panx3 has ATP releasing properties like Panx1. Luciferase assay depicting the amount of released ATP by Neuro2A cells that were untransfected (gray) or transfected with mPanx1 (Pink) or mPanx3 (Indigo). Using either medium (50 mM) or high (140 mM) concentrations of potassium gluconate (KGlu) stimulates mPanx1 and mPanx3 to release significantly more ATP compared to Neuro2A cells. Traditional Panx1 blockers carbenoxolone (CBX), mefloquine (MFQ) and brilliant blue food dye (BB FCF) also block mPanx3 and Neuro2a cells when stimulated with 140 mM KGlu prior incubation with the blockers. *Indicate significance compared to Neuro2A controls, *p < 0.001, **p < 0001. ††Indicates significance compared to 140 mM KGlu stimulation condition. ††p < 0.001.





Dye Uptake Properties of Panx1 and Panx3 in Neuro2a Cells Are Similar

ATP release properties of mPanx1 and mPanx3 were comparable in vitro. Hence, a robust ethidium bromide (EtBr) uptake assay (Kurtenbach et al., 2013; Shao et al., 2016) was used to further test channel activities. In this assay (Figures 9A,B), Neuro2a cells expressing either EYFP or EGFP showed no dye uptake under physiological conditions in complete growth medium (EYFP: 0.026 ± 6.87e−4, EGFP: 0.060 ± 2.30e−3), as well as after stimulation with 140 mM KGlu (EYFP: 0.078 ± 8.50e−4, EGFP: 0.022 ± 1.20e−3). In contrast, Neuro2a cells overexpressing mPanx1-EYFP or Panx3-EGFP showed an increasing and linear relationship between the amount of dye uptake and protein expression under both physiological conditions (mPanx1: R2 = 0.89, mPanx3: R2 = 0.90; Supplementary Figure S3A) and after treatment with 140 mM KGlu (mPanx1: R2 = 0.88, mPanx3: R2 = 0.91; Supplementary Figure S3B), demonstrating that the dye uptake was correlated with Panx expression. Therefore, dye uptake analysis was conducted after normalizing the amount of dye uptake to the level of protein expression.
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FIGURE 9. Panx1 and Panx3 dye uptake properties. EtBr uptake assay is depicting the amount of dye taken up by Neuro2A cells that were transfected with EYFP, EGFP, mPanx1-EYFP or with mPanx3-EGFP. (A) Neuro2A-EYFP cells did not uptake dye, even when trying to stimulate with 140 mMKGlu. However, using either 50 mM KGlu, 140 mM KGlu, 3 μM ATP on mPanx1 transfected cultures, significantly stimulated channel opening. 3 mM ATP, 500 μM Prob or 10 μM BB FCF application, after stimulation with 140 mM KGlu for 5 min, block the channel from taking up the dye. (B) EtBr uptake assay is depicting the amount of dye taken up by Neuro2A cells that were transfected with EGFP or with mPanx3. Neuro2A-EGFP cells did not uptake dye, even when trying to stimulate with 140 mMKGlu. However, using either 50 mM KGlu, 140 mM KGlu, 3 μM ATP on mPanx3 transfected cultures, significantly stimulated channel opening. 3 mM ATP or 500 μM Prob application, after stimulation with 140 mM KGlu for 5 min, block the channel from taking up the dye. Treatment with 10 μM BB FCF after application of 140 mMKGlu enhanced dye uptake activity significantly compared to treatment with 140 mMKGlu alone. *Indicate significance compared to Neuro2A controls, *p < 0.0001. ¥Indicate significance compared to basal conditions, ¥p < 0.0001. ††Indicates significant decrease compared to 140 mM KGlu stimulation conditions, †††indicates significant increase compared to 140 mM KGlu stimulation conditions ††p < 0.0001 and †††p < 0.0001. KGlu (potassium gluconate), ATP (adenosine triphosphate), Prob (probenecid), BB FCF (Brilliant blue food dye).



Mouse Panx1-EYFP expression caused significantly increased dye uptake under basal conditions (0.9544 ± 0.018, n = 198, p value = 4.46e−10) when compared to EYFP transfected cells (Figure 9A). In addition, treatment with 50 mM KGlu (1.78 ± 0.012, n = 114, p value = 2.95e−8), 140 mM KGlu (1.51 ± 0.0042, n = 407, p value = 2.45e−6), or 3 μM ATP (3.63 ± 0.061, n = 90, p value = 1.92e−11) caused a significant increase in dye uptake when compared to mPanx1-EYFP under physiological conditions. In contrast, treatment with 3 mM ATP (0.87 ± 0.0067, n = 125, p value = 1.85e−10), 500 μM probenecid (Prob; 0.85 ± 0.013, n = 407, p value = 3.88e−7) or 10 μM brilliant blue food dye (BB FCF; 0.99 ± 6.6e−3, n = 407, p value = 1.59e−6) prior to stimulation with 140 mMKGlu, a condition previously reported to open Panx1 channels from different species and in difference expression systems showed a significant decrease of dye uptake when compared to treated conditions with 140 mM KGlu alone (Figure 9A). Together, these results confirmed the effectiveness of two concentrations of KGlu to evoke dye uptake by Neuro2A cells expressing mPanx1. They verified that low and high ATP concentrations increase and reduce dye uptake, respectively, as previously shown in the oocyte expression system (Qiu and Dahl, 2009). Further, they confirm that probenecid (Prob) and brilliant blue food dye (BB FCF) are reliable blockers of mPanx1 in this cell model.

Using the identical experimental conditions, mPanx3-EGFP expressing cells without treatment showed a significant increase in dye uptake when compared to EGFP transfected Neuro2a cells (0.33 ± 3.20e−3, n = 157, p-value = 1.21e−8; Figure 9B), though it is important to note that this uptake is relatively lower than the average amount of uptake by mPanx1 under the same condition. Similarly, treatment of mPanx3 expressing cells with 50 mM KGlu (1.17 ± 0.013, n = 96, p-value = 1.12e−18), 140 mM KGlu (1.20 +/– 0.0037, n = 392, p-value = 5.12e−40) or 3 μM ATP (1.43 ± 0.012, n = 102, p-value = 4.69e−23) significantly increased dye uptake compared to untreated control cells expressing mPanx3-EGFP. Similar to mPanx1, application of 3 mM ATP inhibited the amount of dye uptake during stimulation with 140 mM KGlu when compared to stimulated controls (0.89 ± 0.010, n = 151, p-value = 1.20e−10; Figure 9B). Further investigation into blocking the mPanx3 channel showed that application of 500 μM Prob, prior to application of KGlu, efficiently inhibited dye uptake (0.46 ± 0.0077, n = 407, p-value = 2.16e−12), however, application of 10 μM BB FCF significantly increased mPanx3 channel activity (2.33 ± 0.022, n = 407, p-value = 1.38e−14). These results further established mPanx3 channel properties in vitro, in response to stimulants and inhibitors that act upon mPanx1. In summary, this quantitative assessment allowed us to conclude that Panx1 and Panx3 share two significant properties, dye uptake, and ATP release, suggesting that Panx3 can at least in part functionally compensate for Panx1.




DISCUSSION

This research shows the expression and localization of three Panxs in the VNO of both wild-type and a well-established mouse model with genetic ablation of mPanx1. Both mPanx1 and mPanx3 show differential expression in juvenile and adult mice, with a remarkable upregulation of Panx3 in the VNO—specifically in areas with no Panx1 expression after genetic ablation. Panx2 was ubiquitously distributed in the VNO, but not differentially regulated. The compensatory regulation of Panx3 in Panx1−/− mice raised the question whether Panx3 forms channels, which, at least in part, can compensate for the loss of Panx1. Using another established model, Neuro2A cells expressing mPanx1 or mPanx3, channel function was demonstrated using two independent methods exhibiting that Panx3 could take up dye, release ATP, and respond to Panx1 blockers—providing the first evidence that Panx3 is forming functional channels with properties similar to Panx1.


Pannexins in the Mouse VNO

Extending our previous research on Panxs in olfaction— suggesting indirect or even negligible roles of Panx1 in primary olfaction (Kurtenbach et al., 2014), we have shown in this study the expression of mRNA and protein localization of the three Panxs in the VNO. The results are different to our findings in the OE of mice, which express mPanx1, low levels of mPanx2, but no mPanx3 mRNA. Also, the IHC of the OE revealed a significant, but restricted, labeling of the OSN axon bundles that project to the olfactory bulb, but lacked immunoreactivity in the OSNs themselves (Kurtenbach et al., 2014). Further, no compensatory regulation of Panx3 was found in the OE of Panx1−/− mice. To our knowledge, only one other sensory organ, the cochlea, expresses all Panxs in the same tissue (Wang et al., 2009; Zhao, 2016), whereas other parts of the nervous system typically express Panx1 and Panx2, but lack Panx3 (Bruzzone et al., 2003). In fact, our previous studies of other sensory organs, including the eye (Ray et al., 2005; Dvoriantchikova et al., 2006), primary olfactory system (Kurtenbach et al., 2014), or lacrimal gland (Basova et al., 2017) showed either lack, or very low levels of Panx3 gene expression.

The localization of mPanx1, as well as mPanx3 in Panx1−/− mice, is consistent with the requirement for ATP release in the VNO (see “Discussion” section below). The expression and localization of Panx3 in the VNO after loss of Panx1 is remarkable, since Panx3 expression has typically been limited to skin, bone and cartilage (Celetti et al., 2010; Moon et al., 2015; Oh et al., 2015; Caskenette et al., 2016; Ishikawa et al., 2016), skeletal myoblasts (Langlois et al., 2014) or low diameter arteries (Lohman et al., 2012). Multiple studies have highlighted the importance of VNO function in reproductive behaviors in mice. Hence, it makes sense that a compensation system has evolved to maintain its function in extreme circumstances, e.g., loss of an essential protein. Our behavior tests did not reveal major changes of Panx1 KO for behaviors associated with VNO function, showing that Panx3 might be able to compensate for Panx1 loss efficiently. We did find a significant increase in smell time of resident Panx1−/− mice towards intruders. This difference is potentially an interesting observation because investigating and sniffing at intruders may also be influenced by memory deficits (Prochnow et al., 2012). Generally speaking, the availability of Panx3 KO mice (Moon et al., 2015; Abitbol et al., 2016) has allowed for the investigation of the role(s) Panx3 plays in the bone, with results suggestive of Panx3 regulating chondrocyte and osteoprogenitor cell proliferation and differentiation, long bone growth, and skeletal formation and development (Moon et al., 2015; Oh et al., 2015; Abitbol et al., 2016; Caskenette et al., 2016). However, the investigation of the roles of Panx3 functions beyond these tissues have yet to be reported, with this study being the first to implicate a role for Panx3 in a sensory system.



What Is the Evidence That ATP Release Plays a Critical Role in VNO Function?

We propose that ATP release is the key physiological role served by Panx1 and Panx3 in the VNO. Gerhard Dahl and his coworkers were the first to demonstrate the role of Panx1 as a major ATP release site (Locovei et al., 2006, 2007). Since then, Panx1 mediated ATP release has been found in many tissues and cell types, substantiating that this mode of regulated ATP release, alongside other non-vesicular ATP release pathways, is important to achieve tissue function(s) (for review see (Dahl and Keane, 2012; Scemes, 2012; Dahl et al., 2013; Penuela et al., 2013; Good et al., 2015). It is important to note that ATP release via Panx1 has not consistently been found (Taruno et al., 2013), which may indicate that some tissues do not rely on Panx1 mediated ATP release to achieve function, or compensatory upregulation was not investigated.

Pheromones are detected by VSNs once they are forced into the lumen of the VNO by a vascular pump triggered by sympathetic stimulation of the Vidian nerve (Eccles and Eccles, 1981), where we see an expression of Panx1 and Panx3 in juveniles. This mobilization of chemical signals is due to the sympathetic nervous system initiating ATP release (Rummery et al., 2007), which is also extremely important in evoking neural contractions of the vascularized erectile tissue on the lateral side of the lumen for further chemical processing. The signal transduction cascade is complex in the VNO, as the neuroepithelium consists of multiple distinct populations of VSNs. However, recent advances have implicated that there are subzone-specific ligands and sensory transduction components that enable VNO subdivisions to control specific olfactory-mediated behaviors (Kumar et al., 1999; Oboti and Peretto, 2014; Pérez-Gómez et al., 2014). For example, research conducted by Leinders-Zufall et al. (2014) has already demonstrated that aggressive behavior toward intruder males requires sensory transduction from basal VSNs. This is a region in adults where we saw the expression of Panx1 and increased Panx3 expression in KOs. We propose that important paracrine signaling functions of ATP for signal transduction are mediated by Panxs. The observed lack of upregulation of alternative channels and receptors is evidence in support of this concept. Together, the significant expression of Panx1 and Panx3 in both the basal and apical regions of the adult sensory layer, implicates the involvement of Panxs in olfaction in the context of adult social behavior, whereas the more restricted expression found in juvenile mice is more likely to serve the biomechanical functions of the developing VNO. Once Panx1 and Panx3 single and double KO mice become more broadly available, it will become possible to address this knowledge gap in longitudinal studies from juvenile to adult stages.



Is Panx3 a Channel That Can Compensate for Panx1?

This study provides evidence that Panx3 is an ATP release channel similar to Panx1, supporting two claims of ATP release via Panx3, suggestive of channel function, in cultured ATDC5 skeletal cells (Iwamoto et al., 2010) and human odontoblast-like cells (Fu et al., 2015). Further, Panx3, like Panx1, takes up dye in a linear relationship with protein expression, albeit at different efficiency, and in response to known Panx1 blockers. Several results are notable. Both ATP release and dye uptake through mPanx1 and mPanx3 were activated by stimulation with a medium (50 mM) and a high (140 mM) concentration of KGlu. The later concentration of 140 mM has been used repeatedly since the introduction to the field (Bao et al., 2004; Silverman et al., 2009), providing robust activation in our hands.

It is also noteworthy that blockers previously reported acting individually on Panx1 block Panx3 as well. This effect is most likely due to the structural homology of both proteins, which share a 73.25% similarity at the amino acid level, and that Panx1 and Panx3 channels can interact to some, albeit low, extent with no observed change to the channel function when intermixed (Penuela et al., 2009). Interestingly, BB FCF, a selective blocker of Panx1 channels (Wang et al., 2013), reliably blocked ATP release in both mPanx1-EYFP and mPanx3-EGFP expressing Neuro2a cells. However, it selectively affected only mPanx1 mediated dye uptake. At present, the reason for the difference in BB FCF blocking efficiency of mPanx3 during dye uptake vs. measuring ATP release is unclear. Although, we surmise that this model imitates the model in vivo by efficiently blocking mPanx1 channels in vitro and observing the enhanced activity of mPanx3. Despite the fact that the blocker pharmacology of Panx1 channels remains bizarre, as eloquently highlighted by Dahl et al. (2013), the distinct responses to BB FCF could be a starting point for isolating Panx1 and Panx3 channel activities separately. Ultimately, the observation that BB FCF can increase dye uptake provides a unique opportunity to determine the mode of interaction between BB FCF and protein targets by domain swapping experiments using chimeras of mPanx1 and mPanx3.

While we can provide evidence for Panx3 channel activities using two different methods, key biophysical properties accessible only through electrophysiological methods are lacking. However, our results point to the possibility that the biophysical properties of Panx3 channels can be investigated using similar procedures used for Panx1. It is very likely that these properties would be difficult to isolate when the cell culture model used expresses endogenous Panx1 or Panx3, in particular when the robust activity of Panx1 may mask those contributed by Panx3. Therefore, generating genetically engineered cell lines, with ablation of Panx1 and Panx3, for example by using Cas9/CRISPR or Transcription activator-like effector nucleases (TALEN), could help to overcome this knowledge gap. Together, our results point to the possibility that Panx3 channels are more subtle and challenging to study using traditional biomolecular techniques including electrophysiology, which is in line with the lack of data in the literature. On a similar note, more specific Panx blockers need to be found, which will allow distinguishing Panx1 from Panx3 functions in vitro and in vivo.



Compensatory Regulations of Pannexins: Why and How?

The upregulation of Panx3 observed in this study, has also been found in the vasculature (Lohman et al., 2012) and skin (Penuela et al., 2014) of different knock out mouse models. This suggests that the mobilization of Panx3 expression due to the absence of Panx1, as well as the properties shared between Panx1 and Panx3, is not restricted to a single loss of function phenotype.

Why is Panx3 upregulation required in the absence of Panx1? We hypothesize that the VNO requires tight control of ATP concentrations in a physiological range as a means of supporting prominent roles in triggering innate behavioral responses, like aggressive and reproductive behaviors (Pérez-Gómez et al., 2014). Since these behaviors are critical for the survival as a species, Panx3 upregulation could represent a safeguarding mechanism of unknown complexity that is innate to the cell type affected by the genetic KO and able to compensate for the loss of Panx1 as a major ATP release site—important in paracrine signaling.

The molecular mechanism of the compensatory regulation is open to speculations. Comparative studies of wild-type and KO mice at the level of the transcriptome, epigenome, proteome, or by promoter studies are likely to provide insight into the underlying molecular mechanism. In addition, the availability of Panx1 (Bargiotas et al., 2011; Qu et al., 2011; Dvoriantchikova et al., 2012; Hanstein et al., 2013) and Panx3 KO mice (Moon et al., 2015; Abitbol et al., 2016), as either single or double KOs, will be critical in this process. Further, future studies are also likely to aid in clarifying other evidence for compensatory regulation of Panxs, like in the vasculature (Lohman and Isakson, 2014) and skin (Penuela et al., 2014). However, whether these examples of compensatory regulation share a common mechanism, or a cell type or tissue-specific mechanism, needs to be determined.
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FIGURE S1 | Quantitative PCR analysis of total RNA isolated from Neuro2a cells. The average cycle threshold (Ct) values demonstrated the expected high (18 s RNA; Ct < 20) and medium (ß-actin/ACTB; Ct 20–30) expression levels for the reference RNAs. Mouse Panx1 and mPanx3 mRNAs were expressed at medium (mPanx1; Ct 20–30) and low levels (mPanx3; Ct > 30). The very low expression of mPanx3 was positively identified through melt curve analysis of the PCR generated amplicon (data not shown). No expression of Panx2 mRNA was detected. Values represent mean ± SD. Abbreviation: n.d. = not detected.

FIGURE S2 | Expression of pannexin mRNAs in transiently transfected Neuro2a cells. QRT-PCR showed overexpression of mPanx1 and mPanx3 in Neuro2a cells transiently transfected with mPanx1-EYFP or mPanx3-EGFP. All experiments were performed in triplicates. Values represent mean ± SD.

FIGURE S3 | Linear correlation analysis of fluorescent reporter expression and uptake of ethidium bromide. Normalizing the amount of dye uptake, the fluorescence of EtBr, to the amount of fluorescent reporter expression (mPanx1-EYFP and mPanx3-EGFP), reveals a strong and consistent linear relationship under control and stimulated conditions. (A) mPanx1 under DMEM (closed dots), R2 = 0.88, and mPanx1 with 140 mM KGlu stimulation (closed triangles), R2 = 0.89. (B) mPanx3 with DMEM (open dots), R2 = 0.90, and mPanx3 with 140 mM KGlu stimulation (open triangles), R2 = 0.91.

FIGURE S4 | Summary of the dye uptake assay. This image represents how the dye uptake assays were conducted. In accordance with the outlined figure, media was changed to media lacking phenol red, and the plate was incubated for 15 min, before transfer to the microscope into a live cell imaging chamber. Next, media with 10 μM EtBr and a stimulant of choice were applied. For stimulation conditions, this was the start of tracking the amount of dye uptake. For blocking conditions, 5 min after applying 140 mM KGlu, blockers were applied along with EtBr and then dye uptake was tracked. To track dye uptake, images were taken at 1-min intervals for 20 min, and the accumulated fluorescence of EtBr was calculated over time.

FIGURE S5 | Automated cell selection overlay. The image shown represents an example for mPanx1-EGFP transfected Neuro2A cells (green) captured during a dye uptake assay. Superimposed in red and numbered are the regions of interest captured by the automated cell selection routine developed using ImageJ plugins, which were used for calculation of integrated density values.

FIGURE S6 | Depiction of methodology for ATP detecting luciferase assays. This image is a representation of how the ATP detecting luciferase assays were conducted. Following the figure, cultures were incubated with a blocker for 5 min before application of 140 mM KGlu for 10 min. Otherwise, cultures incubated for 10 min with either low or high concentration of KGlu. Then, the supernatant was collected, and pipette into a 96 well plate along with an ATP standard curve, where reaction solution was applied according to the manufacturer’s protocol and plates were placed into a microplate reader to determine luminescence—indicative of the presence of ATP.

FIGURE S7 | Secondary antibody control for Immunohistochemistry (IHC). A section of the juvenile VNO was processed for IHC and incubated with secondary goat anti-rabbit Alexa Fluor 488 antibody (Invitrogen, Canada) only. The confocal image showing background signal was captured using the identical settings used in Figure 3. Scale bar = 200 μM.
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Connexin 32 (Cx32) is a fundamental protein in the peripheral nervous system (PNS) as its mutations cause the X-linked form of Charcot–Marie–Tooth disease (CMT1X), the second most common form of hereditary motor and sensory neuropathy and a demyelinating disease for which there is no effective therapy. Since mutations of the GJB1 gene encoding Cx32 were first reported in 1993, over 450 different mutations associated with CMT1X including missense, frameshift, deletion and non-sense ones have been identified. Despite the availability of a sizable number of studies focusing on normal and mutated Cx32 channel properties, the crucial role played by Cx32 in the PNS has not yet been elucidated, as well as the molecular pathogenesis of CMT1X. Is Cx32 fundamental during a particular phase of Schwann cell (SC) life? Are Cx32 paired (gap junction, GJ) channels in myelinated SCs important for peripheral nerve homeostasis? The attractive hypothesis that short coupling of adjacent myelin layers by Cx32 GJs is required for efficient diffusion of K+ and signaling molecules is still debated, while a growing body of evidence is supporting other possible functions of Cx32 in the PNS, mainly related to Cx32 unpaired channels (hemichannels), which could be involved in a purinergic-dependent pathway controlling myelination. Here we review the intriguing puzzle of findings about Cx32 function and dysfunction, discussing possible directions for future investigation.
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INTRODUCTION

Connexin 32 (Cx32) is a 32 kDa protein of the connexin family, abundantly found in liver (Paul, 1986), but it is also expressed in many other tissues, including the central nervous system (CNS) and the peripheral nervous system (PNS) (Scherer et al., 1995; Rash et al., 2001). Mutations in the GJB1 gene, which encodes Cx32, are the leading cause of the X-linked dominant form of Charcot–Marie–Tooth disease (CMT1X or CMTX1), the second most common form of hereditary motor and sensory neuropathy and a disease for which there is no cure (Kleopa and Scherer, 2006; Kleopa et al., 2012). Since mutations were first reported in 1993 (Bergoffen et al., 1993), over 450 different mutations associated with CMT1X including missense, frameshift, deletion and non-sense ones have been identified according to The Human Gene Mutation Database (HGMD®; Stenson et al., 2014). In both nerves and ganglia of the PNS, Cx32 localizes only in myelinating Schwann cells (SCs), mainly to the paranodes, the periodic interruptions in the compact myelin called Schmidt–Lanterman incisures, and the two outer layers of myelin (Scherer et al., 1995; Meier et al., 2004; Procacci et al., 2008). Elucidation of the molecular function of Cx32 in myelinating SCs is a requirement for understanding how different mutations lead to the sequence of events that end in demyelination and axonal loss in CMT1X patients. Despite the availability of an incredible number of studies, mostly in vitro, focusing on normal and mutated Cx32 channel properties, an interpretative framework is still lacking.


Cx32 Gap Junction Channels in Non-compact Regions of Myelinating Schwann Cells

Minute intracellular gap junction (GJ) channels are formed in non-compact regions of SC myelin when hexamers of Cx32 (connexons or hemichannels) spanning opposite myelin layers dock end-to-end (Meier et al., 2004), providing a fast diffusive radial path between the abaxonal and adaxonal region (Balice-Gordon et al., 1998). This has led to the attractive hypothesis that Cx32 GJ channels are critical for the passage of K+ and signaling molecules across the myelin sheath of SCs, whose function is not only to myelinate axons but also to maintain their long-term functional integrity (Nave and Trapp, 2008). The overlap in the distribution of Cx32 and Cx29 at incisures and paranodes suggests that they both contribute to reflexive junctions (Altevogt et al., 2002; Li et al., 2002), even if immunogold labeling for Cx29 did not reveal ultrastructurally defined GJs at incisures or directly linking successive paranodal loops (Li et al., 2002). Furthermore Cx29 does not form junctional channels when expressed in cultured cells (Altevogt et al., 2002; Ahn et al., 2008), neither Cx29 human ortholog Cx31.3 (Sargiannidou et al., 2008). Cx43 is also highly expressed in paranodal regions of myelinating SCs of adult wild-type (WT) and Cx32-null mice (Zhao et al., 1999). In adult rat, staining of Cx43 along myelin sheath and SC bodies was observed, but lower than Cx32 (Mambetisaeva et al., 1999), whereas an immunohistochemical study of human peripheral nerves revealed that anti-Cx43 antibody stained cytoplasm around the nucleus of SCs but not myelin (Yoshimura et al., 1996). Cx26 is also expressed in myelinating SCs of neonatal WT mice (Zhao et al., 1999), but not in those of neonatal rats (Mambetisaeva et al., 1999), supporting the conclusion that connexin expression in SCs is, at least in part, species-dependent, so direct investigation in the human nerve would be needed.



Cx32 Hemichannels May Participate in the Myelination Process of Schwann Cells

In the PNS, electrical stimulation of myelinated nerves triggers axonal ATP release which induces Ca2+ increases in the cytosol and the mitochondrial matrix of the surrounding SCs via P2Y receptor activation (Lev-Ram and Ellisman, 1995; Lyons et al., 1995; Mayer et al., 1997; Stevens and Fields, 2000; Ino et al., 2015). This neuron-to-SC pathway is likely to have an important role in proper myelination as in vivo chronic suppression of the purinergic-mediated signaling inhibits correct myelin formation and causes hypomyelination (Ino et al., 2015). Cx32 hemichannels in myelinating SCs may contribute to regulate the myelination process by enhancing the intracellular and intercellular propagation of this Ca2+ signaling by a regenerative ATP-induced ATP release mechanism. The presence of functional Cx32 hemichannels was recently hypothesized based on connexin-mediated ATP release observed during electrical stimulation of mice sciatic nerves (Nualart-Marti et al., 2013). Indeed, the molecular machinery ideally suited to support a Cx32-mediated purinergic signaling throughout SCs is actually present in peripheral nerves, given that Cx32, IP3R and P2Y receptors are found together in the paranodes and in the outer layer of SCs (Martínez-Gómez and Dent, 2007; Toews et al., 2007) and Cx32 hemichannels can release ATP (Cotrina et al., 2000; Belliveau et al., 2006; De Vuyst et al., 2006; Nualart-Marti et al., 2013). Indeed, comparing SCs cultured from sciatic nerves of WT and Cx32-null mice, Cx32 was found to enhance the intercellular Ca2+ waves spreading without contribution of Cx32 GJs (Zhao et al., 1999). As the Ca2+ wave propagation was mediated by extracellular release of ATP, it can reasonably be inferred the involvement of Cx32 hemichannels. The same consideration applies to another work (Freidin et al., 2009) using primary cultures of purified SCs from sciatic nerve which suggests a link between Cx32 expression and GGF2 (a growth factor which controls SC proliferation and differentiation), which does not involve Cx32-mediated GJ communication.



Other Possible Functions of Cx32 in Myelinating Schwann Cells

GJB1 gene depletion results in a mitotic phenotype from the genome-wide phenotypic profiling performed by the Mitocheck consortium (Neumann et al., 2010). Mitotic instability and CMT1X phenotype were linked to increased CaMKII activity in both human and murine fibroblasts carrying the G12S and S26L mutations of Cx32 as normal mitosis and motor function of mutant mice were partially recovered by CaMKII inhibitors (Mones et al., 2012, 2014). Cx32-S26L hemichannel dysfunction due to altered CaMKII activity was also proposed (Mones et al., 2014), supporting the notion that a CaM-dependent pathway controls the hemichannel gating by cytosolic Ca2+ of α and β connexin isoforms (De Vuyst et al., 2006, 2009; Zhang et al., 2006; Zhou et al., 2009; Hu et al., 2018). As found in oligodendrocytes (Waggener et al., 2013), CaMKII may be also critical in SCs for the well balanced equilibrium between dynamic remodeling and kinetic stability of the actin cytoskeleton required for efficient myelination.

Recently (Fowler et al., 2013), by employing a proteomic approach in murine liver, it has been reported that Cx32 is expressed in the inner mitochondrial membrane and interacts with the outer mitochondrial membrane resident fraction of syderoflexin-1 (SFXN-1), thus suggesting a putative role for Cx32-SFXN1 axis as protein complex for mitochondrial plasma membrane tethering. In Cx32-null mice, several mitochondrial proteins are upregulated, indicating that Cx32 optimizes mitochondrial bioenergetics by restricting rates of oxidative phosphorylation (Fowler et al., 2017, communication at the International GJ Conference).



The X-Linked Form of Charcot-Marie-Tooth Disease

CMT1X patients develop progressive distal muscle weakness and amyotrophy, together with sensory abnormalities that are most pronounced in the distal extremities (Vance, 1991; Harding, 1995; Suter and Snipes, 1995). CNS disturbances, mainly episodic but in some cases including static deafness and cognitive impairment, can occur in CMT1X patients, whereas the symptoms do not appear to correlate with the stage and severity of the peripheral neuropathy (Abrams and Freidin, 2015; Wang and Yin, 2016). Nerve electrophysiological and pathological analysis show intermediate slowing of conduction and length-dependent axonal loss, with more prominent axonal degeneration than de/remyelination (Kleopa et al., 2012), which supports the hypothesis that axonal abnormalities precede demyelination (Vavlitou et al., 2010). Interestingly, these studies together show that clinical and pathophysiological features of patients lacking the entire coding region of Cx32 are similar to that of most other patients with CMT1X, suggesting that most mutations cause loss-of-function (Shy et al., 2007; Kleopa, 2011). Functional analysis of Cx32 mutations (mainly CMT1X-related) using various expression systems has revealed a plethora of alterations that could schematically subdivided in classes, not mutually exclusive, which range from mutations that cause loss of channel formation to those that retain electrical coupling but show altered permeation properties or defective gating mechanisms:


1.   Cx32 protein is not synthesized (Ionasescu et al., 1996; Ainsworth et al., 1998; Abrams and Freidin, 2015).

2.   Mutant Cx32 protein is normally transcribed but little protein is expressed in the cell, such as in a frameshift of Cx32 at amino acid 175 (Deschenes et al., 1997). Some GJB1 gene mutations in non-coding regions controlling Cx32 expression should belong to this category (Tomaselli et al., 2017).

3.   Mutant Cx32 protein is properly synthesized but not transported to the plasma membrane, causing abnormal and possibly toxic accumulation in intracellular compartment such as the endoplasmic reticulum (ER), the Golgi apparatus or the cytoplasm. This condition results for mutations W3D (Kalmatsky et al., 2012), W3Y (Martin et al., 2000), Y7D (Kalmatsky et al., 2012), G12S (Deschenes et al., 1997; Wang et al., 2004; Kalmatsky et al., 2009; Mones et al., 2014), R32E (Fleishman et al., 2006), M34K (Yum et al., 2002), M34T (Yum et al., 2002), V38M (Yum et al., 2002), A39P and A39V (Kleopa et al., 2002), A40V (Yum et al., 2002), F51L (Abrams et al., 2017), C53S (Yoshimura et al., 1998), T55I (Kleopa et al., 2002; Sargiannidou et al., 2009; Abrams et al., 2017), R75P and R75Q (Yum et al., 2002), R75W (Yum et al., 2002; Sargiannidou et al., 2009; Abrams et al., 2013), E102del (Abrams et al., 2017), V140E (Kleopa et al., 2006), R142E (Fleishman et al., 2006), R142Q (Abrams et al., 2017), R142W (Deschenes et al., 1997; Vanslyke et al., 2000; Jeng et al., 2006; Abrams et al., 2017), L143P (Kleopa et al., 2006), E146R (Fleishman et al., 2006), R164Q (Kleopa et al., 2002; Abrams et al., 2017), R164W (Kleopa et al., 2002), C168Y (Abrams et al., 2017), P172R (Yoshimura et al., 1998), V177A (Abrams et al., 2017), E186K (Deschenes et al., 1997; Vanslyke et al., 2000), N205I (Yum et al., 2002), E208K (Deschenes et al., 1997; Martin et al., 2000; Vanslyke et al., 2000; Wang et al., 2004), Y211X and C217X (Yum et al., 2002).

4.   Mutant Cx32 protein is transported and inserted in the membrane to form hemichannels but no plaques or functional GJ channels are found. This condition results for mutations W3S (Martin et al., 2000), R15W (Abrams et al., 2001), R22G and R22P (Ressot et al., 1998), C60F (Omori et al., 1996), R75D-R75E-R75P-R75Q-R75V (Abrams et al., 2013), L90H (Ressot et al., 1998), H94Y (Abrams et al., 2001), V95M (Ressot et al., 1998), V139M (Omori et al., 1996; Deschenes et al., 1997; Abrams et al., 2001, 2017), R142Q and R164W (Abrams et al., 2017), P172S (Ressot et al., 1998), N175Y (Nakagawa et al., 2011), S182T (Wang et al., 2004), E208L (Ressot et al., 1998), E208K (Castro et al., 1999), Y211X (Ressot et al., 1998; Castro et al., 1999; Wang et al., 2004), I214X (Rabadan-Diehl et al., 1994), R215Q (Castro et al., 1999), R215W (Omori et al., 1996; Castro et al., 1999), R215X (Rabadan-Diehl et al., 1994; Castro et al., 1999), C217X (Rabadan-Diehl et al., 1994).

5.   Mutant Cx32 protein forms electrically conductive GJ channels and hemichannels presenting with altered properties in respect to WT channels, e.g., decreased/increased channel number, distribution, gating sensitivity or unitary permeability to physiologically crucial ions and molecules. Studies of functionality refers to mutations N2A-N2D-N2E-N2Q (Oh et al., 1999), G12S (Abrams et al., 2001), V13L (Martin et al., 2000; Wang et al., 2004), R15Q (Abrams et al., 2001; Wang et al., 2004), R22Q (Wang et al., 2004), S26L (Oh et al., 1997; Bicego et al., 2006; Mones et al., 2014), I30N (Oh et al., 1997; Wang et al., 2004), M34T (Oh et al., 1997), V35M (Oh et al., 1997; Wang et al., 2004), V38M (Oh et al., 1997), S42E (Oh et al., 1999), L56F (Ressot et al., 1998), V63I (Wang et al., 2004), Y65C (Wang et al., 2004), R75A-R75H-R75K-R75L (Abrams et al., 2013), R75Q (Wang et al., 2004), Q80R (Wang et al., 2004), S85C (Abrams et al., 2001), P87A (Oh et al., 1997), H94Q (Abrams et al., 2001), V95M (Wang et al., 2004), E102G (Oh et al., 1997; Ressot et al., 1998; Abrams et al., 2003), R107W (Wang et al., 2004), Del 111–116 (Oh et al., 1997; Ressot et al., 1998; Bicego et al., 2006), W133R (Wang et al., 2004), Y151C (Abrams et al., 2017), L156R (Wang et al., 2004), P158A-R164W-P172S (Wang et al., 2004), N175D (Gong et al., 2013), V181A (Abrams et al., 2003), V181M and R183C (Abrams et al., 2017), G199R (Wang et al., 2004), N205S (Kleopa et al., 2002; Wang et al., 2004), R215X (Rabadan-Diehl et al., 1994), C217X (Rabadan-Diehl et al., 1994; Castro et al., 1999), R220X (Rabadan-Diehl et al., 1994; Omori et al., 1996; Deschenes et al., 1997; Ressot et al., 1998; Castro et al., 1999; Revilla et al., 1999; Bicego et al., 2006; Katoch et al., 2015; Carrer et al., 2018), R223X and N226X (Rabadan-Diehl et al., 1994), R238H (Castro et al., 1999), L239I (Abrams et al., 2017), C280G (Castro et al., 1999; Kleopa et al., 2002), S281X (Castro et al., 1999).



Most of these studies were limited to testing only GJ channel electrical conductance, so minimal information is available about specific permeability to important molecules up to 1 kDa (e.g., second messengers), which could explain why some mutants appear as “functional” with respect to the WT. Limited information is also available about gating/permeability dysfunction of mutant Cx32 hemichannels, analyzed in the following studies: S26L (Mones et al., 2014), S85C (Abrams et al., 2002), D178Y (Gómez-Hernández et al., 2003), E208K-Y211X-R215X-R215W-R215Q-C217X (Castro et al., 1999), R220X (Castro et al., 1999; Carrer et al., 2018), F235C (Liang et al., 2005), R238H-R265X-C280G-S281X (Castro et al., 1999).

Figure 1 outlines a graphical summary of: (i) possible functions of Cx32 in myelinating SCs; and (ii) the available information about in vitro functional studies of Cx32 mutations. Interestingly, the expression and function of some Cx32 mutants are cell-dependent, e.g., mutants R75Q, M34T, V38M, R164W, Y211X, C217X that reach the plasma membrane in non-human non-glial Xenopus oocytes and N2A cells (Oh et al., 1997; Castro et al., 1999; Wang et al., 2004), fail to reach the plasma membrane in human cells (HeLa) and cultured rat SCs (Kleopa et al., 2002; Yum et al., 2002).


[image: image]

FIGURE 1. Possible functions of Cx32 in myelinating SCs and topology of Cx32 mutations. (A) Electrical activity of myelinated nerves triggers axonal K+ release, whose recycling could involve Cx32 GJs located in SC paranodes and Schmidt–Lanterman incisures. Axonal firing also stimulates ATP release from volume-activated anion channels (VAACs; Fields and Ni, 2010) which induces P2Y-mediated Ca2+ increases in the cytosol and the mitochondrial matrix of the surrounding SCs via IP3 receptors (IP3R) of the endoplasmic reticulum (ER) and the mitochondrial calcium uniporter (MCU), respectively. The increase in the cytosolic Ca2+ concentration ([Ca2+]i) should be sufficient to trigger Cx32 hemichannel opening and ATP release, contributing to the intracellular and intercellular propagation of the Ca2+ signal. Interaction between Cx32 hemichannels and mitochondria may play a role in cell bioenergetics as found in liver of Cx32-null mice (Fowler et al., 2013). (B) Cx32 mutations belonging to classes 3-4-5 mentioned in the text are represented as colored circles (black-red-azure, respectively) associated to the correspondent WT amino acid (white circle), where the topology of Cx32 domains is derived from the all-atom model of Cx32 connexon in Carrer et al. (2018).



Together with the Cx32-null mouse (Nelles et al., 1996; Anzini et al., 1997; Balice-Gordon et al., 1998; Scherer et al., 1998, 2005; Zhao et al., 1999; Nicholson et al., 2001; Freidin et al., 2015; Sargiannidou et al., 2015; Kagiava et al., 2016), which displays a progressive peripheral neuropathy, a limited number of CMT1X mice models has been developed, including mutations G12S (Mones et al., 2012, 2014), S26L (Mones et al., 2012, 2014), T55I (Sargiannidou et al., 2009), R75W (Sargiannidou et al., 2009), R142W (Jeng et al., 2006), 175fs (Abel et al., 1999), C280G (Huang et al., 2005), S281X (Huang et al., 2005).




DISCUSSION

A key feature that emerges from the study of CMT1X is that Cx32 is a fundamental protein in the PNS as its dysfunction cannot be compensated by other mechanisms. In particular, loss of Cx32 in SCs of Cx32-null mice did not induce any compensatory change in the expression of other connexins (Nicholson et al., 2001). The expression of Cx32 in the PNS appears regulated by the transcription factors SOX10 and EGR2 which directly bind Cx32 promoter with synergistic action (Bondurand et al., 2001). Robust expression of glial fibrillary acidic protein (GFAP), the only non-myelinating SC marker persisting in adult Cx32-null mice, suggests that Cx32 is involved in regulating GFAP levels and coordinating the program of myelin gene expression (Nicholson et al., 2001). A recent microarray analysis of normal and injured sciatic nerves of WT and Cx32-null mice supports a crucial role for Cx32 in re-myelination of SCs (Freidin et al., 2015), both in normal axonal maintenance and regeneration following peripheral nerve injury, during which Cx32 is downregulated (Scherer et al., 1995). The same study, together with others (Kobsar et al., 2003; Groh et al., 2012; Klein et al., 2015), indicates that loss of Cx32 dysregulates several genes associated with immune response, thus contributing to the severity of the disease.

The identification of so-called “functional” CMT1X mutations, which retain the capacity to ensure normal electrical GJ coupling in vitro, suggests that permeability or gating abnormalities of Cx32 channels are per se sufficient to trigger a severe neuropathy. As Cx32 WT GJ channels are known to be permeable to Ca2+, cAMP, cGMP, IP3 and ATP (Harris, 2007), it is possible that these “functional” mutations alter second messenger or other cytoplasmic molecules signals, causing downregulation in the expression of genes that are required to maintain the myelinating state of SCs. In 1997, Oh et al. (Oh et al., 1997) hypothesized that the primary defect underlying CMT1X neuropathy in the presence of Cx32 mutants forming electrically conductive channels is the lower permeability of GJ channels to cAMP, which is involved in myelin homeostasis in SCs (LeBlanc et al., 1992). We have recently demonstrated that this theory is unlikely, at least with regard to the most studied CMT1X mutant (R220X; Carrer et al., 2018). Indeed, lack of Cx32 GJs in myelinating SCs does not appear to cause a slower radial diffusion of low molecular weight dyes along the myelin sheath of Cx32-null mouse with respect to the WT due to the presence of other connexins forming GJ channels (Balice-Gordon et al., 1998). Nonetheless, Cx32-null mice develop a late-onset peripheral neuropathy with demyelination features similar to those found in humans with Cx32 mutations (Nelles et al., 1996; Anzini et al., 1997; Scherer et al., 1998), indicating that other functions performed by Cx32 in SCs could be involved in the pathogenesis of the disease. The validity of the Cx32-null mouse as a model of Cx32 function has been strengthened by the demonstration that both transgenic and lentiviral expression of Cx32 in myelinating SCs ameliorates nerve pathology (Scherer et al., 2005; Sargiannidou et al., 2015), improving motor performance (Kagiava et al., 2016). The hypothesis that the key role of Cx32 in the myelination process does not involve GJ channels was initially suggested in Freidin et al. (2009) and supported by the recent observation that defective Cx32 GJ plaque formation in 14 CMT1X mutants correlates only with CNS abnormalities (Abrams et al., 2017).

Despite the large amount of studies on mutant GJ properties, Cx32 hemichannel dysfunction was poorly investigated. Altered hemichannel gating properties could have devastating consequences for cellular function due to loss of ionic gradients and small metabolites and increased influx of Ca2+. A growing body of evidence also indicates that ATP-mediated paracrine signaling in SCs is critical for the myelination process, which supports the hypothesis that alteration of Cx32 hemichannel opening and ATP release could underlie CMT1X (Nualart-Marti et al., 2013; Carrer et al., 2018). Little is known about the physiological mechanism that controls opening and closure of Cx32 hemichannels in response to [Ca2+]i changes (Cotrina et al., 2000; Belliveau et al., 2006; De Vuyst et al., 2006; Carrer et al., 2018), but we recently found that Cx32 hemichannels carrying the pathological C-terminus truncation R220X fail to open in response to a canonical IP3-mediated signal transduction cascade that elevates [Ca2+]i (Carrer et al., 2018). A useful combination of patch-clamp and optical fluorescence microscopy for dissecting Cx32 channel properties is described in Figure 2. Interestingly, the gating function of R220X hemichannels was completely restored by both the intracellular and extracellular application of a 12 amino acid peptide that mimics the Cx32 cytoplasmic loop, suggesting that the C-terminal domain of Cx32 is not directly involved in the gating mechanism but acts as a modulator.


[image: image]

FIGURE 2. In vitro analysis of human Cx32 GJ and hemichannel functionality. (A) Scheme of dual patch clamp experiment to derive the unitary GJ permeability to cAMP in an isolated pair of Cx32-WT transfected HeLa cells, as in Carrer et al. (2018). At time zero, cAMP is injected in cell 1 under whole-cell recording conditions (WC1) and its intercellular transfer is monitored by FRET variation (ΔR/R0) of CEPAC sensor. (B) Three representative frames illustrate successive stages of an experiment. Around 90 s after WC1, the whole-cell configuration is achieved also in cell 2 (WC2), delivering the same concentration of cAMP and deriving the junctional conductance Gj from the current ij elicited by a 10 mV voltage difference (Vj) between the two pipettes, as illustrated in the bright field image. (C,D) Time course of the cell-averaged FRET signal and the junctional conductance Gj from the experiment in (B). (E) A confocal z-stack was performed at the end of the experiment to derive cell 2 volume (Vcell 2), which is required to compute the single channel permeability Pu to cAMP, as described in Hernandez et al. (2007), where γ is the single channel conductance. (F) Scheme of patch clamp experiment to study the hemichannel gating by [Ca2+]i in a single Cx32-WT transfected HeLa cell. An IP3-dependent [Ca2+]i transient is stimulated by an extracellular puff containing 10 μM ATP. Cx32 hemichannel opening and closure were monitored in terms of membrane conductance variation (ΔGm) computed by the periodic application (at 1 Hz) of a +10 μV voltage step lasting 100 ms. Contribution to ΔGm by other Ca2+-activated channels was kept negligible by specific blockers contained in the extracellular solution. (G) Representative frame sequence of an experiment using Fura-Red [image: image] dye. (H,I) Time course from the experiment in (G) of the cell-averaged Fura-Red ΔR/R0 and the membrane conductance variation ΔGm due to opening and closure of Cx32-WT hemichannels. For further details, see Carrer et al. (2018).



Molecular determinants of permeability/gating properties investigated in GJ channels and hemichannels of any connexin isoform, including Cx32, are still debated (Peracchia, 2004; Zhou et al., 2009; Oh and Bargiello, 2015), but their elucidation could help to answer why different Cx32 mutations cause a similar phenotype equivalent to a loss-of-function in the PNS of CMT1X patients. In situ investigation of signaling pathways mediated by Cx32 in pre-myelinating and myelinated SCs is also a pre-requisite for understanding how Cx32 dysfunction deregulates axon/SC homeostasis causing the CMT1X phenotype.
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Electrical signaling is a cardinal feature of the nervous system and endows it with the capability of quickly reacting to changes in the environment. Although synaptic communication between nerve cells is perceived to be mainly chemically mediated, electrical synaptic interactions also occur. Two different strategies are responsible for electrical communication between neurons. One is the consequence of low resistance intercellular pathways, called “gap junctions”, for the spread of electrical currents between the interior of two cells. The second occurs in the absence of cell-to-cell contacts and is a consequence of the extracellular electrical fields generated by the electrical activity of neurons. Here, we place present notions about electrical transmission in a historical perspective and contrast the contributions of the two different forms of electrical communication to brain function.
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INTRODUCTION

It has been argued that the function of the nervous system is to support movement and that it evolved because of its usefulness to organisms in navigating their environment (Llinás, 2001). Early observations established that nerves were required for muscle contraction. However, the mechanism underlying this interaction was unknown. An old, predominant, idea embraced by Rene Descartes was that muscle contraction resulted from the action of “animal spirits” running through hollow nerves (Piccolino, 1998; Finger, 2005). This and other speculative ideas were later disproved, leading to the consideration of alternative mechanisms. One of them was electricity (Franklin, 1751). The use of electricity for therapeutic purposes was popular in the second part of the 18th century, and electricity was capable of eliciting muscle contraction. In addition, because of its high travel velocity, electricity was ideally suited to be the agent responsible for nerve action, as some hypothesized (Finger, 2005). Furthermore, experimental evidence showed that certain fish were capable of generating electricity. All this preceding work and speculations paved the way to the studies conducted by Galvani (1791) which demonstrated that nerves and muscles generate electricity (“bioelectricity”) and, therefore, that electricity was the mysterious fluid or “animal spirit” responsible for nerve conduction and muscle contraction (Piccolino, 1998; Finger, 2005). We know now that these electrical currents result from the movement of charged ions across the cellular membrane following their electrochemical gradient (Hodgkin and Huxley, 1952; Armstrong, 2007). Galvani’s seminal studies led to the foundation of electrophysiology and to the discovery that brain function and, hence, animal behavior, depends upon electrophysiological computations, the only operational mode fast enough to support the required time frame of decision making by neural circuits. In other words, as emphasized by Llinás, electricity makes us who we are (Sohn, 2003).

The discovery that the brain is constructed from networks of individual cells that generate electrical signals raised the question of how electrical currents “jump” from one cell to another. The most hotly debated question in Neuroscience during the 20th century was whether synaptic transmission, which is the currency of the brain, is mediated electrically or chemically. In fact, this might have been the major point of dispute in the biological sciences in that era, with advocates on both sides avidly defending their positions with data—based and theoretical models. Each side advanced its favored mechanism on the basis of its assumed advantages for the operation of neural networks in the central nervous system (CNS). Thus, a great deal of effort was devoted to determining whether there was a delay of 1–2 ms between a presynaptic action potential and the start of a postsynaptic response (chemical) or not (electrical), and to the corresponding functional consequences of these alternatives. In this review article, we briefly describe the critical elements of the debate between electrical and chemical modes of transmission, which seemed to tilt strongly in favor of the latter once it emerged that synaptic inhibition in the spinal cord was mediated by an ionic conductance change. This was particularly compelling in view of the difficulties in determining a satisfying mechanism for electrical inhibition. However, in recent years, electrical transmission has regained recognition and relevance. Rather than occurring via a single mechanism, electrical transmission operates in two ways: via pathways of low resistance between neurons (gap junctions) or as a consequence of extracellular electric fields generated by neuronal activity. Thus, we focus not only on the differences between these modes of operation, but also on the concept they share some operational characteristics. Far from providing an extensive review on the topic, we center here on a number of classic and recent examples that we believe illustrate these properties.



THE SEARCH FOR THE MECHANISMS OF SYNAPTIC TRANSMISSION

The question of whether transmission between neurons is mediated electrically or chemically (Figure 1A) was posed formally in the 1870s, when the prevailing view of the nervous system was that it was a syncytium of connected nodes within a reticular structure. As stated by Eccles (Eccles, 1982), “It was an obvious conjecture that transmission between two electrically generating and responsive structures could be electrical,” but there already were experimental data suggesting chemical transmission at the neuromuscular synapse. The distinction between the two modes was clarified in the ensuing decades, with the advent of the neuron doctrine, according to which neurons are independent biological units (reviewed in Eccles, 1961, 1982). Briefly, the preponderance of data obtained at peripheral nervous system junctions was pharmacological and supported the concept of chemical transmission, such as the action of acetylcholine at the heart. However, in the case of the CNS, there wasn’t pharmacological data mimicking synaptic action, and the neuronal responses to applied chemical agents had longer delays than those of the responses evoked by nerve stimulation, leaving room to argue for electrical transmission.


[image: image]

FIGURE 1. Mechanisms of synaptic communication between neurons. (A) Neurons operate electrically (action potentials at pre- and postsynaptic neurons) but the nature of the mechanism of neuronal intercommunication was a source of controversy. The interposition of a chemical messenger or the existence of electrical interactions were proposed to explain synaptic transmission. (B) Both, chemical and electrically-mediated mechanisms of communication were later found to co-exist in all nervous systems. Left: chemical transmission represents an electrically-regulated Ca++-dependent form of release. An action potential provides the depolarization required for the activation of voltage-dependent Ca++ channels, the source of the Ca++ influx in the presynaptic terminal. The released neurotransmitter acts on ligand-gated ion channels at the postsynaptic membrane to generate a postsynaptic potential (PSP). Center: electrical transmission occurs via intercellular channels that provide a pathway of low resistance for the spread of currents between cells which are known as “gap junctions.” The currents underlying a presynaptic action potential generate a coupling potential in the postsynaptic cell (coupling). Because most gap junctions conduct bidirectionally, the coupling potential is simultaneously transmitted to the presynaptic terminal. Right: electrical transmission can also occur as a result of the electric fields generated by neuronal activity. In this example, the electric field of an action potential that propagates and invades passively the presynaptic terminal generates an electric field that causes hyperpolarization at the postsynaptic cell. Modified from Pereda (2015), with permission.



Any model of electrical transmission must address a number of defining issues, including: (i) a mechanism for generating a postsynaptic signal strong enough to alter nerve cell excitability; (ii) a minimal synaptic delay, given the speed with which electricity travels in a conducting medium; and (iii) explaining how the same presynaptic signal, that is, an action potential, can produce excitation at some sites and inhibition at others. These three points are discussed separately below.

Fatt (1954) reviewed the two general mechanisms that could underlie electrical transmission. The first is a direct connection between the cytoplasms of the two coupled neurons via a low impedance path, with the degree of coupling being determined by the relative sizes of the coupling and “post-junctional” conductances. Although he considered this mode of transmission unlikely, coupling between nerve cells via gap junctions is now well-established, and these synapses can be uni- or bi-directional, depending on the voltage-dependent properties of the channel connexins (see below).

The second is “ephaptic” transmission or coupling via current flow through the extracellular space. This model dates back to experiments by Arvanitaki et al. (1964), who established artificial points of contact between two axons and showed current flow from one element to the next by applying an unbiologically powerful stimulus, the “detonator potential.” While there are numerous examples where the electrical activity of populations of neurons is modulated or biased by local extracellular fields (reviewed by Weiss and Faber, 2010), evidence for field effects that have characteristics analogous to those of chemical synaptic transmission has only been demonstrated in a few model systems. Nevertheless, these effects can be quite powerful. The best known examples involve the Mauthner cell, an identified reticulospinal neuron that triggers an escape behavior in many teleosts, and cerebellar Purkinje cells. In the former, ephaptic inhibition mediated by a specific class of interneurons sets the startle response threshold, and in the latter, it controls Purkinje cell synchrony. According to the ephaptic model, current associated with a presynaptic action potential is “forced” across the postsynaptic membrane because there is a high extracellular impedance in the surrounding neuropil. Thus, ephaptic transmission meets the first requirement listed above, namely, sufficient strength to be physiologically relevant, due to a specialized extracellular structure which is postulated to contribute to a high extracellular resistance. These specializations are known as the axon cap of the Mauthner cell and the pericellular basket, or Pinceau, of Purkinje cells. In the case of speed, suffice it to note that in these well-studied systems there is no delay between the simultaneously recorded presynaptic action potential and the “postsynaptic” field effect. Finally, whether a field effect is excitatory or inhibitory depends upon the direction and magnitude of postsynaptic current flow at the excitable postsynaptic membrane region, as discussed below. Here, we focus on the type of field effect that is analogous to chemical transmission, with identified pre- and postsynaptic elements, and the modulatory effects mediated by synchronous activation of populations of neurons are reviewed elsewhere (Weiss and Faber, 2010).

Interestingly, Eccles, who was a major proponent of electrical transmission in the CNS until he provided, with Fatt (1954), the most compelling evidence for the chemical mode, proposed models for electrical excitation and inhibition in the 1940s (Figure 2) which are still relevant today (Eccles, 1946; Brooks and Eccles, 1947). The models for electrical excitation and inhibition are quite straightforward; current from an extracellular source, e.g., the presynaptic axon, depolarizes and hyperpolarizes different regions of the postsynaptic membrane, with the constraints that: (i) the sum of imposed current flowing in across the neuronal membrane equals the sum of the outward current; and (ii) the functional sign of a field effect depends upon the direction of current flow across excitable postsynaptic membrane. The model proposed for electrical excitation postulated that a monophasic presynaptic current entered inexcitable postsynaptic membrane apposed to the synaptic terminal and exited across adjacent excitable membrane, thereby depolarizing the latter (Figure 2A). For electrical inhibition, sign inversion was achieved by interjecting an inhibitory interneuron that is depolarized but not to threshold, with its current in turn hyperpolarizing the inexcitable region of the postsynaptic membrane (Figure 2B). Eccles recognized that the current would be excitatory elsewhere and suggested that the extensive neuronal dendritic tree served the function of dissipating the outward excitatory current across a large distributed area of membrane, thereby minimizing its effect on excitation. These models, with the addition of distinguishing effects of membrane capacitance and implications of presynaptic spike waveform, account for most features of ephaptic transmission.
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FIGURE 2. Proposed mechanisms for electrical transmission. (A) The cartoon illustrates the hypothetical current flow generated by an action potential approaching a synaptic terminal (top) and at the synaptic terminal itself (bottom). The initial anodal effect (A1) is followed by a cathodal effect (C2) in the postsynaptic membrane directly facing the presynaptic terminal. (B) Early electrical theory of inhibition. Cartoon illustrates the current flow through the synaptic terminal of an interneuron (G) on a postsynaptic cell (M). To exert an inhibitory action, the interneuron should receive subthreshold stimulation by its afferent input (I). An excitatory input (E) into the postsynaptic cell is also represented. Reproduced from Eccles (1982), with permission.



Finally a set of elegant experiments by Katz, Fatt, Miledi and colleagues showed that chemical transmission is mediated by a Ca++-dependent electrically regulated form of release of neurotransmitter packets (Katz, 1969), which in turn are capable of generating an electrical signal in the postsynaptic cell by acting specifically on ligand-gated ion channels known as “receptors” (Figure 1B, left). It is now recognized that both modes of communication, electrical and chemical, are operative (Figure 1B).



SYNAPTIC TRANSMISSION MEDIATED BY PATHWAYS OF LOW RESISTANCE: GAP JUNCTIONS

As discussed above, Paul Fatt suggested that electrical currents generated in one neuron could directly spread to an adjacent postsynaptic cell via a pathway of low resistance. This idea led to the demonstration that, as postulated, presynaptic electrical currents can at some contacts propagate to the postsynaptic cell “electrotonically.” Moreover, not only action potentials (as are most often required for chemical transmission) but also subthreshold signals were conducted to the postsynaptic cell. In other words, changes in the membrane potential in one cell were capable of spreading to a second cell, generating potentials of similar time course but smaller amplitude, as if the two cells were “electrically coupled.” Electrotonic transmission was observed in both invertebrate (Watanabe, 1958; Furshpan and Potter, 1959) and vertebrate (Bennett et al., 1959; Furshpan, 1964) nervous systems.

Seminal experiments in fish (Robertson et al., 1963; Robertson, 1963; Furshpan, 1964; Pappas and Bennett, 1966; reviewed in Pereda and Bennett, 2017) led to the identification of the intercellular structure that serves as a pathway of low resistance for the spread of currents between neurons: the “gap junction.” Convergent evidence for the role of these structures in mediating electrical coupling was obtained in the heart (reviewed in Delmar et al., 2004). Gap junctions are groupings of tightly clustered intercellular channels (Figure 3A) that allow diffusion of intracellular ions carrying electrical currents (Goodenough and Paul, 2009). The intercellular channel is formed by the docking of two apposed individual channels, named “hemichannels” or “connexons,” one contributed by each of the coupled cells (Figure 3A). Hemichannels are hexamers made of connexins, a family of 21 genes in humans. Gap junctions are not exclusive to neurons, and they are present in virtually every tissue of an organism, acting as aqueous pores for metabolic support and chemical signaling (Goodenough and Paul, 2009). Only a minority of the connexins (Cxs) are expressed in neurons: Cx36, Cx45, Cx57, Cx30.2 and Cx50 (Söhl et al., 2005; O’Brien, 2014; Miller and Pereda, 2017; Nagy et al., 2018). Amongst them, Cx36 (Condorelli et al., 1998) is considered the main gap junction protein supporting electrical transmission in vertebrates. Except for microglia (Dobrenis et al., 2005) and other cells of ectodermic origin such as pancreatic beta cells (Moreno et al., 2005) and chromaffin cells (Martin et al., 2001), its expression is restricted to neurons (Rash et al., 2000). Combined, its widespread distribution and neuronal preference make Cx36 and its vertebrate orthologs the main channel-forming protein of neuronal gap junctions. Interestingly, a similar clustered organization of intercellular channels was found at invertebrate gap junctions, where the channels are formed by a different protein named “innexin,” a family of about 20 genes in C. elegans and 8 genes in the fly (Phelan et al., 1998; Phelan, 2005). Innexins form either hexameric or octameric hemichannels (Oshima et al., 2016; Skerrett and Williams, 2017). Remarkably, despite their unrelated sequences, connexins and innexins share a similar membrane topology and converge into similar structures with largely overlapping functions (Pereda and Macagno, 2017; Skerrett and Williams, 2017). There is a family of three genes found in vertebrates that share sequence similarities with innexins, the so-called “pannexins” (Panchin et al., 2000). Pannexins were found to be expressed in neurons (Bruzzone et al., 2003; Thompson et al., 2008), although there is no evidence so far indicating they form gap junctions in vivo and are capable of supporting electrical communication between neurons. Rather, they are thought to contribute functionally, operating as hemichannels (Dahl and Locovei, 2006; MacVicar and Thompson, 2010).
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FIGURE 3. Synaptic communication mediated by gap junctions. (A) Gap junctions (Gap junction plaque) are groups of intercellular channels that provide a pathway of low resistance for the spread of electrical currents between two communicated cells. Inset: the intercellular channel is formed by the docking of two single channels (undocked hemichannel). The intercellular channel could be “homotypic,” at which both hemichannels are formed by the same gap junction channel-forming protein, or “heterotypic,” in which hemichannels are formed by different gap junction channel-forming proteins. Modified from Miller and Pereda (2017), with permission. (B) Non-rectifying electrical synapse. Both depolarizations (+, red traces) and hyperpolarizations (−, blue traces) evoked by intracellular current injection (I, gray traces) propagate to the postsynaptic cell in both directions (Cell 1 to Cell 2 and Cell 2 to Cell 1). Inset: the electrical behavior of most electrical synapses in physiological contexts correspond to that of an ohmic resistor (resistor symbol). (C) Rectifying synapse. Depolarizations, but not hyperpolarizations, propagate from Cell 1 to Cell 2. Conversely, hyperpolarizations, but not depolarizations, propagate from Cell 2 to Cell 1. Inset: in electrical terms, strongly rectifying electrical synapses behave as electric diodes (diode symbol).



From the functional point of view, gap junction channels most commonly operate electrically as ohmic resistors, providing bidirectional communication for electrical signals between two or more cells (Figure 3B). Currents underlying action potentials in a presynaptic cell can directly flow via the gap junction to the postsynaptic cell, generating “electrical synaptic potentials” or “coupling potentials,” which also are known as “spikelets” (Figure 1B, middle). Not only currents underlying action potentials but also those responsible for subthreshold signals such as synaptic potentials of either depolarizing or hyperpolarizing nature can spread to the postsynaptic cell to generate a coupling potential (Figure 3B). The strength or weight of the postsynaptic cell’s response and the passive properties of the coupled cells are largely interdependent (Bennett, 1966; Getting, 1974). Accordingly, the amplitude of the coupling potential is determined not only by the conductance of the gap junction channels but also by the input resistance of the postsynaptic cell (see Bennett, 1966). In addition, the passive properties of the postsynaptic cell impose limitations to the transmission of presynaptic signals, depending on their duration. Short lasting signals such as action potentials are more attenuated than longer lasting signals such as synaptic potentials or afterhyperpolarizations due to the filtering properties of the postsynaptic membrane which are reflected by the membrane “time constant” of the cell (a parameter determined by the product of the cell’s resistance and capacitance that expresses how rapidly the resting membrane potential of the cell can be modified by a given current). As a result, the “coupling coefficient,” a measure of the synaptic strength, defined as the ratio between the amplitude of the postsynaptic coupling potential and that of the presynaptic signal, can be dramatically different for signals with different time courses.

Rather than simple conduits the gap junction channels themselves contribute to electrical communication. The molecular composition and properties of the gap junction intercellular channel have been shown to endow electrical transmission with voltage-dependent properties. Hemichannels that contribute to form the intercellular channel can be made of the same or different connexin or innexin proteins. Intercellular channels formed by hemichannels made of the same protein are called “homotypic,” whereas channels formed by hemichannels made of different proteins are called “heterotypic” (Figure 3A, inset). Molecular differences between the involved hemichannels are commonly associated with rectification of electrical transmission (Barrio et al., 1991; Verselis et al., 1994) and, providing support for such prediction, this association has been observed for both connexin (Rash et al., 2013) and innexin-based electrical synapses (Phelan et al., 2008). Rectification refers to the ability of electrical currents to preferentially flow in one direction, in other words, they behave as electrical diodes. However, this property critically depends on the polarity of the signal. As observed in the crayfish giant fiber synapses (Furshpan and Potter, 1959; Giaume et al., 1987), depolarizations can travel from the presynaptic to the postsynaptic side but not in the opposite directions, and hyperpolarizations can travel from the postsynaptic to the presynaptic side but not the other direction (Figure 3C). The polarized features of electrical transmission suggest the existence of a voltage-sensitive mechanism underlying this property. Several mechanisms were proposed to contribute to steep electrical rectification of gap junction channels, such as that observed in crayfish. Electrical rectification can be a consequence of the separation of fixed positive and negative charges at opposite ends of heterotypic gap junction channels, configuring a “p-n junction,” which results from asymmetries in the molecular composition of the hemichannels that form the intercellular channel (Oh et al., 1999). Alternatively, electrical rectification could result from the presence of charged cytosolic factors which alter channel conductance, such as Mg++ (Palacios-Prado et al., 2013, 2014) and spermine (Musa et al., 2004), which were to shown to interact with the gap junction channel. Combinations of these or more factors are likely to contribute to this striking voltage-dependent feature of some electrical synapses (reviewed in Palacios-Prado et al., 2014). Finally, the conductance of neuronal gap junctions was shown to be target of numerous regulatory mechanisms that endow electrical synapses with plastic properties equivalent to those observed at chemical synapses (reviewed in Pereda et al., 2013; O’Brien, 2014, 2017; Pereda, 2014).



SYNAPTIC TRANSMISSION MEDIATED BY ELECTRIC FIELDS

Theoretically, simple electrical circuits with biologically realistic constraints on the passive and active voltage-dependent properties of neurons, their spatial orientation and the conductivity of the extracellular space could be used to predict whether a single neuron or a group of synchronously active cells generate enough extracellular current to affect the excitability of neighboring cells. That small capacitive and ohmic currents do flow from one cell to the next is not in doubt (Figure 4). The question is whether the small fraction of the source current that will be channeled transcellularly is large enough to have functional significance? Weiss and Faber (2010) addressed that question by comparing the strengths of local field potentials (LFPs) associated with endogenous electrical activity of normal and epileptogenic hippocampal pyramidal neurons with the strengths of applied fields shown to modify the timing of spike activity, in vitro. The effective applied fields were weaker, consistent with the notion that fields effect rhythmogenesis and neuronal synchrony. This function is most likely exerted in homogeneous CNS structures where a population of neurons have similar morphologies and orientations, such that their currents sum, as for hippocampal and cortical pyramidal cells. Indeed, modeling combined with electrophysiological experiments suggest these modulations of ongoing activity may have functional significance (see, for example, Fröhlich and McCormick, 2010; Anastassiou et al., 2011; Berzhanskaya et al., 2013; Han et al., 2018).
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FIGURE 4. Inhibitory synaptic action in the Mauthner cell network mediated by electric fields. (A) Mixed electrical and chemical inhibition of the Mauthner cell mediated by action potentials in axonal endings of identified inhibitory interneurons (red). Some axon branches converge on the Mauthner cell’s Axon cap (violet) around its initial segment, and their action currents generate a hyperpolarizing extracellular positivity in the cap. The interneuron’s axons within and outside the cap are glycinergic and mediate chemical inhibition of the Mauthner cell, manifest as a postsynaptic shunt (blue regions). Modified from Pereda and Faber (2011), with permission. (B,C) Resistive circuit models demonstrating current flow associated with electrical inhibition of the Mauthner cell (B), and of the inhibitory interneuron. (C) When the interneuron is activated, its action current is channeled through the axon and in across the Mauthner axon’s initial segment, generating an extracellular positivity in the axon cap, thereby hyperpolarizing the axon. When the Mauthner axon’s initial segment is activated, its action current is directed inward across the interneuron’s excitable membrane and returns to the source through the inexcitable terminal axon. Panels (B,C) modified from Faber and Korn (1989), with permission.



But, can this mechanism also underlie synaptic communication? Contrasting Eccles’ models of ephaptic excitation and inhibition suggests that the former is relatively straightforward and is primarily a function of the parallel or radial alignment of a population of neighboring neurons and the conductivity of the extracellular space, i.e., of the relative impedance and the orientation of the transcellular and extracellular current pathways. Yet, there are no compelling examples of ephaptic excitation mediating a distinct synaptic function with identified pre- and postsynaptic elements. Indeed, it is surprising that the prominent examples of electrical interactions between neurons consistent with a synaptic function are inhibitory. They include the bidirectional inhibition between the teleost Mauthner cell and a class of inhibitory interneurons (Faber and Korn, 1973; Korn and Faber, 1976; Korn et al., 1978), and the connection between cerebellar Basket cells and Purkinje cells (Korn and Axelrad, 1980; Blot and Barbour, 2014). Furthermore, these model systems share structural specializations and physiological properties, lending support to the hypothesis that these examples represent a form of electrical synaptic action.

The Mauthner cell is a large identifiable midbrain neuron found in many teleosts, and it has a number of morphological specializations that make it an unique model system. Furukawa and Furshpan (1963) discovered the first example of electrical inhibition when comparing the intra- and extracellular potentials evoked in the axon cap by antidromic stimulation of this neuron’s axon—as noted, the axon cap is a dense neuropil surrounding the initial segment of the Mauthner cell axon. First, the antidromic action potential in the extracellular space (Ve) is very large and negative, as much as −40 mV, and the corresponding spike height recorded intra-axonally (Vi) at the site of spike initiation is smaller, ~+50 mV, so that the full transmembrane spike height, calculated as the difference between the intra- and extracellular responses, i.e., Vi − Ve, ~+90 mv (Furshpan and Furukawa, 1962). This observation of such a large extracellular potential associated with one neuron’s action potential suggested a high resistance barrier to extracellular current, and it has been proposed that this property is a consequence of the structure of the axon cap: swelling of interneuron axons at the edge of the cap, and close proximity to a densely packed ring of glia at the same boundary, known as the “canestro” or “basket” of Beccari (1907). These morphological features represent cellular specializations that support electrical communication and, therefore, may be analogous to structural specializations found at chemical synapses. Furthermore, the antidromic spike was succeeded by an extracellular positivity, which they named the Extrinsic Hyperpolarizing Potential (EHP) since it was larger than its intracellular representation, and, thus the same calculation showed that (Vi - Ve) < 0 and that the EHP is inhibitory. It was shown subsequently that the EHP was generated by impulses in a class of inhibitory interneurons that mediate feedback and feedforward inhibition of the Mauthner cell and that the evoked inhibition has two components, with a classical glycinergic inhibition of the Mauthner cell following the electrical component by ~0.5 ms (Figure 4A; Korn and Faber, 1976). In the case of the feedforward circuit, the short latency allows electrical inhibition to occur synchronously with excitation, thereby limiting the duration of the decision-making window in processing information by the Mauthner cell. Thus, these connections mediate mixed, electrical and chemical, synaptic actions (Figure 4A).

Additional specializations support the notion that electrical inhibition is physiological and functionally relevant. For example, the presynaptic spike in the inhibitory interneurons propagates passively within the cap, where the afferent axon loses its myelination. Consequently, the local field is monophasic, increasing its effectiveness. The EHP, which acts as an extracellular anode, that is, as an external current source, can be as large as 20 mV. Paired pre- and postsynaptic recordings show that the contribution of a single interneuron is about 0.4 mV per presynaptic spike, suggesting about 50 interneurons discharge synchronously following antidromic stimulation This is a powerful population effect that shuts down the Mauthner cell for 10’s of milliseconds. However, as noted above, these neurons are also excited in a feedforward circuit that relays auditory information to the Mauthner cell. In this case the EHP is graded as a function of stimulus strength, and it serves to set the threshold of a sound-evoked behavior, the escape response: when a sound-evoked EHP is canceled by an applied cathodal current in the axon cap, the underlying subthreshold EPSP is converted to suprathreshold, triggering Mauthner cell activation (Weiss et al., 2008).

Other factors which influence the operation of electrical inhibition include the orientation of the involved neurons and the distribution of excitable membrane relative to extracellular current sources and sinks. The Mauthner cell system is an ideal model for extracting mechanistic features, especially since there is reciprocal inhibition in the network, that is, the interneurons are inhibited by the Mauthner cell action currents (electric currents that originate from variations of potential during neural activity). Figures 4B,C contrasts the two examples. In both cases, the inhibitory current is channeled inward across excitable membrane, namely the Mauthner axon initial segment (Figure 4B) or the last node, or heminode, of the inhibitory interneuron’s axon (Figure 4C). Conversely, it exits the target through inexcitable membrane, that is, across soma-dendritic- or axon terminal membrane, respectively. Thus, if the distribution of excitable or inexcitable membrane were altered, the sign and magnitude of the ephaptic action would be altered accordingly. These considerations pertain to other networks as well, as discussed below.

Since the consequences of different spatial and functional arrangements are not necessarily intuitive, Figure 5 illustrates different combinations. In Figure 5A an inward postsynaptic current is inhibitory if the postsynaptic membrane is inexcitable at the site of contact, and it can be excitatory if the obligatory outward current exits through excitable membrane. The two examples in Figure 5B contrast the inhibitory and excitatory field effects generated at axo-axonic and axo-somatic contacts, respectively, when the excitable membrane is restricted to the axonal initial segment. It should be noted that these general examples do not factor in the dependence of the strength of the corresponding electrical interaction on the density and spatial distribution of current flow.
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FIGURE 5. Presynaptic electric fields can exert both excitatory and inhibitory actions on a postsynaptic cell. (A) Whether an ephaptic current is excitatory or inhibitory depends on both the direction of current flow and the properties of postsynaptic membrane. The schematic model contact establishes the same currents in both examples, but excitable postsynaptic membrane, depicted as a cluster of voltage-dependent Na+ channels, is either restricted to the contact zone, in the case of electrical inhibition, or is displaced laterally, for electrical excitation. (B) The subcellular localization of presynaptic contacts also influences the polarity of an ephaptic synapse. Upper and lower schemes contrast axo-axonic and axo-somatic “electrical” synapses, respectively. The former is inhibitory because an inward hyperpolarizing current is imposed upon excitable postsynaptic membrane while the latter is instead excitatory because the current across the postsynaptic excitable membrane is outward.



It is noteworthy that another system with well-studied ephaptic inhibition is the cerebellar pinceau where terminal axons of basket cells form a densely packed sheath around the Purkinje cell initial axon segment. This unusual axonic arrangement of inhibitory basket cells on Purkinje cells can be also considered, as in the Mauthner cell, a synaptic specialization supporting electrical transmission. Blot and Barbour (2014) showed that this ephaptic inhibition could, at very weak fields produced by a spike in a single basket cell, reduce the firing rate of an active Purkinje cell. They postulated that the coupling between cells was due to capacitive current flow, not to resistive current as suggested for the Mauthner cell. However, the time constants of the Mauthner cell and of the inhibitory interneurons are unusually brief, in the range of 100–200 microseconds, and 2 milliseconds, respectively, suggesting resistive coupling is a major portion of the electrical inhibition in that network. Regardless, the speed of coupling in both systems may be one function of electrical inhibitory synapses.

Evidence is slowly accumulating that ephaptic currents generated by single neurons can be detected, and they have been shown to influence neuronal firing patterns in diverse structures, including teleost midbrain (2005), mammalian cortex (Anastassiou et al., 2011), cerebellar cortex (Blot and Barbour, 2014) and snail CNS (Bravarenko et al., 2005). These findings suggest that physiologically relevant ephaptic interactions may be more ubiquitous than appreciated, a prospect supported by formal models of ordered structures, such as olfactory nerve (Bokil et al., 2001) and other olfactory structures (Van der Goes van Naters, 2013) and retina (Byzov and Shura-Bura, 1986; Vroman et al., 2013) but see (Kramer and Davenport, 2015), subject to structural and biophysical constraints, including the properties discussed here.



SUMMARY

The nervous system relies on electrical signaling to perform the fast computations that underlie animal behavior. Not surprisingly, intercellular communication between neurons can be mediated not only by the action of chemical transmitters, but also by electrical signaling. In turn, electrical communication occurs via two main mechanisms: one involves pathways of low resistance between neighboring neurons that are provided by intercellular channels (gap junctions), while the second, which is generally less appreciated, occurs as a consequence of the extracellular electrical fields generated by neurons during electrical signaling. Electrical signals generated by one cell can thus modify the excitability of its neighbors via one, or both, of these mechanisms. As with chemical transmission, each of the two modes of electrical transmission depends upon distinctive structural specializations, namely gap junctions in one case and a dense high resistance neuropil in the other.

Ephaptic interactions are generally perceived as only occurring in a diffuse manner, particularly in situations where the activity of a group of neurons influences the excitability of its neighbors. These interactions were proposed to play physiological (LFPs) and pathological roles (seizure maintenance). On the other hand, there are examples where presynaptic cellular specializations are found in close proximity to specific regions of the postsynaptic cell. This is the case for the axon terminals of inhibitory interneurons which impinge on the Mauthner cell, within the axon cap, and on cerebellar Purkinje cells, in the basket cell pinceau: in both cases these endings are located in close proximity to the initial segment of the “postsynaptic” cell. From our perspective, these two examples qualify as synapses, as presynaptic specializations enable localized actions on a very specific region of the postsynaptic cell. In addition to presynaptic anatomical specializations the interactions require an unusual high resistivity (or impedance) of the extracellular space. Moreover, these specializations were shown to be functionally and behaviorally relevant. More than one set of structural and physiological conditions are consistent with the electric field modality of synaptic communication. That is, the required anatomical and functional specializations do not follow a general pattern and seem specific for each case, making the identification of new examples by anatomical means particularly challenging. However, the Mauthner cell axon cap and the basket cell pinceau on the Purkinje cell unambiguously represent synaptic specializations and constitute the focus of this review article.

Despite the predominance of electrical signaling in the nervous system, synaptic communication ubiquitously occurs via the interposition of a chemical messenger, or neurotransmitter, between synaptically-connected cells. Chemical communication is likely an evolutionarily earlier communication strategy, as it occurs between unicellular organisms (Li and Nair, 2012). However, chemical communication between neurons is controlled by and capable of generating electrical signals: evoked transmitter release requires presynaptic depolarization and neurotransmitter receptors generate postsynaptic electrical signals (Sheng et al., 2012). Given such a close interrelationship between electrical signaling and chemical communication, the latter was also called “electrochemical transmission” (Llinás, 2001).

Despite their dependence on electricity, these three forms of communication co-exist because their individual properties differentially contribute to the processing of information within circuits. Chemical synapses, in addition to having receptors that gate ligand-bound ion channels capable of generating changes in the membrane potential of the cell following activation, have metabotropic receptors capable of activating a variety of biochemical cascades. Activation of biochemical cascades can occur following the binding of neurotransmitter to either ionotropic and metabotropic receptors and could lead to long-term modification of synaptic and/or cellular properties and induction of gene expression (Sheng et al., 2012). Thus, chemical synapses have the ability to transform a presynaptic signal into a variety of spatial and temporal patterns, an adaptive property that contributes to a great extent to the diversity of synaptic communication in the brain.

In contrast, the lack of a measurable synaptic delay implies that electrical transmission may be better adapted to ensure fast processing of signals through neural networks. While the two forms of electrical transmission have in common a high-speed of synaptic communication they however seem to serve different roles in communication, from the network point of view. There are, so far, fewer examples of electrical communication mediated by electric fields and as a result, less is known of the underlying mechanism. It is, however, known that its actions are localized on critical subcellular locations, such as the neuron’s initial segment. This feature allows synapses mediated by electric fields to convey exquisite timing information to decision-making cells within a circuit. Because of its speed, electrical transmission mediated by fields was shown to be critical in the processing of auditory information by the circuits that control the excitability of the teleost Mauthner cell (Weiss et al., 2008), and this mechanism is likely to play similar roles in controlling the activation of Purkinje neurons by cerebellar circuits (Blot and Barbour, 2014). In contrast, electrical synapses mediated by gap junctions are more widely distributed within neural networks and, a result of their bidirectionality, promote coordinated network activity by allowing computation of subthreshold variations of membrane potential between electrically-coupled cells. While promoting electrical synchronization is the signature property of gap junction mediated electrical synapses, their functional roles also include desynchronization, enhancement of signal to noise ratio, and coincidence detection, amongst others (reviewed in Connors, 2017).

Finally, the functional value of each form of transmission has its unique valence, which cannot be accomplished by the other. This functional categorization, is emphasized by the existence of mixed transmission at synaptic contacts at which chemical and electrical transmission, mediated by either gap junctions (Furshpan, 1964) or electric fields (Korn and Faber, 1976), act in concert to secure communication with a postsynaptic cell.
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Somatosensory stimulation causes dilation of the pial and penetrating arteries and an increase in cerebral blood flow (CBF) in the representative region of the somatosensory cortex. As an underlying mechanism for such stimulation-induced increases in CBF, cerebral artery dilation has been thought to propagate in the vascular endothelium from the parenchyma to the brain surface. Vascular gap junctions may propagate vasodilation. However, the contribution of vascular gap junctions to cerebrovascular regulation induced by somatosensory stimulation is largely unknown. The aim of the present study was to investigate the contribution of vascular gap junctions to the regulation of the pial and penetrating arteries during neuronal activity attributed to somatosensory stimulation. Experiments were performed on male Wistar rats (age: 7–10 weeks) with artificial ventilation under isoflurane anesthesia. For somatosensory stimulation, the left forepaw was electrically stimulated (1.5 mA, 0.5 ms and 10 Hz, for 5 s). The artery in the forelimb area of the right somatosensory cortex was imaged through a cranial window using a two-photon microscope and the diameter was measured. Carbenoxolone (CBX) was intravenously (i.v.) administered, at a dose of 100 mg/kg, to block vascular gap junctions. The forepaw electrical stimulation increased the diameter of the pial and penetrating arteries by 7.0% and 5.0% of the pre-stimulus diameter, respectively, without changing the arterial pressure. After CBX administration, the change in pial artery diameter during forepaw stimulation was attenuated to 3.2%. However, changes in the penetrating artery were not significantly affected. CBF was measured using a laser speckle flowmeter, together with somatosensory-evoked potential (SEP) recorded in the somatosensory cortex. The extent of CBF increase (by 24.1% of the pre-stimulus level) and amplitude of SEP were not affected by CBX administration. The present results suggest that vascular gap junctions, possibly on the endothelium, contribute to pial artery dilation during neuronal activity induced by somatosensory stimulation.

Keywords: somatosensory stimulation, vasodilation, cerebral blood flow, gap junction, two-photon microscopy, laser speckle flowmetry, carbenoxolone, rat


INTRODUCTION

Regional cerebral blood flow (CBF) in the sensory cortices increases when local neurons are activated by somatosensory stimulation. Such a CBF change is used as an indicator of neuronal activity in brain imaging techniques, such as functional magnetic resonance imaging (Ogawa et al., 1990, 1992; Logothetis, 2002; Hotta et al., 2014; Fukuda et al., 2016; Poplawsky et al., 2017); however, the mechanisms underlying CBF regulation have not been fully clarified. Therefore, to correctly understand the brain imaging data, it is important to clarify the mechanism of cerebrovascular regulation.

In the cerebral cortex, arterioles branching from the pial artery enter into the parenchyma (penetrating artery), further branch to the capillary, and supply blood to vital tissues. When CBF increases accompany neuronal activity in the primary somatosensory (SI) cortex, vasodilation occurs in the parenchymal artery and pial artery (Ngai et al., 1988; Ngai and Winn, 2002; Tian et al., 2010; Sekiguchi et al., 2014; Mishra et al., 2016). Ascending somatosensory information activates neurons in layer IV of the SI cortex and subsequent neural activation transmits to the neighboring layers, such as layer II/III (Helmstaedter et al., 2008; Guy and Staiger, 2017). Vasodilation induced by somatosensory stimulation is also thought to propagate from the parenchyma to the brain surface (Silva and Koretsky, 2002; Tian et al., 2010; Iadecola, 2017; Masamoto and Vazquez, 2018). A study showed that somatosensory stimulation-induced dilation of the pial artery occurs from the distal to the proximal side towards the heart (i.e., the opposite direction to blood flow); however, after the vascular endothelium of the artery is transversely damaged by a dye-light method, vasodilatation is not transmitted over the injured site (Chen et al., 2014). Thus, the vascular endothelium is possibly involved in the propagation of vasodilatation at the brain surface. However, how the vascular endothelium propagates cerebral vasodilatation information has not yet been clarified.

There are gap junctions between vascular endothelial cells, smooth muscles and endothelial and smooth muscle cells, and electrical signals spread from cell to cell via gap junctions (de Wit and Griffith, 2010). To date, a study using the hamster cheek pouch artery showed that propagation of vasodilatation induced by local application of acetylcholine was attenuated or abolished by putative gap junction blockers, such as a hypertonic sucrose solution and octanol (Segal and Duling, 1989). On the other hand, the involvement of cerebrovascular gap junctions in vascular regulation during somatosensory stimulation remains unknown. Therefore, the present study aimed to elucidate the involvement of gap junctions of the cerebral vasculature in cerebrovascular regulation during neuronal activity induced by somatosensory stimulation. For this purpose, we investigated the effect of intravenous (i.v.) administration of a gap junction blocker, carbenoxolone (CBX), at a dose that does not act on the cerebral parenchyma.

It has been suggested that mechanisms of cerebrovascular regulation differ between the brain surface and parenchyma (Adachi et al., 1992; Petzold and Murthy, 2011; Hotta et al., 2013; Hotta, 2016). Therefore, the contribution of gap junctions needs to be investigated for both the pial and penetrating arteries. An imaging technique with a two-photon microscope enables the kinetic observation of parenchymal blood vessels in vivo (Hotta et al., 2013; Sekiguchi et al., 2014; Ito et al., 2017). In the present study, the pial and penetrating arteries were imaged using a two-photon microscope and the change in artery diameter in response to somatosensory stimulation was measured. Furthermore, CBF was measured with a laser speckle flowmeter in different animal groups.



MATERIALS AND METHODS


Animals

In the present study, experiments were conducted on 15 Wistar male rats (age: 7–10 weeks). Ten animals were used for cerebrovascular imaging using a two-photon microscope and five were used for CBF measurement using a laser speckle flowmeter. All experimental protocols were approved by the animal care and use committee of the Tokyo Metropolitan Institute of Gerontology (animal ethics committee: approval number 17025) and conformed to the “Guidelines for proper implementation of animal experiments” established by the Japan Society for the Promotion of Science in 2006.

Rats were anesthetized with isoflurane (Escain, Mylan Inc., Canonsburg, PA, USA). Isoflurane was vaporized by room air or mixed gas (30% O2, 70% N2). The inhalation concentration of isoflurane was adjusted to 4% for anesthesia induction and maintained at 2%–3.5% during surgery. During data recording, isoflurane was maintained at 1.5%–1.7%, which was sufficient to eliminate the corneal reflex. Catheters were implanted in the femoral artery to continuously record arterial pressure and in the femoral vein to administer drugs and supplemental fluids. The trachea was intubated and rats were artificially ventilated (SN-480-7; Shinano Seisakusyo, Tokyo, Japan). Respiration was adjusted to maintain end-tidal CO2 levels at 3.5%–4.0% (Microcap, Oridion Medical, Jerusalem, Israel). Rectal temperature was maintained at 37.0–37.5°C using a feedback-regulated temperature control system. The obtained blood pressure (BP) waveform was digitized at 1,000 Hz (Micro1401mkII; Cambridge Electronic Design, Cambridge, UK) and stored on a personal computer. Mean arterial pressure (MAP) was calculated with a time constant of 1 s (Spike 2 ver 8.03; Cambridge Electronic Design, Cambridge, UK).



Somatosensory Stimulation

For somatosensory stimulation, electrical stimulation was applied to the left forepaw (SEN-8203 with SS-203J, Nihon Kohden, Tokyo, Japan). Two 30G needles were inserted in the 2nd/3rd toes and 3rd/4th toes to a depth of 5 mm, and current was applied between the two electrodes (1.5 mA, 0.5 ms of pulse width, 10 Hz for 5 s; Masamoto et al., 2007). The interval between the start of the stimulation periods was separated by 40 s.



Cranial Window Preparation for Two-Photon Imaging

The animal’s head was fixed to a stereotaxic instrument with ear bars (SR-5R-S, Narishige, Tokyo, Japan). On the day of the experiment, a cranial window (4 × 4 mm) was made on the right somatosensory cortex. The position of the cranial window was at 2 mm rostral and caudal to Bregma and at 2–6 mm lateral to the midline. The skull was partly excised using a dental drill. The dura mater was kept intact and protected with 2% agarose (Type III-A, High EEO, Sigma-Aldrich Co., St. Louis, MO, USA), dissolved in saline. Dental cement was applied around the cranial window to retain sufficient saline for the immersion objective lens. To reinforce the bonding of the dental cement to the skull, a screw was mounted in the occipital bone.



Optical Mapping

Cerebral blood vessels were imaged using a fluorescence microscope (TCS SP 8 MP; Leica Microsystems GmbH, Wetzlar, Germany). Prior to two-photon imaging, optical mapping was first performed in order to narrow down the SI region where the arteries were most dilated in response to left forepaw stimulation (Figure 1). The cortex was illuminated with blue light (bandpass filter: 450–490 nm) and reflected light was captured with a CCD camera with a long pass filter (>515 nm). Using a 10× water immersion lens [numerical aperture (NA) = 0.30, Leica Microsystems], a region of 1.95 mm × 1.46 mm was imaged, and spatial resolution was 1.4 μm of the in-plane pixel size. An image was taken at a rate of 3.97 frames per second. Somatosensory stimulation was performed for four trials at 40 s intervals. An average image of four trials was created and a focused cortical area was determined by subtracting the images before and during forepaw stimulation (images enclosed with a rectangle frame in Figure 1).
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FIGURE 1. Method of optical mapping for identifying the somatosensory cortex region where arterial dilation is induced by forepaw stimulation. The right somatosensory cortex was imaged through a cranial window with a CCD camera. The left forepaw was electrically stimulated (1.5 mA, 0.5 ms of pulse duration, 10 Hz for 5 s). Four trials were performed and images from the four trials were averaged. Example images are shown in the rectangle; before and during forepaw stimulation (averaged over 5 s) and following subtraction. In the subtraction image, the bright border on the bilateral edges of the artery indicates the cortical region where arterial dilation was induced. The location indicated by a white square in the subtraction image was chosen for subsequent two-photon imaging. Note: a vein located on the anterior (rostral) side in the image and its branches do not dilate. Scale bar = 100 μm. BP, blood pressure; CBX, carbenoxolone.





Cerebral Vasculature Imaging Using a Two-Photon Microscope

Rhodamine-labeled Ficoll (MW 70 kD, FC70-RB-1, Nanocs Inc., New York, NY, USA) dissolved in saline (5% solution) was administered via the femoral vein immediately before two-photon imaging. At the start of two-photon imaging, the penetrating arteries that dilated in response to forepaw stimulation were identified, based on the SI region determined by optical mapping. Furthermore, the upstream (pial) artery of the identified penetrating artery was also imaged. The penetrating artery was imaged at a depth of 60–80 μm from the brain surface. A three-dimensional image was taken to confirm that the penetrating arteries were diving in the parenchyma. The fluorescent dye administered was excited by a two-photon laser (850–880 nm; Chameleon Vision II, Coherent, Santa Clara, CA, USA) with a 25× correction collar lens (NA = 1.00, Leica Microsystems). The emission signal was detected on an external detector via a bandpass filter (585/40 nm). Sulforhodamine 101 (Sigma-Aldrich Co., St. Louis, MO, USA) dissolved with saline (0.3% solution) was intraperitoneally (i.p.) administered as needed to enhance the fluorescence signal. One plane image consisted of 512 × 512 pixels and the pixel size was 0.18–0.69 μm, depending on the digital zoom factor. An image was taken at a rate of 3.8–7.5 frames per second. Somatosensory stimulation was applied at 40-s intervals for eight trials. The imaging acquisition was synchronized with the electrical stimulator with the TTL signal in order to control the beginning of image acquisition.



Analysis of Two-Photon Imaging Data

The obtained images were analyzed offline using custom-written MATLAB code (The Math Works Inc., Natick, MA, USA; Sekiguchi et al., 2013). Briefly, a rectangular region of interest was placed on the captured two-photon image, a medial filter was applied with 3 × 3 pixels, and the image was binarized by adjusting the threshold intensity manually. For the pial artery, the vessel diameter was obtained by dividing the area of the parallelogram conforming to the shape of the blood vessel by the length of the long axis of the parallelogram (that is, the axial direction of the blood vessel). For the penetrating artery, the diameter of the blood vessel was obtained by measuring the cross-sectional diameter of the blood vessel. Extracted values of vessel diameter were temporally smoothed with a time constant of 1 s and resampled at 2 Hz (Spike 2).



Cerebral Blood Flow Measurement Using a Laser Speckle Flowmeter

Similar to the two-photon imaging experiment, the rat’s head position was fixed to a stereotaxic instrument. A cranial window was made by thinning the skull over the right somatosensory cortex using a dental drill until the underlying blood vessels were visible. To prevent drying, liquid paraffin oil was applied to the thinned bone. CBF was measured using a laser speckle flowmeter (moor LFPI; Moor Instruments, Devon, UK), consisting of an infrared semiconductor laser (wavelength at 785 nm) and a CCD camera (Hotta et al., 2011; Uchida and Kagitani, 2018). The laser speckle flowmeter measures parenchymal flow transcranially through the intact dura (Briers and Webster, 1996; Shih et al., 2012; Davis et al., 2014). The device was placed above the dorsal head of the rat, and the zoom was adjusted to include the forelimb region of the SI cortex and a field of view was approximately 66.5 mm2 (9.5 mm × 7 mm). One plane image consisted of 152 × 113 pixels, and the pixel size was about 62 μm. Images were acquired at a rate of 25 frames per second with 4 ms of exposure time.



Analysis of Blood Flow Data

In order to quantify the temporal change in the regional CBF, blood flow data were extracted by placing a region of interest with a diameter of 1 mm on the right SI region where the blood flow changed most (moorFLPI Review V5.0, Moor Instruments). The extracted CBF data were temporally smoothed with a time constant of 1 s and resampled at 2 Hz (Spike 2).



Recording of Somatosensory Evoked Potential

In experiments measuring CBF using a laser speckle flowmeter, the somatosensory-evoked potential (SEP) induced by forepaw stimulation was also recorded. A tungsten electrode (impedance 1 MΩ) was placed on the edge of the cranial window (UJ-70-0.2-1, Unique Medical, Tokyo, Japan). As a reference, a screw was mounted in the occipital bone. The electrical signal was amplified 1,000 times (MEG-6100, Nihon Kohden, Tokyo, Japan) and filtered (bandpass filter: 1.5–100 Hz). The amplified signal was digitized at 2,000 Hz (Micro1401mkII) and stored on a personal computer for offline analysis. The SEP elicited by the electrical stimulation was averaged 400 times and the amplitude of P1 and N1 was measured (Staba et al., 2003; Masamoto et al., 2009; Baker et al., 2013).



Drugs

In order to investigate whether vascular gap junctions are involved in vasodilatation and CBF increases induced by somatosensory stimulation, CBX disodium salt (Sigma-Aldrich Co., St. Louis, MO, USA) solution (100 mg/mL in saline) was administered i.v. at a dose of 100 mg/kg. This administration dose and route was determined based on previous studies showing that CBX was not detected from cerebrospinal fluid following systemic administration (at 50 mg/kg; i.p.; Leshchenko et al., 2006) whereas vascular endothelium-dependent vasodilation was suppressed (Lan et al., 2011).



Statistical Analysis

The Kolmogorov-Smirnov test showed that the data were not normally distributed and so we used non-parametric tests for our statistical analyses. The time course of blood vessel diameter, CBF and MAP were analyzed by a Friedman’s test followed by Dunn’s multiple comparisons test. The effects of CBX administration on vessel diameter, CBF, MAP and SEP were tested using a Wilcoxon signed-rank matched-paired test. Statistical analysis software was used (Prism 6; GraphPad Software Inc., La Jolla, CA, USA). For all statistical analyses, differences with a p < 0.05 were deemed statistically significant. Data are expressed as the median and interquartile range (25%–75%).




RESULTS


Arterial Dilation Induced by Forepaw Stimulation

Example data of diameter changes in the pial artery (Figures 2A,B) and penetrating artery (Figures 2D,E) and MAP in response to forepaw stimulation are presented. The pial artery started to dilate at 1 s after the onset of the forepaw stimulation and peaked at 3 s. Dilation of the artery was then attenuated and returned to the pre-stimulation level by about 5 s after the end of stimulation. There was no apparent change in MAP during stimulation. The penetrating artery exhibited a similar change, began to dilate at 1 s after the onset of stimulation, peaked at 2 s, and gradually returned to the pre-stimulation level. When two-photon imaging was repeated within 40 min, with forepaw stimulation applied at 40-s intervals for eight trials (n = 3 for each of the pial and penetrating arteries), arterial diameter changes induced by the stimulation were not attenuated over time.
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FIGURE 2. Forepaw stimulation causes the dilation of the pial and penetrating arteries without mean arterial pressure (MAP) changes. Blood vessels in the right somatosensory cortex were imaged through a cranial window with a two-photon microscope. Example images of the pial artery (A) and time course of changes in artery diameter and MAP (B) obtained from an individual rat are shown. Group data of diameter changes in the pial artery (n = 10) are presented (C). Example images of the penetrating artery (D), time course of changes in artery diameter and MAP (E) of a rat are shown. Group data of diameter changes in the penetrating artery (n = 8) are presented (F). The thick horizontal bar indicates the period of forepaw stimulation (1.5 mA, 0.5 ms, 10 Hz for 5 s). Group data in (C,F) are expressed as a percentage of the pre-stimulation values. Asterisks (*) indicate a significant difference from a value at 9.5 s (p < 0.05). Data are expressed as median (interquartile range). Note: example data of the pial and penetrating arteries were obtained from the same animal. Scale bars = 50 μm and 25 μm in (A,D) respectively.



The pre-stimulation diameter was 57.5 μm (25.2–75.5 μm) for the pial artery (n = 10) and 25.4 μm (17.8–27.7 μm) for the penetrating artery (n = 8). Figures 2C,F show group data of changes in the diameters of the pial and penetrating arteries in response to forepaw stimulation. Time course data were plotted every 0.5 s. The Friedman test showed a statistically significant change for both the pial and penetrating arteries (p < 0.0001), whereas the forepaw stimulation did not affect MAP.



Effect of CBX on Arterial Diameter Changes Induced by Forepaw Stimulation

The peak arterial diameter change during forepaw stimulation was compared before and after CBX administration. Comparisons in each rat revealed that CBX administration attenuated the stimulation-induced increases in pial artery diameter in most rats (Figure 3A). The Wilcoxon matched-pairs signed rank test revealed that the stimulation-induced increase in pial artery diameter (107.0%, 104.6%–109.8%) was significantly attenuated after CBX administration (p = 0.0059; 103.2%, 102.3%–106.0%). In contrast, there was no consistent effect of CBX on increases in the penetrating artery diameter across individual rats (Figure 3B). The Wilcoxon matched-pairs signed rank test showed that there was no significant difference before or after CBX administration (p = 0.25, before CBX administration: 105.0%, 102.9%–107.0%; after CBX administration: 103.6%, 100.7%–106.6%).


[image: image]

FIGURE 3. Gap junction blocker, CBX, administration attenuates pial artery dilation, but not penetrating artery dilation. Maximal changes in the diameter of the pial (A) and penetrating (B) arteries were compared before (Control) and after CBX administration. Values are expressed as a percentage of the pre-stimulation values. Individual closed circles and lines indicate data obtained from each rat. A box indicates the median and interquartile range, and whiskers indicate minimum and maximum values. Asterisks (**) indicate a significant difference (p < 0.01).



The pre-stimulation arterial diameter was compared before and after CBX administration. The pial artery diameter was slightly but statistically significantly increased after CBX administration (p = 0.0059; before CBX administration: 57.5 μm, 25.2–75.5 μm; after CBX administration: 57.6 μm, 27.5–83.0 μm). On the other hand, no significant difference was observed in the penetrating artery (p = 0.62; before administration of CBX: 25.4 μm, 17.8–27.7 μm; after CBX administration: 24.9 μm, 17.7–31.6 μm).



Effect of CBX Administration on Forepaw Stimulation-Induced Cerebral Blood Flow Increases

An example image of CBF measurement on the dorsal aspect of the right cerebral cortex is shown in Figure 4A. Following stimulation of the left forepaw, CBF locally increased in the right SI region (Figure 4B). Blood flow data were extracted by placing a region of interest over the SI forelimb area, showing that CBF increased to its maximum at 2.5 s after the onset of stimulation and gradually returned to the pre-stimulation level (Figure 4C). In contrast, MAP did not change (Figure 4D). The electroencephalogram was recorded on the edge of the cranial window and the SEP was elicited by forepaw stimulation (Figure 4E). The maximal increase in CBF and the amplitude of SEP during forepaw stimulation were compared before and after CBX administration (Figures 5A,B, respectively). The Wilcoxon matched-pairs signed rank test revealed that the CBF increase (124.1%, 117.0%–132.3%) did not differ after CBX administration (p = 0.31; 129.1%, 118.8%–134.3%). Similarly, the SEP amplitude was not different following CBX administration (p = 0.63; before CBX administration: 34.3 μV, 27.3–112.3 μV; after CBX administration: 41.3 μV, 32.3–112.7 μV).


[image: image]

FIGURE 4. Example data showing that forepaw stimulation increases cerebral blood flow (CBF) and neural activity. CBF in the right somatosensory cortex was imaged through a cranial window with a laser speckle flowmeter. Example images before and during forepaw stimulation (A) and subtraction images (B) are presented. A circle in the left image of (A) indicates the location of a region of interest (1 mm in diameter) to extract CBF values and arrow heads indicate the artifact from a recording electrode for the somatosensory-evoked potential (SEP). Time courses of changes in CBF (C) and MAP (D) and averaged SEP (E) are shown. For (C,D), the stimulation period is expressed as a thick horizontal bar. A triangle and vertical dash line in (E) indicate the onset of electrical stimulation applied to the forepaw. a.u.; arbitrary unit. Scale bars = 2 mm.
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FIGURE 5. CBX administration does not affect CBF changes or neural activity. A maximal change in CBF (A) and the amplitudes of SEP (P1–N1; B) are compared before (Control) and after CBX administration. CBF values are expressed as a percentage of the pre-stimulation values. Individual closed circles and lines indicate data obtained from each rat. A box indicates the median and interquartile range, and whiskers indicate minimum and maximum values.



The pre-stimulation CBF values (arbitrary unit, a.u.) were compared before and after CBX administration. There was no difference in the CBF values between the conditions (p = 0.81; before CBX administration: 1168 a.u., 1124–1320 a.u.; after CBX administration: 1182 a.u., 1146–1255 a.u.).



Influence of CBX Administration on Resting Arterial Pressure

To test the influence of CBX on systemic arterial pressure, pre-stimulation MAP was compared before and after CBX administration. No significant difference in MAP was revealed by the Wilcoxon matched-pairs signed rank test (p = 0.31, before CBX administration: 78.9 mmHg, 73.7–88.5 mmHg; after CBX administration: 81.8 mmHg, 76.4–101.3 mmHg), showing that CBX administration in the present study did not affect systemic arterial pressure.




DISCUSSION

The present study shows that electrical stimulation of the forepaw dilated the pial and penetrating arteries and increased the regional CBF in the SI forelimb area contralateral to the stimulation, consistent with previous studies (Ngai et al., 1988; Ngai and Winn, 2002; Durduran et al., 2004; Dunn et al., 2005; Royl et al., 2006; Piché et al., 2010; Sekiguchi et al., 2014; Mishra et al., 2016). Further, the present study confirmed that arterial dilation and hyperemia were induced by forepaw stimulation at an intensity that did not affect arterial pressure. Therefore, the vasodilation and hyperemia induced by somatosensory stimulation in the present study were not due to systemic BP changes.

The novel finding of this study was that the dilative change in the pial artery was attenuated by CBX administration (100 mg/kg; i.v.), which was used to block the gap junctions of blood vessels. The dose and route of CBX administration was determined based on previous studies (Leshchenko et al., 2006; Lan et al., 2011). One study showed that CBX was not detected in the cerebrospinal fluid following systemic administration at a similar dose (50 mg/kg; i.p.; Leshchenko et al., 2006), indicating that CBX is unlikely to permeate the blood-brain barrier. On the contrary, there are several reports that systemic CBX administration suppresses epileptic seizure (100 mg/kg i.p.; Hosseinzadeh and Nassiri Asl, 2003; 20 mg/kg i.v.; Gareri et al., 2004) and enzymatic activity in the brain (100 mg/kg i.p.; Jellinck et al., 1993). These studies suggest that CBX penetrates the blood-brain barrier. Such a contradiction may be explained by a difference in experimental condition: anesthetized (Leshchenko et al., 2006; the present study) vs. awake (Jellinck et al., 1993; Hosseinzadeh and Nassiri Asl, 2003; Gareri et al., 2004) conditions. A study demonstrated that isoflurane decreases blood-brain barrier permeability by approximately 50% (Chi et al., 1992). Thus, CBX unlikely penetrates the blood-brain barrier under the present experimental condition. Additionally, it has been reported that arterial pressure was increased by intracerebroventricular administration of CBX (Tamura et al., 2011) and synaptic transmission was influenced by CBX application in vitro (Tovar et al., 2009). However, in the present study, CBX did not affect arterial pressure or the SEP amplitude. Hence, our results may suggest that administered CBX did not act on the brain parenchyma, but possibly on the cerebral vasculature. It has been reported that vasodilation induced by ischemia-reperfusion (due to nitric oxide generated from vascular endothelial cells) in the brachial artery is attenuated by systemic administration of CBX (Lan et al., 2011), indicating that systemically administered CBX acts on the vascular endothelium. Therefore, the present study results may support the hypothesis that pial arterial dilation associated with neuronal activity propagates through gap junctions of the cerebral vascular endothelium.

Limitations of the present study are that gap junctions are present in different types of cells including vascular endothelium and smooth muscles as well as glia (Sáez et al., 2005; Decrock et al., 2015; Manjarrez-Marmolejo and Franco-Pérez, 2016; Mayorquin et al., 2018) and that CBX affects not only gap junctions but also connexin hemichannels and pannexins, and neurotransmitter release mediated by volume regulated anion channels and P2X7 receptors (Rouach et al., 2003; Spray et al., 2006; Suadicani et al., 2006; Ye et al., 2009; Manjarrez-Marmolejo and Franco-Pérez, 2016). Studies using two-photon imaging report that topical application of CBX to the brain (100 μM) virtually stopped spreading fluorescent dye in putative glial cells (Nimmerjahn et al., 2004) and almost abolished glial cell activity during epileptic seizure (Baird-Daniel et al., 2017). However, it was shown that Ca2+ rise in astrocytes is slower than neural activity-induced hyperemia and vasodilation (Petzold and Murthy, 2011; Baird-Daniel et al., 2017; Gu et al., 2018). Thus, astrocytes may not contribute to fast responses like the neuronal activity-induced cerebrovascular dilation that the present study showed. In contrast, perfusion on the brain surface of selective blockers against connexins 43 and 37, representing the gap junctions expressed on astrocytes, attenuated the dilation of the pial artery induced by sciatic nerve stimulation (by approximately 75%) and epileptic seizures (by approximately 50%; Xu et al., 2008). We cannot exclude the possibility that the present dose (100 mg/kg) and route (i.v.) of CBX administration may also affect gap junctions in astrocytes. However, this is unlikely because the penetrating artery, which is surrounded by astrocytes, and parenchymal blood flow changes were not affected by CBX. Due to a wide spectrum effect of CBX, the present study is limited by the fact that the types of vascular cells contributing to the propagation of vasodilation cannot be specified. Therefore, further studies are needed to identify the types of cells involved in cerebrovascular regulation during neuronal activity.

In contrast to the pial artery, dilative changes in the penetrating artery during somatosensory stimulation were not affected by CBX. Differences in regulatory mechanisms between the pial and penetrating arteries were previously reported (Adachi et al., 1992; Petzold and Murthy, 2011; Hotta et al., 2013). For example, we have reported that electrical stimulation of the nucleus basalis of Meynert, where cholinergic neurons originate, dilates the penetrating artery, with little changes detected in the pial artery (Hotta et al., 2013). In cortical slice preparations, it has been reported that stimulation of single local cortical neurons affects the diameter of the nearby parenchymal artery (Cauli et al., 2004). We can assume that multiple mechanisms are simultaneously at play in the brain parenchymal arteries. The present results suggest that vascular gap junctions may have a role in the propagation of arterial dilation at the cortical surface level, though other mechanisms appear to predominate at a parenchymal level.

Although arterial dilation induced by somatosensory stimulation was attenuated by CBX administration in the pial artery, penetrating artery dilation and CBF increases were not affected. This is consistent with reports showing that changes in pial artery diameter do not reflect CBF changes, and that the penetrating artery is the major blood vessel determining parenchymal blood flow in the brain (Sekiguchi et al., 2014; Shih et al., 2015; Unekawa et al., 2017). Thus, what is the physiological significance of pial artery regulation via gap junctions? We assume that the dilation of the pial artery associated with neuronal activation may be helpful in reducing shear stress on the pial artery. When the penetrating artery dilates and blood flow velocity increases in the pial artery due to the suction effect, such blood flow velocity increases may be buffered by dilating the pial artery, explained by Bernoulli’s theory. It has been reported that arteriosclerosis prevails around bifurcation of blood vessels (Cheng et al., 2006; Baratchi et al., 2017). Therefore, dilation of the pial artery may be beneficial in protecting the pial artery itself by reducing shear stress. Another significant role of larger diameter arteries including the pial artery is to control blood perfusion into brain parenchyma in the case of a BP change (“autoregulation”). The cervical sympathetic nerve innervates the pial artery. Electrical stimulation of the nerve constricted the pial artery (Busija et al., 1982; Tamaki and Heistad, 1986) and reduced CBF increase during arterial pressure increases (Busija et al., 1980; Tamaki and Heistad, 1986; Waldemar et al., 1989). An in vitro study showed that the diameter of isolated middle cerebral artery is increased by gap junction blockers such as heptanol and 18α-glycyrrhetinic acid (Lagaud et al., 2002). Thus, gap junctions of the pial artery may also contribute to autoregulation of CBF.

The present results may implicate cerebrovascular dysfunction in some clinical conditions. For example, somatosensory stimulation-induced dilation of the pial artery is attenuated in streptozotocin-induced diabetic rats (Vetri et al., 2017). Additionally, cerebrovascular responses to visual stimulation and mental tasks are reduced in patients with type-II diabetes mellitus (Duarte et al., 2015; Nealon et al., 2017). A plausible explanation for such attenuations may be partly due to an impairment of gap junction function, since high glucose solution reduces expression and function of vascular gap junctions (Sato et al., 2002). However, some caution is necessary for applying the present findings to conscious humans, since the present study was conducted under anesthesia. Anesthesia use is advantageous: (1) to eliminate emotional factors, which may be affected by somatosensory stimulation (Sato et al., 1997), leading to cardiovascular function changes; and (2) to minimize movement artifact, which is critical for imaging experiments. Additionally, due to lowered blood-brain barrier permeability under anesthesia (Chi et al., 1992), the action site of the administered drug may be more limited. In contrast to these advantages, anesthesia may alter physiology related to cerebrovascular responses to neural activity; such as neural transmission, brain energy metabolism, vascular tone and glial functions (Conzen et al., 1992; Iida et al., 1998; Masamoto and Kanno, 2012). Hence, it is important to weight the advantages of performing experiments under anesthetized and non-anesthetized conditions.



CONCLUSION

The present findings suggest that vascular gap junctions contribute to vasodilation of the pial artery but not focal responses of the parenchymal arteries during neuronal activation by somatosensory stimulation. Such vasodilation might be attributable to gap junctions on the vascular endothelium.
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The classical view of synapses as the functional contact between presynaptic and postsynaptic neurons has been challenged in recent years by the emerging regulatory role of glial cells. Astrocytes, traditionally considered merely supportive elements are now recognized as active modulators of synaptic transmission and plasticity at the now so-called “tripartite synapse.” In addition, an increasing body of evidence indicates that beyond immune functions microglia also participate in various processes aimed to shape synaptic plasticity. Release of neuroactive compounds of glial origin, -process known as gliotransmission-, constitute a widespread mechanism through which glial cells can either potentiate or reduce the synaptic strength. The prevailing vision states that gliotransmission depends on an intracellular Ca2+/exocytotic-mediated release; notwithstanding, growing evidence is pointing at hemichannels (connexons) and pannexin channels (pannexons) as alternative non-vesicular routes for gliotransmitters efflux. In concurrence with this novel concept, both hemichannels and pannexons are known to mediate the transfer of ions and signaling molecules -such as ATP and glutamate- between the cytoplasm and the extracellular milieu. Importantly, recent reports show that glial hemichannels and pannexons are capable to perceive synaptic activity and to respond to it through changes in their functional state. In this article, we will review the current information supporting the “double edge sword” role of hemichannels and pannexons in the function of central and peripheral synapses. At one end, available data support the idea that these channels are chief components of a feedback control mechanism through which gliotransmitters adjust the synaptic gain in either resting or stimulated conditions. At the other end, we will discuss how the excitotoxic release of gliotransmitters and [Ca2+]i overload linked to the opening of hemichannels/pannexons might impact cell function and survival in the nervous system.
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INTRODUCTION

The traditional view of neurons as the only functional units of synaptic transmission has been challenged in recent decades by the emerging influence of glial cells. Of particular interest for neuroscience research is the modulatory action of glial cells in synaptic transmission, including synaptogenesis, pruning, pre- and post-synaptic maturation and elimination, as well as stabilization of synaptic receptors (Allen and Eroglu, 2017). This is especially relevant for astrocytes, which embody a wide-ranging interconnected entanglement that structurally and functionally establish dynamic and often bidirectional interactions with neuronal synapses (Gundersen et al., 2015). Through its cellular processes, a single astrocyte may contact around 100,000 and 2,000,000 synapses in rodents and humans, respectively (Oberheim et al., 2009). In companion with pre- and postsynaptic neuronal components, astrocytes establish the “tripartite synapse,” a specialized functional structure in where astrocytes sense neurotransmission and respond to it by locally releasing messengers referred to as “gliotransmitters” (e.g., ATP, glutamate and D-serine), which in turn influence synaptic function (Araque et al., 1999; Perea et al., 2009). Additionally, some specialized astrocytes are equipped with unconventional terminal processes termed “endfeet” that contact diverse elements of the vascular system, such as venules, capillaries and intracerebral arterioles (Simard et al., 2003). In this scenario, the resulting astroglial communication with the endothelium and neurons facilitates local and far-reaching signaling of gliotransmitters, vasoactive factors and energy substrates with potentially significant consequences for higher brain functions (Magistretti and Allaman, 2015).

Despite that for long time microglia were considered as worthless elements for synaptic transmission, nowadays they are recognized crucial for a wide range of roles besides their immune function (Morris et al., 2013). In the healthy brain, microglia display a resting surveillance form endowed with dynamic inspection of their territory and continuous scrutinizing for exogenous or endogenous threats (Kettenmann et al., 2011). Along with these features, mounting evidence suggests that microglia continually extend and retract their cell processes toward and from synapses, being part of a new spectrum of unexplored capabilities, such as synaptic pruning, maturation and remodeling, as well as modulation of synaptic transmission and plasticity (Schafer et al., 2013; Wake et al., 2013; Wu et al., 2015). Once microglia detect a disruption in homeostasis, they adopt a reactive phenotype, with a wide degree of activation levels based on nature, intensity and duration of the damage (Li and Barres, 2018). Of note, when severe or chronic brain injury occurs, microglia become activated triggering a widespread release of their inflammatory molecule reservoir, facilitating the engagement of non-resident brain cells implicated in the innate and adaptive immune function (Salter and Stevens, 2017).

At the synapse, the communication between neurons and glial cells is bidirectional. Certainly, neurotransmitter release can sculpt multiple facets of glial cell function, such as phagocytosis, cellular migration, Ca2+ wave signaling, metabolic cooperation, blood flow regulation, gliotransmission, among others (Stork et al., 2014; Chen et al., 2015; Rosa et al., 2015; Papouin et al., 2017). This reciprocal influence embraces a constant flow of information between neurons and glial cells termed “neuron-glia crosstalk” (Perea et al., 2014). Unlike neurotransmission and despite being a major mechanism underlying neuron-glia crosstalk, gliotransmission has only been studied in recent years. A broad range of pathways have been proposed to sustain gliotransmitter release, such as Ca2+-dependent vesicular release (Bezzi et al., 2004; Zhang et al., 2007; Imura et al., 2013), transporters (Rossi et al., 2000) and the opening of several channels. Among the latter group are included P2X7 receptors (Duan et al., 2003; Suadicani et al., 2006; Hamilton et al., 2008), volume-regulated anion channels (Kimelberg et al., 1990; Takano et al., 2005; Rudkouskaya et al., 2008), Ca2+-dependent Cl- channel bestrophin 1 (Lee et al., 2010; Woo et al., 2012), hemichannels (Stout et al., 2002; Ye et al., 2003; Chever et al., 2014; Meunier et al., 2017) and pannexons (Suadicani et al., 2012; Pan et al., 2015; Garre et al., 2016) (Figure 1). Besides these canonical routes of gliotransmitter release, recent groundbreaking studies have revealed that glial cells communicate with neurons through alternative mechanisms (Figure 1). For instance, heterotypic glia-to-neuron interactions linked to homophilic and heterophilic adhesion molecules control female sexual development and adhesive properties (Avalos et al., 2009; Sandau et al., 2011). In the same line, extracellular exosomes, microparticles or apoptotic bodies allow the transfer of gliotransmitters, organelles, DNA/RNA, proteins and pathogens between glial cells and neurons (Fruhbeis et al., 2013). At the other end, direct glia-to-neuron signaling not only takes place via gap junctions (Froes et al., 1999; Rozental et al., 2001; Dobrenis et al., 2005) but also through long intercellular processes termed tunneling nanotubes (TNTs) (Wang X. et al., 2012). These structures are F-actin-based cellular extensions that sustain direct interaction between neighboring cells and instead of filopodia and cytonemes, they permit the transfer of surface proteins and cytoplasmic content without touching the substrate (Abounit and Zurzolo, 2012) (Figure 1).
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FIGURE 1. Mechanisms of neuron-glia crosstalk. Glial cells and neurons release neurotransmitters and gliotransmitters through Ca2+- and SNARE-dependent exocytosis, respectively (1). In addition to this mechanism, the release of transmitters may occur through alternative non-exocytotic ways. For instance, the opening of hemichannels (HCs) and pannexons may allow the release of gliotransmitters and neurotransmitters (2) (Kang et al., 2008; Xia et al., 2012). Long-lasting activation of P2X7 receptors by ATP might lead to the appearance of large currents and the rapid exchange of large molecules, including the release of gliotransmitters (3). One theory states that P2X7 receptor conductance dilates over the time and thereby allows the passage of large molecules; however, another hypothesis states that ATP activates a second non-selective permeabilization pathway (Baroja-Mazo et al., 2013). Recently, it was shown that pannexons might mediate this permeability for large molecules in astrocytes (4) (Iglesias et al., 2009). Additionally, gliotransmitter and neurotransmitter release may occur through volume-regulated anion channels (VRAC) (5) (Kimelberg et al., 1990; Fields and Ni, 2010) and different carriers and/or co-transporters acting normally or in reverse (6) (e.g., excitatory amino-acid transporters, the cysteine-glutamate antiporter and the D-serine/chloride co-transporter) (Rossi et al., 2000; Wu et al., 2007). Within the last decade, a growing body of evidence has indicated that glial cells can also communicate with neurons and vice versa via the release of vesicles (e.g., exosomes, microparticles and apoptotic bodies), containing different cellular messengers (e.g., mRNA, viruses and organelles) (7) (Chivet et al., 2012; Fruhbeis et al., 2013). Adjacent glial cells and neurons can communicate directly through F-actin-based transient tubular connections known as tunneling nanotubes (8) (Wang X. et al., 2012), via cell-to-cell contacts between membrane-bound ligand molecules and their receptors (9) (Avalos et al., 2009) or aggregates of intercellular channels known as gap junctions, which allow the exchange of small molecules (10) (Froes et al., 1999).



As already mentioned, hemichannels and pannexons constitute one of the pathways by which glial cells interact with neurons. During the past decade, a growing body of evidence begun to support a novel role for these channels as physiological modulators of synaptic efficacy, neural activity, signal processing, cognition and behavior (Huckstepp et al., 2010b; Stehberg et al., 2012; Torres et al., 2012; Chever et al., 2014; Retamal, 2014; Roux et al., 2015; Walrave et al., 2016; Meunier et al., 2017). The involvement of hemichannels and pannexons in higher brain functions relies on diverse mechanisms, yet the release of gliotransmitters seems to represent the most canonical and with potentially significant consequences for synaptic transmission. This article reviews and discusses recent evidence sustaining the “dual edge sword” role of hemichannels and pannexons in the function of central and peripheral synapses. According to this idea, in the healthy brain, these channels may act as pathways for the discharge of transmitters into the extracellular milieu to adjust the neural outcome in resting and stimulated conditions. In contrast, during pathological conditions, the persistent opening of hemichannels and pannexons could negatively impact the function and survival of brain cells.



HEMICHANNEL AND PANNEXON OPENING AS A PATHWAY ASSOCIATED TO THE RELEASE OF GLIOTRANSMITTERS

General Characteristics of Hemichannels and Pannexons

Connexins belong to a 21-member protein family that constitutes two distinct classes of plasma membrane channels: hemichannels and gap junction channels (GJCs). The former are constituted by the oligomerization of six connexin subunits around a central pore (Sáez et al., 2003). In spite of their low open probability (Contreras et al., 2003), when located in non-appositional plasma membranes and under certain physiological and pathological stimuli, hemichannels allow the movement of ions and small molecules -including ATP and glutamate- between the intracellular and extracellular space (Sáez et al., 2003) (Figure 2). On the other hand, GJCs derive from the serial docking of two hemichannels in appositional membranes that link the cytoplasm of two contacting cells. These channels permit the passive flow of ions and small molecules -such as cAMP, glucose and glutathione- between cells, ensuring metabolic and electrical coupling, as well as cellular coordination (Sáez et al., 2003) (Figure 2).
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FIGURE 2. Basic structure of connexin and pannexin-based channels. Connexins and pannexins share a similar membrane topology with four α-helical transmembrane domains connected by two extracellular loops and one cytoplasmic loop; both the amino- and carboxy-termini are intracellular. The relative positions of the extracellular loop cysteines (red balls) and glycosylated asparagines (blue branches) are also shown. Hemichannels (also known as connexons) are formed by the oligomerization of six subunit connexins around a central pore. Pannexons are single membrane channels that are composed of six pannexin subunits. Recently, a band pattern more consistent with an octamer than a hexamer was observed in Panx2 by cross-linking studies and native gels of purified homomeric full-length and C-terminal truncation mutants (Ambrosi et al., 2010). Under resting conditions, hemichannels and pannexons remain preferentially closed, but they may be activated by diverse physiological and pathological conditions and offer a diffuse transmembrane route between the intra- and extracellular milieu. Hemichannels dock each other to form functional cell-to-cell channels termed gap junction channels (right panel). Gap junction channels aggregate in well-known anatomical structures called gap junctions to facilitate the intercellular cytoplasmic exchange of metabolites, second messengers and ions.



Pannexins are mammalian orthologs of innexins, the gap junction proteins of invertebrates. They are assembled in hexamers to form plasma membrane channels -known as pannexons- with similar topological and permeability properties than hemichannels (Ambrosi et al., 2010) (Figure 2). Three members encompass this family -Panx1, Panx2, and Panx3-, being Panx1 the most widely expressed in mammal tissues, including the brain and heart (Baranova et al., 2004). Just like hemichannels, pannexons serve as a route of ionic and molecular interchange between the cytoplasm and the extracellular compartment (Dahl, 2015). In spite of these similarities, pannexins and connexins do not share homologies in their sequence and nowadays whether pannexons are able to constitute GJCs in vivo is still matter of debate (Sosinsky et al., 2011). It is thought that N-glycosylation of pannexins at residues on the second extracellular loop (Penuela et al., 2014) may interfere with the ability of these channels to dock to each other and thus form gap junction-like structures.

Whereas hemichannels exhibit a low open probability at resting conditions (Contreras et al., 2003), pannexons open to more negative potentials than hemichannels and can be fully functional under resting membrane potentials (Bruzzone et al., 2003). Although both channels display larger membrane currents following increased depolarization, pannexons reach to maximum currents with faster kinetics and exhibit larger unitary conductance, weak voltage-gating, and several subconductance states when compared to hemichannels (Paul et al., 1991; White et al., 1999; Bruzzone et al., 2003; Bao et al., 2004). As opposed to most hemichannels, whose activity critically depend on the extracellular concentration of divalent cations (Ebihara and Steiner, 1993; Li et al., 1996; John et al., 1999; Contreras et al., 2003; Ebihara et al., 2003), gating properties of pannexons are not affected by external Ca2+ (Bruzzone et al., 2005). Indeed, at physiological Ca2+ concentrations pannexons seem quite functional (Bruzzone et al., 2005; Barbe et al., 2006) while most hemichannels show very low open probability (Ebihara and Steiner, 1993; Li et al., 1996; Pfahnl and Dahl, 1999; Valiunas, 2002; Ebihara et al., 2003). Consequently, lowering external Ca2+ is a commonly used maneuver to favor hemichannel opening (John et al., 1999). Despite the above evidence, recent reports have demonstrated that hemichannel opening during resting conditions is critical for basal synaptic transmission and long-term potentiation (Chever et al., 2014; Meunier et al., 2017).

Although the overlapping effects of some inhibitors have made pharmacology an insufficient criterion for distinguishing pannexons from hemichannels (Spray et al., 2006; Wang et al., 2007), they differ in their sensitivity to distinct blockers, including those commonly used to inhibit gap junctions (for an updated review, see Willebrords et al., 2017). For example, Panx1 channels are more sensitive than hemichannels to liquorice derivatives such as 18-α- and 18-β-glycyrrhetinic acid (α-, β-GA) and carbenoxolone (CBX), whereas flufenamic acid (FFA) and long-chain alcohols (e.g., octanol and heptanol) block GJC and hemichannel activity with minimal or no effect on pannexons (Harks et al., 2001; Eskandari et al., 2002; Braet et al., 2003; Bruzzone et al., 2005; Ma et al., 2009). Membrane-impermeant blockers La3+ and Gd3+ inhibit hemichannels with no impact on GJCs (John et al., 1999; Braet et al., 2003; Contreras et al., 2003) or Panx1 channels (Ma et al., 2009). Probenecid, an organic anion used for gout treatment, has proved to selectively counteract Panx1 channel opening in diverse preparations (Pelegrin and Surprenant, 2006; Silverman et al., 2008; Ma et al., 2009). Gap26 and Gap27, two mimetic peptides that interact with sequences of the extracellular loop regions of Cx43, inhibit GJCs and hemichannels at long (1–3 h) and short (1–30 min) periods of incubation, respectively (Chaytor et al., 1997; Evans and Boitano, 2001; Braet et al., 2003). Relevantly, the nonapeptide Gap19, derived from the cytoplasmic loop (CL) of Cx43, specifically blocks Cx43 hemichannels by preventing intramolecular C-terminus-CL interactions (Wang et al., 2013). On the other hand, the mimetic peptide 10Panx1, which interacts with an extracellular loop domain of Panx1, has been shown to prevent both current and molecular exchange mediated by Panx1 channels (Pelegrin and Surprenant, 2006; Thompson et al., 2006; Wang et al., 2007).

In healthy conditions, both hemichannels and pannexons have been implicated in physiological processes, such as visual processing in the retina (Klaassen et al., 2012; Cenedese et al., 2017), memory and learning (Prochnow et al., 2012; Stehberg et al., 2012), among other brain processes (reviewed in Cheung et al., 2014). Noteworthy, the impact of hemichannels in diverse biological processes seems in contradiction with their low open probability observed in exogenous expression systems (Contreras et al., 2003). However, most of these data were obtained at 21% O2, a very oxidant condition that does not match the arterial partial pressure of O2 (∼10–12%). The latter acquires particular relevance in the light of the increased opening probability that exhibit hemichannels in reducing conditions, specifically those formed by Cx43 (Retamal et al., 2007b). Thus, it is possible to speculate that in vivo, where O2 levels represent a less oxidant condition, hemichannel opening could be higher than expected from in vitro experiments. In contrast, the opening of pannexons in tissues could be lower than observed in vitro, as reducing agents decrease their activity (Bunse et al., 2009; Retamal, 2014).

At the other end, the open probability of hemichannels -in vivo and in vitro-, increases notably under pathological conditions. For instance, Cx43 hemichannels exhibit an augmented opening in astrocytes exposed to metabolic inhibition, inflammatory agents or redox imbalance (Contreras et al., 2002; Retamal et al., 2006, 2007a). Particularly, redox status may modulate connexin function in a complex way with different impacts on hemichannel opening. In fact, during healthy conditions reducing agents increase the activity of Cx43 hemichannels and similar responses are found upon treatment with oxidant molecules in certain pathological scenarios (Retamal et al., 2007b). How is it possible that reducing and oxidant agents can induce such equivalent effect? A conceivable explanation of this apparent contradiction is the intricated interplay between redox and phosphorylation status of Cx43 (Retamal et al., 2007b). Apparently, oxidant and reducing agents could oppositely influence or not hemichannel activity depending on the pattern of Cx43 phosphorylation (Retamal et al., 2007b). Another hypothesis is that modification of particular cysteine groups may induce contrasting impacts on hemichannel opening. Supporting this idea, cysteine modifications evoked by carbon monoxide (CO) and lipid peroxides induce Cx46 hemichannel closure (Leon-Paravic et al., 2014), whereas nitric oxide (NO)-mediated cysteine modulation of Cx46 leads to alterations in hemichannel-mediated currents and molecule permeation (Retamal et al., 2009).

Single point mutations in connexins may cause a high opening state of hemichannels, a phenomenon referred to as “leaky hemichannels” (Retamal et al., 2015). In this context, uncontrolled opening of hemichannels could lead to cell dysfunction and even cell death due to the loss of ion balance and membrane potential, as well as activation of detrimental cascades linked to Ca2+ overload (Li et al., 2001; Sanchez et al., 2010; Retamal et al., 2015). A coincident pattern has been documented for pannexons, as their opening underpins the genesis and progression of several diseases such as cancer (Lai et al., 2007, 2009; Penuela et al., 2012; Jiang and Penuela, 2016), epilepsy (Thompson et al., 2008; Kim and Kang, 2011; Santiago et al., 2011), overactive bladder (Timoteo et al., 2014), hypertension (Billaud et al., 2012), among other diseases (for more details, see Penuela et al., 2014). Unlike connexins, just one report has associated germline mutations affecting pannexin function with diseases. In this case, the mutation Arg217His of Panx1, induces intellectual disability, sensorineural hearing loss, kyphoscoliosis and primary ovarian failure (Shao et al., 2016).

A Brief Description of Connexin and Pannexin Expression in Brain Cells

Neurons

Throughout the CNS, neurons display a wide expression of Cx36 and Cx45, both being major building blocks of the gap junction-based electrical synapse (Condorelli et al., 1998; Belluardo et al., 1999; Zhang and Restrepo, 2002; Connors and Long, 2004; Sohl et al., 2005; Belousov and Fontes, 2013; O’Brien, 2017) (Table 1). Other reports have shown that horizontal cells in the retina and neurons of the olfactory bulb also express Cx57 and Cx43, respectively (Zhang et al., 2000; Zhang, 2011; Pan et al., 2012), whereas the mRNAs for Cx37 and Cx40 have been detected in lumbar motor neurons (Chang et al., 1999) (Table 1). GJCs composed by Cx36 coordinate the synchronic and rhythmical firing of neurons organized in specific networks (Benardo and Foster, 1986; Meier and Dermietzel, 2006). Indeed, ablation of Cx36 impairs the synchronization but not the generation of oscillatory firing patterns in neural networks of the inferior olivary nucleus (Long et al., 2002). Also, small neurons of the thalamic reticular nucleus seem to be coupled and synchronized via Cx36 GJCs (Landisman et al., 2002; Zolnik and Connors, 2016). Supporting the role of Cx36 in higher brain function, its removal blunts the generation of widespread, synchronous inhibitory activity in the neocortex (Deans et al., 2001) and reduces gamma frequency (30–80 Hz) network oscillations without altering fast-field “ripple” (140–200 Hz) or theta (5–10 Hz) rhythms in the hippocampus (Hormuzdi et al., 2001; Buhl et al., 2003). In the retina, the electrical synapse between ON cone bipolar and AII amacrine cells relies on heterotypical GJCs composed by Cx36 and Cx45, respectively (Massey et al., 2003; Sohl et al., 2005) (Table 1). Deletion of Cx45 strongly disrupts the firing pattern of individual retinal ganglion cells during development (Blankenship et al., 2011). Relevantly, neuron-directed Cx45 deficient mice display impaired one-trial novel object recognition and kainate-mediated gamma-oscillations in the hippocampus (Zlomuzica et al., 2010).

TABLE 1. Brief summary of connexin and pannexin expression in the nervous system∗.

[image: image]

Both Panx1 and Panx2 are broadly expressed at the CNS (Bruzzone et al., 2003; Vogt et al., 2005; Dvoriantchikova et al., 2006; Zoidl et al., 2007) (see Table 1). Pioneering findings by MacVicar’s Lab showed that oxygen and glucose deprivation triggers single-large conductance channels formed by Panx1 in hippocampal neurons (Thompson et al., 2006). Follow-up studies found that stimulation of N-methyl-D-aspartate receptors (NMDARs) in pyramidal neurons activates Panx1 channel opening via Src family kinases, contributing to epileptiform seizure activity and excitotoxicity (Thompson et al., 2008; Weilinger et al., 2012).

Astrocytes

Under physiological conditions, rat, mouse and human astrocytes express abundantly Cx30 and Cx43 (Yamamoto et al., 1990; Dermietzel et al., 1991; Kunzelmann et al., 1999; Nagy et al., 1999; Giaume et al., 2010), whereas some evidence indicates that they also can express Cx26 (Nagy et al., 2001) (Table 1). However, their relative expression shows a heterogeneous pattern in astrocytes and changes depending on the developmental stage and brain region (Batter et al., 1992; Zhang et al., 1999; Nagy and Rash, 2000; Gosejacob et al., 2011) (Table 1). Of note, Cx43 ablation reduces hippocampal astrocyte coupling by 50%, whereas deletion of both Cx30 and Cx43, completely abolishes astrocyte-astrocyte coupling (Gosejacob et al., 2011). In the same line, Cx30-deficient mice display anxiogenic behavior and reduced rearing activity correlated with increased choline levels in the ventral striatum (Dere et al., 2003). Relevantly, Cx43-mediated gap junction coupling underpins the spreading of intracellular K+, Na+, and Ca2+ (Cotrina et al., 1998; Scemes et al., 1998; Wallraff et al., 2006; Langer et al., 2012), participating thus in K+ buffering, maintenance of neuronal membrane potential and coordination of large populations of astrocytes, all processes being critical for synaptic transmission (Pannasch et al., 2011, 2014; Chever et al., 2014, 2016). Additionally, Cx43 GJCs mediate glucose and lactate trafficking among astrocytes (Ball et al., 2007; Rouach et al., 2008). Moreover, astrocytes actively provide glucose to neurons when they needed and remove lactate from high activity areas (Gandhi et al., 2009). When this gap junction-dependent “energy” flux is impaired, the sleep-wake cycle is disturbed as a result of a decrease in orexinergic neurons in the lateral hypothalamus (Clasadonte et al., 2017). Notably, the excessive sleepiness is prevented by the application of lactate to this brain area. The latter suggests that metabolic coordination between astrocytes and neurons is fundamental for certain brain functions. Astroglial Cx43 hemichannels have been observed in vitro and ex vivo (Karpuk et al., 2011; Chever et al., 2014; Abudara et al., 2015) and their opening seems to underlie the release of gliotransmitters -such as ATP (Stout et al., 2002) and glutamate- (Ye et al., 2003), with potentially relevant consequences for higher brain function in vivo (Stehberg et al., 2012; Vazquez et al., 2015; Walrave et al., 2016).

Oligodendrocytes

Oligodendrocytes are the myelin-producing cells at the CNS and express several types of connexins, including Cx29 in mice or its human orthologous Cx31.1 (Altevogt et al., 2002; Sargiannidou et al., 2008), Cx32 (Dermietzel et al., 1989), Cx45 (Dermietzel et al., 1997; Kunzelmann et al., 1997) and Cx47 (Odermatt et al., 2003; Li et al., 2004) (Table 1). Among them, Cx32 has been the most studied, probably because its mutation causes progressive loss of myelin and muscle weakness along with other complex manifestations that together are known as the X-linked Charcot-Marie-Tooth disease (Ressot et al., 1998; Yoshimura et al., 1998; Kleopa et al., 2012; Wang and Yin, 2016). Freeze-fracture microscopy has revealed that oligodendrocytes form heterotypical GJCs with astrocytes (Rash et al., 1998), with Cx43 and Cx45 being the putative contributors from the astroglial and oligodendrocyte side, respectively (Nagy and Rash, 2000). Nevertheless, confocal studies and electron microscopy suggest that oligodendrocyte-to-astrocyte coupling may proceed through Cx43/Cx47, Cx30/Cx32, and Cx26/Cx32 GJCs (Altevogt and Paul, 2004; Wasseff and Scherer, 2011; Tress et al., 2012). Although several hypotheses have been proposed to explain the role of astrocyte-to-oligodendrocyte coupling (Orthmann-Murphy et al., 2008), recent evidence demonstrates its importance for accurate myelin function and homeostasis of the CNS (Tress et al., 2012; May et al., 2013), as well as glucose spreading (Niu et al., 2016). The latter study provided the unique evidence of the physiological role of hemichannels in oligodendrocytes and oligodendrocyte precursor cells (OPCs). They found that hemichannels allow the influx of glucose in oligodendrocytes and OPCs along with contributing to OPC proliferation by a mechanism involving the elevation of intracellular free Ca2+ concentration ([Ca2+]i) (Niu et al., 2016). Panx1 channels are also expressed by oligodendrocytes where in association with P2X7 receptors they mediate ischemic damage (Domercq et al., 2010).

Microglia

In resting conditions, both Cx32 and Cx36 have been detected in microglia by immunofluorescence and RT-PCR (Parenti et al., 2002; Maezawa and Jin, 2010) (Table 1). Cx36 in vitro has been proposed to underpin gap junctional communication between microglia and neurons, although the biological relevance is uncertain as barely 30% and 4% of electrophysiological and dye diffusion experiments resulted in successful coupling, respectively (Dobrenis et al., 2005). Once activated during different pathological conditions, microglia display increased levels of Cx29 (Moon et al., 2010), Cx32 (Maezawa and Jin, 2010) and Cx43, the latter likely underlying the formation of functional GJCs (Eugenin et al., 2001; Martinez et al., 2002). Despite the biological significance of microglial coupling remains elusive, it has been hypothesized that gap junctions are crucial for ruling dynamic changes in microglial phenotype, the exchange of antigen peptides between activated microglia or the cross-presentation of antigens to T cells (Gajardo-Gomez et al., 2017). Pioneering studies by Takeuchi et al. (2006) showed that TNF-α-mediated upregulation of Cx32 hemichannels contributes to the exacerbated release of glutamate and subsequent neuronal beading and death. From there on, different inflammatory agents -including Aβ, LPS and ATP have been described to increase the opening of hemichannels formed by Cx43 and Cx32, as well as Panx1 channels (Sáez et al., 2013b), the latter being of substantial impact for gliotransmission and excitotoxicity (Gajardo-Gomez et al., 2017).

The Release of Gliotransmitters Through Hemichannels and Pannexons

ATP Release

At the end of the 1990s, Cotrina et al. (1998) demonstrated that C6-glioma cells transfected with Cx32 or Cx43 show a prominent ATP release compared with mock C6 cells. A few years later, Stout and co-workers using cultures of mouse astrocytes and C6-Cx43 glioma cells, measured the presence of active hemichannels through whole-cell patch clamp and dye uptake experiments (Stout et al., 2002). Additionally, in both astrocytes and C6-Cx43 cells, mechanical stimulation caused a strong release of ATP, detected as an increase of luciferin-luciferase bioluminescence. This response was either blocked by 50 μM Gd3+ or 50 μM FFA and potentiated by a Ca2+-free solution (a well-established condition that opens hemichannels). Because ATP release was enhanced with zero extracellular Ca2+ and blunted by classic -but unspecific- hemichannel blockers, Cx43 hemichannels were suggested as possible mediators of this response (Stout et al., 2002). Later, elegant experiments by Nedergaard’s Laboratory demonstrated that glial Cx43 hemichannels are permeable to ATP, as measured by simultaneous single-channel recordings and bioluminescence imaging (Kang et al., 2008). Other studies have found a similar pattern of ATP release in astrocytes during either physiological or pathological conditions (Orellana et al., 2011a,b; Huang et al., 2012; Chever et al., 2014). The release of ATP takes place also through Panx1 channels in astrocytes (Iglesias et al., 2009; Suadicani et al., 2012; Garre et al., 2016) and microglia (Higashi et al., 2011; Orellana et al., 2013), whereas in tanycytes it depends on Cx43 hemichannels and Panx1 channels as well (Orellana et al., 2012; Lazutkaite et al., 2017).

Glutamate Release

Ye et al. (2003) provided the first evidence that hemichannels are implicated in the release of glutamate in primary cultured astrocytes. They observed that removing extracellular Ca2+ and Mg2+, increased the efflux of glutamate, taurine and aspartate, these responses being dramatically suppressed by different general hemichannel blockers (e.g., CBX, octanol, heptanol and La3+). Hemichannel-dependent release of glutamate is enhanced by exposing astrocytes to hypertonic solutions (Jiang et al., 2011), infrasound (16 Hz, 130 dB) (Jiang et al., 2014), Aβ (Orellana et al., 2011b) or LPS (Abudara et al., 2015). Astrocytes are not the only non-neuronal cells that can release glutamate through hemichannels. As already mentioned, TNF-α induces Cx32 hemichannel opening in microglia and the subsequent release of glutamate through them, effect that was sensitive to mimetic peptides against Cx32 (Takeuchi et al., 2006). On the other hand, rat retinal glial (Müller) cells (Voigt et al., 2015) and satellite glial cells (Wagner et al., 2014) also release glutamate in a hemichannel dependent form. In addition to hemichannels, pannexons formed by Panx1 may also contribute to the release of glutamate from glial cells. Thus, U87 cells derived from malignant glioma release important amounts of glutamate, the latter being dramatically decreased upon transfection with siRNA against Panx1 (Wei et al., 2016). Similarly, Panx1 channels contribute to the glutamate release from cerebrocortical synaptosomes (Di Cesare Mannelli et al., 2015) and astrocytes (Wei et al., 2014) evoked by oxaliplatin and ultrafine carbon black particles, respectively.

D-Serine Release

Despite the lack of direct evidence of D-serine being released through hemichannels or pannexons, a couple of works have strongly suggested this possibility. TAT-L2, a specific mimetic peptide against Cx43 hemichannels, greatly reduces fear memory consolidation when microinjected in the basolateral amygdala (BLA) (Stehberg et al., 2012). Noteworthy, the TAT-L2-mediated amnesic effects were rescued by a mixture of gliotransmitters microinjected at the BLA, including D-serine, supporting that Cx43 hemichannels could be implicated in its release. Similarly, evidence from Giaume’s Laboratory has suggested that NMDA-dependent synaptic transmission in the prefrontal cortex may need the release of D-serine via the aperture of astroglial Cx43 hemichannels (Meunier et al., 2017). The efflux of astroglial D-serine has also been related to the opening of Panx1 channels (Pan et al., 2015).



CONNEXONS AND PANNEXONS AT THE TRIPARTITE SYNAPSE: A FEEDBACK MECHANISM TO RESET THE STRENGTH OF NEUROTRANSMISSION

Whereas gliotransmission at the tripartite synapse mostly relies on intracellular Ca2+-dependent exocytotic release, astroglial hemichannels and pannexons arise as alternative non-vesicular routes for gliotransmitter efflux to either attenuate or potentiate neurotransmission (Parpura et al., 2004; Huckstepp et al., 2010b; Torres et al., 2012; Montero and Orellana, 2015; Meunier et al., 2017). Direct evidence implicating astrocyte hemichannels as both sensors and modulators of synaptic activity comes from original studies in hippocampal slices by Torres et al. (2012). They found that UV-photolysis of caged MNI-glutamate, which depolarizes neurons by increasing extracellular glutamate reduces local extracellular Ca2+ concentration ([Ca2+]e) and enhances the release of glial ATP with the consequent spread of fast and slow Ca2+ waves in astrocytes (Torres et al., 2012). Relevantly, the specific deletion of Cx30/Cx43, but not Cx30 in astrocytes, eliminated the ATP-dependent spreading of slow Ca2+ waves triggered by photolysis of caged MNI-glutamate. Supporting these data, slices from transgenic mice with an astrocyte-targeted point mutation (Cx43G138R) that leads to an increased Cx43 hemichannel opening (Dobrowolski et al., 2008), potentiated the spreading of slow Ca2+ waves evoked by photolysis of MNI-glutamate (Torres et al., 2012). In addition, the authors observed that during low [Ca2+]e (induced by either increasing extracellular glutamate or through high-frequency stimulation) depolarization of inhibitory interneurons from the stratum radiatum blunts CA1 excitatory transmission via the Cx43-hemichannel mediated release of astroglial ATP and further activation of interneuronal P2Y1 receptors. Therefore, the authors proposed that astrocyte Cx43 hemichannels provide a negative feedback mechanism elicited during sustained excitation to prevent excitotoxicity (Torres et al., 2012) (Figure 3A). Although the physiological significance of lowering [Ca2+]e to levels reached in this study has been questioned (Cheung et al., 2014) and its extrapolation toward in vivo requires further investigation, this report is pioneering in unveiling how hemichannel-mediated gliotransmission participates at the central tripartite synapse.
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FIGURE 3. Possible roles of hemichannels and pannexons in synaptic plasticity through activation of astrocytes. (A) During basal glutamatergic signaling in the hippocampus, Ca2+ influx into neurons leads to a localized reduction in [Ca2+]e, which in turn opens Cx43 hemichannels (HCs) on astrocytes (Torres et al., 2012), resulting in the release of ATP. In the synaptic cleft, this gliotransmitter sustains basal excitatory synaptic transmission (Chever et al., 2014), (which may depend on the activation of P2X7 receptors and further insertion of AMPA receptors in postsynaptic terminals (Gordon et al., 2005). The interacting coupling between NMDARs and Panx1 channels could be a possible mechanism to potentiate the above response (Weilinger et al., 2012), though pannexons may also restrain synaptic plasticity (Ardiles et al., 2014) (not depicted). Alternatively, the conversion of ATP to ADP could depolarize and increase firing in interneurons via P2Y1 receptors, therefore, enhancing inhibitory transmission (Torres et al., 2012). (B) Spontaneous neuronal activity in the olfactory bulb glomerular layer requires glutamatergic transmission. Under these conditions, astrocytes exhibit a basal function of Cx43 HCs that underpins the release of ATP (Roux et al., 2015). The adenosine derived from ATP may suppress the activity of GABAergic inhibitory juxtaglomerular neurons via the stimulation of A1 adenosine receptors. The latter allows the basal slow oscillations of up and down states of mitral cells in the olfactory bulb. (C) In the prefrontal cortex, sustained stimulation of layer 2/3 neurons produces long term potentiation (LTP) of NMDA and AMPA receptor currents in layer 5 pyramidal neurons. In this scenario, [Ca2+]i is necessary for the opening of Cx43 HCs in astrocytes (Meunier et al., 2017), which leads to the release of D-serine. This gliotransmitter favors LTP of NMDA and AMPA excitatory synaptic currents triggered by high-frequency stimulation in the prefrontal cortex.)



ATP has emerged as a primary candidate released through astroglial hemichannels and pannexons to influence neural functions. Accordingly, ATP modulates neuro-glial interactions (Newman, 2003; Volterra and Meldolesi, 2005); and its permeation through Cx43 hemichannels has already been demonstrated (Kang et al., 2008). Albeit under resting potential and normal extracellular levels of Ca2+/Mg2+, Cx43 hemichannels exhibit a low open probability in vitro (Contreras et al., 2003), recent findings show that they may allow the release of ATP in acute brain slices under basal conditions (Chever et al., 2014; Roux et al., 2015). In this respect, the basal release of ATP via astroglial Cx43 hemichannels at the Stratum radiatum, is sufficient to enhance the CA1 synaptic transmission elicited by stimulation of Schaffer collaterals, an effect mediated by purinergic receptors (Chever et al., 2014) (Figure 3A). Although the machinery by which ATP released from astrocytes potentiates glutamatergic synaptic transmission is still unknown, the insertion of postsynaptic AMPA receptors as result of the activation of P2X7 receptors could be a possibility, as previously demonstrated in other brain regions (Gordon et al., 2005). The finding that astrocyte hemichannels boost glutamatergic synaptic transmission in resting conditions, brings down the common belief of hemichannels as iconographic pathways contributing to the cellular damage. In the same line, recently, astroglial Cx43 hemichannels were found essential for modulating neuronal network oscillations in the olfactory bulb (OB) (Roux et al., 2015). Normally, whole-cell current recordings of mitral cells at the OB acute slices display spontaneous alternations between depolarized (UP) states linked with spikes and silent hyperpolarized (DOWN) states (Carlson et al., 2000; Schoppa and Westbrook, 2001). Whereas the frequency and duration of these oscillations were independent of hemichannel activity, mitral cells of OB slices with specific astroglial deletion of both Cx30 and Cx43 showed a decreased firing and amplitude of UP states (Roux et al., 2015) (Figure 3B). These changes were also observed when Cx43 but not Cx30 was specifically deleted in astrocytes or after pharmacological inhibition of Cx43 hemichannels with Gap26 suggesting the involvement of Cx43 rather than Cx30 hemichannels. Gap26 is a mimetic peptide against the first extracellular loop of Cx43 that blocks hemichannels within minutes (Wang N. et al., 2012), but also the gap junction coupling at longer periods (>2–3 h), as it impedes the docking of hemichannels at appositional membranes (Evans and Leybaert, 2007). As demonstrated in other brain areas (Kang et al., 2008; Torres et al., 2012; Chever et al., 2014), bioluminescence assays, as well as pharmacological and genetic evidence revealed that Cx43 hemichannels contribute to the release of ATP in the OB (Roux et al., 2015). In this brain region, the ecto-5′-nucleotidase that catalyzes the conversion of adenosine from ATP is highly expressed, favoring the ATP/adenosine balance to adenosine (Langer et al., 2008). Therefore, the authors hypothesized that adenosine originated as the breakdown of ATP released via Cx43 hemichannels may modulate the firing pattern of mitral cells (Figure 3B). To test this, they applied adenosine receptor blockers in bath solution of OB slices. Only inhibition of A1 receptors reduced the amplitude of UP states and the firing rate of mitral cells, revealing that astrocyte Cx43 hemichannels increase the amplitude of UP states of mitral cells through the release of ATP and its further breakdown to adenosine (Roux et al., 2015). Because the usual mediated effects of A1 receptors include presynaptic inhibition of glutamate release, reduced postsynaptic NMDAR activation and decreased Ca2+ influx (Benarroch, 2008), possibly the enhancement of UP states by adenosine likely rely on A1-receptor mediated suppression of inhibitory juxtaglomerular interneurons (Figure 3B), as occurs in other brain areas (Morairty et al., 2004).

Recent evidence indicates that astroglial Cx43 hemichannels potentiate synaptic transmission at the prefrontal cortex (PFC) through the release of D-serine (Meunier et al., 2017). It has been shown that D-serine is a co-agonist of NMDARs, the main player underlying central excitatory glutamatergic transmission and synaptic plasticity (Panatier et al., 2006). Both astrocytes and neurons are now accepted as brain sources of D-serine (Martineau et al., 2014). In fact, a mounting body of data suggests that hippocampal astrocytes control long-term potentiation (LTP) by releasing D-serine (Yang et al., 2003; Henneberger et al., 2010). Indeed, previous reports have described that efflux of astroglial D-serine can take place through both Ca2+-dependent exocytosis (Mothet et al., 2005) or the opening of Panx1 channels by Ca2+-independent activation of P2X7 receptors (Pan et al., 2015). At the PFC, where D-serine and serine racemase exhibit high levels (Hashimoto et al., 1995; Fossat et al., 2012), the [Ca2+]i-dependent activation of astrocyte Cx43 hemichannels leads to D-serine efflux and subsequent enhancing of LTP (Meunier et al., 2017). In acute PFC slices, neuronal stimulation of layer 2/3 (L2/3) causes glutamatergic synaptic transmission in pyramidal cells at the layer 5 (L5) (DeNardo et al., 2015). In this context and using PFC slices of young mice, Meunier et al. (2017) found that Gap26 prominently blunts the NMDAR-dependent excitatory postsynaptic currents (EPSCs) and increases AMPA/NMDA current ratio in L5, an effect strongly prevented by the exogenous addition of D-serine (Figure 3C). Since 2-week-old mice express Cx43 uniquely in astrocytes (Nagy and Rash, 2000), short-term (minutes) application of Gap26 into slices was assumed to only target astrocyte Cx43 hemichannels. Furthermore, genetic ablation of Cx43 in astrocytes evoked a similar reduction in EPSCs and elevation of AMPA/NMDA current ratio in L5 of the PFC. Altogether, these results suggest that release of D-serine and astroglial hemichannel function are associated and regulate NMDAR-dependent synaptic transmission in PFC pyramidal cells (Figure 3C). As evidenced by dye uptake experiments, Meunier et al. (2017) showed that increasing [Ca2+]i in cultured astrocytes opens Cx43 hemichannels. With this in mind, they further examined whether this mechanism may contribute to LTP in PFC slices. For this purpose, [Ca2+]i was clamped in the L5 astroglial network while recording NMDAR-dependent EPSCs in neighboring L5 pyramidal cells in response to HFS protocol in L2/3. When [Ca2+]i was clamped in the L5 astroglial network, HFS failed to potentiate the NMDAR-dependent synaptic currents, the latter response being also detected upon addition of the Cx43 hemichannel blocker Gap26 (Meunier et al., 2017). Finally, to address the involvement of astroglial D-serine in the above responses, its synthesis was blocked by delivering the serine racemase inhibitor L-erytho-3-hydroxyaspartate (HOAsp) specifically in astrocytes with a patch pipette. HOAsp has a low molecular weight (148 Da) which enables its diffusion within the GJC-mediated astroglial network. Importantly, HOAsp infusion prevented the HFS-induced potentiation of NMDAR-dependent currents; a phenomenon partially rescued by adding extracellular D-serine (Meunier et al., 2017). Altogether, these results imply that potentiation of glutamatergic transmission at the PFC depends on [Ca2+]i-mediated opening of astroglial Cx43 hemichannels and the consequent release of D-serine (Figure 3C).

The involvement of astroglial hemichannels in synaptic transmission has been correlated with their impact on higher brain function and behavior. As already mentioned in this article, in vivo blockade of Cx43 hemichannels at the BLA induces transitory and specific amnesia for auditory fear conditioning (Stehberg et al., 2012). Notably, learning capacity was recuperated by the co-administration of a cocktail of presumed gliotransmitters (lactate, glutamate, D-serine, glutamine, glycine and ATP), evidencing for the first time a physiological participation for astroglial Cx43 hemichannels in higher brain function. Recently, using a similar approach, these channels were reported to contribute to spatial short-term memory (Walrave et al., 2016). Intraventricular administration of the mimetic peptide Gap19 -which specifically blocks Cx43 hemichannels but not GJCs (Wang et al., 2013)- was found to significantly impair the spatial short-term memory, as examined with the delayed spontaneous alternation Y maze task (Walrave et al., 2016).

Panx1 channels have raised as crucial protagonists in the modulation of synaptic transmission and higher brain functions. In fact, total deletion of Panx1 enhances the amplitude of field excitatory postsynaptic potentials (fEPSPs) at hippocampal Schaffer collateral-CA1 synapses, an effect partially prevented by the exogenous application of adenosine (Prochnow et al., 2012). Furthermore, Panx1-/- mice exhibit increased anxiety and disturbed object recognition and spatial learning (Prochnow et al., 2012). It is known that adult Panx1-/- mice display both a long-lasting depletion of extracellular ATP in brain slices and cultured astrocytes (Santiago et al., 2011; Suadicani et al., 2012) and a compensatory up-regulation of metabotropic glutamate type 4 receptors (mGluR4s) (Prochnow et al., 2012). In consequence, the authors proposed that Panx1 channel-mediated release of ATP provides a feedback mechanism for counteracting hippocampal excitatory transmission, in where presynaptic activation of adenosine A1 receptors and the resulting inhibition of glutamatergic release adjust the synaptic strength within an effective range (Prochnow et al., 2012).



HEMICHANNELS AND PHYSIOLOGICAL FUNCTION: EVIDENCE FROM THE CENTRAL AND PERIPHERAL CHEMOREFLEX CONTROL OF THE VENTILATION

The homeostatic ventilatory response during chronic or acute exposure to high CO2/pH depends on the activity of central chemoreceptors. Several chemosensitive areas within the brainstem have been identified as crucial players in governing the central chemoreflex drive, such as the retrotrapezoid nucleus (RTN), parafacial respiratory group, raphe nuclei, the Pre-Bötzinger complex and ventral medullary surface (VMS) of the medulla oblongata (Nattie and Li, 2012; Guyenet, 2014). Particularly, a study in the VMS brought up the first compelling evidence linking the function of hemichannels with central respiratory CO2 chemosensitivity. Analyzing the VMS in ex vivo slices, Huckstepp et al. (2010b) found that CO2-dependent release of ATP, a major transmitter involved in hypercapnic ventilatory response (Gourine et al., 2005a,b), was insensitive to the Panx1 channel blocker probenecid, but sensitive to concentrations in which CBX act as hemichannel and GJC inhibitor (Huckstepp et al., 2010b). Because CO2-mediated ATP release at the VMS took place along with dye uptake in subpial and perivascular astrocytes expressing Cx26, hemichannels composed by this connexin were proposed as major contributors to this response. This assumption found plausibleness at the light of in vitro data in HeLa cells, where Cx26 transfection was enough to give them the capacity to release ATP and display hemichannel currents upon CO2 treatment (Huckstepp et al., 2010a). Later evidence revealed that a carbamate bridge between Lys125 and Arg104 might serve as a CO2 sensor in Cx26 (Meigh et al., 2013).

Follow-up studies uncovered that hemichannels also have a chemoreceptive role in the RTN. This nucleus is one of the main central chemoreceptor regions since it accounts for almost 90% of the total ventilatory response during hypercapnic stimulation (Takakura et al., 2014; Kumar et al., 2015). The precise mechanisms that confer CO2/pH sensitivity to RTN neurons seem to rely on the expression of both the pH-sensitive G-coupled receptor 4 (GPR4) and the background K+ channel (TASK-2), the latter reducing its activity in response to acidosis (Gestreau et al., 2010; Kumar et al., 2015). A growing body of evidence suggests that ATP released from astrocytes is the source of purinergic drive to CO2/pH-sensitive RTN neurons (Mulkey et al., 2006; Gourine et al., 2010; Huckstepp et al., 2010b; Wenker et al., 2010; Kasymov et al., 2013). Interestingly, work by Wenker et al. (2012) showed that CBX in concentrations that block both hemichannels and pannexons, significantly reduced the CO2-induced firing rate in RTN neurons. Given that hypercapnic stimulation of RTN neurons persisted in the absence of extracellular Ca2+, the authors proposed that CO2/pH-induced ATP release at the RTN relies on astroglial hemichannels rather than neuronal exocytosis (Wenker et al., 2012). Further molecular [e.g., tissue-specific inducible knockouts (KO)] and pharmacological (e.g., mimetic peptides) experiments are necessary to entirely understand the participation of astrocytes hemichannels and pannexons in central chemoreception and breathing control.

Besides breathing adaptations during high CO2 conditions, ventilation also needs to increase in circumstances of acute or chronic exposure to low levels of O2, thus coping with tissue O2 demands. This ventilatory reflex bases almost exclusively on the activation of peripheral but not central chemoreceptors. The major arterial peripheral chemoreceptors are the carotid bodies (CBs). Located bilaterally at the carotid bifurcation region, they embrace a polymodal ability to sense several stimuli, including a high sensitivity to changes in arterial O2 tension (Gonzalez et al., 1994). The CBs are organized in clusters of chemosensory units composed of chemoreceptor type I cells innervated by sensory terminals of the carotid sinus nerve, the whole being enwrapped by glial-like type II cells (Chen and Yates, 1984). Chemical synapses represent the major synaptic transmission route within the CBs and many transmitters have already been described in this system (Iturriaga and Alcayaga, 2004; Nurse, 2014). Although the precise mechanism underpinning CB chemoreception remains ignored, there is a consensus that chemical stimuli (hypoxia, acidity or hypercapnia) depolarize type I chemoreceptor cells, resulting in the Ca2+/vesicular-dependent release of ATP and subsequent firing in sensory terminals (Gonzalez et al., 1994; Nurse, 2010). The latter elicits a chemoreflex response that elevates ventilation and restores blood O2 and CO2 tension, as well as pH levels (Eyzaguirre and Zapata, 1984; Gonzalez et al., 1994; Iturriaga and Alcayaga, 2004; Nurse, 2010).

A series of studies have pointed out a possible role of Panx1 channels and purinergic signaling in peripheral CB-mediated chemoreception. It is known that ATP released at the synaptic cleft stimulates paracrine P2Y2 receptors of adjacent glial-like type II cells, resulting in [Ca2+]i increase (Xu et al., 2003). A few years ago, Zhang et al. (2012) demonstrated that P2Y2 receptor-dependent rise in [Ca2+]i is associated to prolonged depolarization and non-selective currents sensitive to CBX in concentrations that block in a greater degree Panx1 channels. The latter findings are consistent with the fact that P2Y receptor activation and consequent increase in [Ca2+]i result in the opening of Panx1 channels (Locovei et al., 2006). Similarly, a follow-up work showed that angiotensin II acting on AT1 receptors in glial-like type II cells triggers Panx1 channel opening and consequently ATP release (Murali et al., 2014). ATP from both, glial and chemoreceptor sources, is hydrolyzed extracellularly into adenosine which enhances chemoreceptors depolarization through A2A receptors, leading to more release of ATP (Murali and Nurse, 2016). These data suggest that activation of Panx1 channels in glial-like type II cells during chemotransduction contributes a positive feedback mechanism to potentiate the stimulus-evoked excitatory purinergic transmission between CB chemoreceptors and sensorial endings. This novel and interesting hypothesis deserves further investigation in order to elucidate whether it actually takes place in vivo.



NEUROINFLAMMATION, PERSISTENT OPENING OF HEMICHANNELS/PANNEXONS AND SYNAPTIC EXCITOTOXICITY

So far, we have discussed the multiple synaptic roles that hemichannels could perform at the normal nervous system. Nonetheless, another issue that has received increasing attention is how hemichannels, under certain pathophysiological scenarios, may favor brain disease progression. Hemichannels could be deleterious by (i) releasing excitotoxic levels of transmitters (e.g., ATP and glutamate), (ii) disturbing [Ca2+]i handling or (iii) altering cytoplasmic ionic and osmotic balance (Vicario et al., 2017). A keystone underlying this phenomenon came from the long-lasting production of inflammatory signals as a result of the impaired operation of the brain innate and adaptive immune system (Kim et al., 2016). Indeed, acute and chronic neurodegenerative conditions are often accompanied of neuroinflammation, which is characterized by reactive gliosis, release of inflammatory agents (chemokines, cytokines, NO, reactive oxygen and nitrogen species [ROS/RNS]) and in special circumstances of BBB breakdown and consequent entry of circulating immune cells (Becher et al., 2017). Reactive gliosis encompasses a sequential and multistage conserved microglial and astroglial response that reduces acute injury, recovering the homeostasis and confining brain damage (Kettenmann et al., 2011; Pekny and Pekna, 2014). However, during intense and persistent brain injury, both microglia and astrocytes may become a vast source of detrimental molecules rather than contributing to protect and control cell dysfunction. There is plenty of data demonstrating the detrimental effects of inflammation on glial cells and neuronal function (Giaume et al., 2013), but how hemichannels might participate in this process is just beginning to be understood.

Most evidence points to persistent hemichannel opening as a crucial event in the genesis and progression of glial cell dysfunction (Giaume et al., 2013). Diverse inflammatory mediators (e.g., cytokines, NO and ROS) are recognized inducers of hemichannel and pannexon activity in astrocytes and microglia (Retamal et al., 2006, 2007a; Takeuchi et al., 2006; Abudara et al., 2015; Avendano et al., 2015; Gajardo-Gomez et al., 2017). Early studies by Takeuchi et al. (2006) revealed that TNF-α induces glutamate efflux via microglial Cx32 hemichannels, while similar findings have been observed in human microglial CHME-5 cells (Shaikh et al., 2012). TNF-α in combination with IFN-γ evokes the opening of Cx43 hemichannels and Panx1 channels in EOC20 microglial cells (Sáez et al., 2013b). In the same line, the combination of TNF-α and IL-1β elevates the activity of astroglial Cx43 hemichannels by a pathway relying on p38 MAP kinase signaling and further NO generation (Retamal et al., 2007a; Abudara et al., 2015). These findings seem to support the idea that glial activation triggered by pathological agents may evoke the aperture of hemichannels and pannexons through the autocrine release of cytokines and subsequent activation of multiple downstream inflammatory agents such as NO, prostaglandins, ATP, and ROS. In agreement with this assumption, simultaneous neutralization of TNF-α and IL-1β with IL-1ra and sTNF-aR1, completely prevents the hemichannel and pannexon opening evoked by prenatal LPS exposure and amyloid-β peptide (Aβ) treatment (Avendano et al., 2015; Gajardo-Gomez et al., 2017). Moreover, the stimulation of iNOS and COX2, as well as the elevated levels of [Ca2+]i and NO, sustain the Panx1 channel-dependent release of ATP in LPS-treated microglia (Orellana et al., 2013), whereas NO-dependent Cx43 S-nitrosylation is critical in the opening of astroglial hemichannels induced by ROS (Retamal et al., 2006). Certainly, the activation of these cascades has been associated to glial hemichannel/pannexon activity in several disease contexts, such high cholesterol diet (Orellana et al., 2014), Aβ treatment (Orellana et al., 2011b; Gajardo-Gomez et al., 2017), restraint stress (Orellana et al., 2015), prenatal LPS exposure (Avendano et al., 2015), spinal cord injury (Garre et al., 2016), Alzheimer’s disease (Yi et al., 2016) and Niemann-Pick type C disease (Sáez et al., 2013a).

A pivotal feature in eliciting glial hemichannel activity relates to the immunomodulatory crosstalk that glial cells exert each other. For instance, microglia stimulated by pathological agents produce high levels of TNF-α and IL-1β, resulting in prominent in vitro and ex vivo astroglial Cx43 hemichannel activity (Retamal et al., 2007a; Abudara et al., 2015). Remarkably, microglia-mediated astroglial Cx43 hemichannel opening triggers Ca2+ entry and subsequent glutamate efflux, which disturbs hippocampal synaptic function (Abudara et al., 2015). At the other end, the release of ATP through astroglial Cx43 hemichannels and/or Panx1 channels (Braet et al., 2003; Iglesias et al., 2009; Garré et al., 2010) embraces a central pathway by which astrocytes govern microglial function (Verderio and Matteoli, 2001; Schipke et al., 2002). ATP-mediated opening of Cx43 hemichannels and Panx1 channels could evoke Ca2+-dependent release of ATP in microglia via the stimulation of P2X7 receptors (Bernier et al., 2012; Sáez et al., 2013b). Although opening of P2X7 receptors rise [Ca2+]i (Baroja-Mazo et al., 2013), a well-known condition increasing hemichannel and pannexon activity (Locovei et al., 2006; De Bock et al., 2012b); ATP release via Panx1 channels likely involves protein-protein interactions between Panx1 and P2X7 receptors (Locovei et al., 2007). In fact, P2X7 receptor-mediated activity of Panx1 channels has been associated to the release of IL-1β by a pathway involving the activation of the inflammasome (Pelegrin and Surprenant, 2006; Kanneganti et al., 2007). In this line, the opening of Panx1 channels in neurons and astrocytes causes caspase-1 activation along with stimulation of different elements of the multiprotein inflammasome complex, such as the P2X7 receptor (Silverman et al., 2009; Murphy et al., 2012; Minkiewicz et al., 2013).

Because hemichannels formed by Cx26 and Cx43 are permeable to Ca2+ (Schalper et al., 2010; De Bock et al., 2012b; Fiori et al., 2012) and their opening is regulated by [Ca2+]i (De Bock et al., 2012a; Meunier et al., 2017), one would expect that inflammation could increase glial hemichannel activity, resulting in abnormal Ca2+ dynamics and altered [Ca2+]i homeostasis. Ca2+ signaling is fundamental for maintaining biological processes that govern glial survival and glia-to-neuron communication such as mitochondrial metabolism, antioxidant defense, metabolic substrate production and gliotransmitter release (Verkhratsky et al., 2012). In this context, impairment of [Ca2+]i homeostasis linked to glial hemichannel opening could be critical in the possible vicious cycle underlying glial dysfunction during neuroinflammation (Agulhon et al., 2012). Accordingly, during inflammatory conditions, including treatments with LPS, IL-1β/TNF-α or amyloid-β peptide (Aβ), hemichannel opening has been associated with disturbed [Ca2+]i dynamics and reactive gliosis (Orellana et al., 2010; Sáez et al., 2013a; Abudara et al., 2015; Avendano et al., 2015; Rovegno et al., 2015; Gajardo-Gomez et al., 2017). How might hemichannels trigger glial cell death? Besides to impair [Ca2+]i dynamics, Ca2+ entry via hemichannels may cause Ca2+ overload, which could lead to free radical formation, lipid peroxidation and plasma membrane damage. Furthermore, osmotic and ionic imbalance evoked by the prolonged influx of Na+ and Cl- through hemichannels also could lead to subsequent cell swelling and plasma membrane breakdown.

How might inflammation-induced glial hemichannel opening impair neuronal function and survival? At this regard, it is possible to hypothesize that hemichannel-mediated glial dysfunction may affect neuronal function and survival by two mechanisms: (1) by making neurons more susceptible to damage evoked by neuroinflammation itself and (2) by altering glia-to-neuron gliotransmission (Figure 4). Because neurons require proper metabolic, antioxidant and trophic support from glial cells; likely their damage linked to hemichannel opening might collaterally enhance neuronal vulnerability to inflammation (Figure 4). Indeed, during well-known inflammatory conditions, including focal ischemia and traumatic brain injury, glial demise precedes delayed neuronal death, suggesting that glial survival is crucial for neuroprotection (Liu et al., 1999; Zhao et al., 2003). Although there is compelling evidence indicating that persistent hemichannel opening leads to glial cell death (Contreras et al., 2002; Orellana et al., 2010; Okuda et al., 2013; Rovegno et al., 2015), it is ignored whether this pathway might account for an important portion of the neuronal death in the inflamed brain or whether it occurs only in specialized circumstances.


[image: image]

FIGURE 4. Possible roles of glial hemichannels and pannexons during neuroinflammation. At early stages of different neurodegenerative diseases, increased inflammation activates glial Cx43 hemichannels and Panx1 channels (1), resulting in the release of gliotransmitters (ATP and glutamate) and further stimulation of NMDA and P2X7 receptors in neurons (2). NMDA and P2X7 receptor activation possibly increases the opening of neuronal Panx1 channels through phosphorylation of Panx1 by Src family kinases (SFKs) and direct protein-to-protein interactions, respectively (3). The latter could affect [Ca2+]i homeostasis leading to cell damage and further death. Uncontrolled activation of glial cells may result in reactive gliosis and subsequent damage by a mechanism that implicates the opening of hemichannels and pannexons (4). Specifically, permanent opening of Cx43 hemichannels and Panx1 channels could cause cell damage by different mechanisms. At one end, Ca2+ entry via Cx43 hemichannels or Panx1 channels may activate phospholipase A2 with the subsequent generation of arachidonic acid and activation of cyclooxygenase/lipoxygenase pathways, which consequently leads to elevated levels of free radicals, lipid peroxidation and plasma membrane breakdown (5). At the other end, Na+ and Cl- entry via Cx43 hemichannels or Panx1 channels may induce cell swelling due to an increased influx of H2O via aquaporins (6). Certainly, given that glial cells provide support to neurons; glial cell damage associated with hemichannel/pannexon opening could indirectly increase neuronal susceptibility and vulnerability to the homeostatic imbalance occurring during neurodegeneration.



On the other hand, the persistent opening of glial hemichannels triggered by inflammation may induce the uncontrolled release of gliotransmitters (e.g., ATP, glutamate and D-serine) that might be excitotoxic for neurons (Figure 4). According to this idea, astrocytes or microglia stimulated with Aβ release high amounts of glutamate and ATP via the opening of Cx43 hemichannels and pannexons, which results toxic for hippocampal and cortical neurons (Orellana et al., 2011a). A later study revealed that astrocytes pre-incubated with conditioned media from Aβ-stimulated microglia, release excitotoxic levels of glutamate and ATP through Cx43 hemichannels when treated with hypoxia in high glucose (Orellana et al., 2011b). Similar hemichannel-mediated excitotoxicity has been found in glial cells stimulated with TNF-α (Takeuchi et al., 2006), as well as in animal models of Alzheimer’s disease, ischemia or brain injury (Danesh-Meyer et al., 2012; Ishii et al., 2013; Yi et al., 2016; Gangoso et al., 2017). Substantial evidence has shown that hemichannel-dependent release of glutamate and ATP diminishes neuronal survival through the stimulation of neuronal NMDA/P2X7 receptors and Panx1 channels (Orellana et al., 2011a; Avendano et al., 2015). How glutamate and ATP impact neuronal hemichannel function and survival? Current data point out that neurons express functional Panx1 channels (Thompson et al., 2006, 2008) and their opening, as previously noted, could take place by protein–protein interactions with activated P2X7 receptors (Locovei et al., 2007) or via raising of [Ca2+]i (Locovei et al., 2006). In addition, the interaction of NMDA receptors with Src family kinases causes phosphorylation of Panx1 C-terminus and subsequent pannexon activity (Weilinger et al., 2012).



CONCLUDING REMARKS

Theoretically, synaptic-mediated changes in the number of functional hemichannels and pannexons at the glial cell membrane could operate in timescales ranging from seconds to hours and through a wide variety of mechanisms. Of particular interest for future studies are regulations related to gating properties, changes in trafficking of preformed channels or in the synthesis rate of de novo channels. In addition, alterations in the GJC/hemichannel ratio, as well as in the profile of contributing channels with different permeability properties to the synaptic cleft could, in theory, impact synaptic transmission. The temporal course of those mechanisms (milliseconds to hours) is physiologically relevant since it will set the temporal outcome for shaping either short-term (milliseconds to a few minutes) or long-term (minutes to hours) plasticity. In this scenario, glial undocked hemichannels and pannexons emerge as alternative non-vesicular pathways for gliotransmission to dynamically regulate neuro-glial crosstalk, neuronal networks, synaptic plasticity and high brain functions under physiological circumstances. Both hemichannels and pannexons provide a mechanism to adjust the gain of synaptic transmission and reshape the neural outcome in either resting or stimulated conditions. However, in pathological situations, alterations in hemichannel/pannexon function may result in inflammatory signaling that impairs glial survival and likely results in an excitotoxic mechanism that alters synaptic transmission and plasticity. As the function of these channels differs among physiological or pathological contexts, their signaling may act as a double edge sword facilitating the synaptic transmission or perpetuating synaptic impairment and cellular damage. Albeit progress has been done in order to deepen our knowledge about the role of hemichannels and pannexons during neurotransmission, supplementary research is required to assess their contribution in vivo.
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Mechanical stress and hypoxia during episodes of ocular hypertension (OHT) trigger glial activation and neuroinflammation in the retina. Glial activation and release of pro-inflammatory cytokines TNFα and IL-1β, complement, and other danger factors was shown to facilitate injury and loss of retinal ganglion cells (RGCs) that send visual information to the brain. However, cellular events linking neuroinflammation and neurotoxicity remain poorly characterized. Several pro-inflammatory and danger signaling pathways, including P2X7 receptors and Pannexin1 (Panx1) channels, are known to activate inflammasome caspases that proteolytically activate gasdermin D channel-formation to export IL-1 cytokines and/or induce pyroptosis. In this work, we used molecular and genetic approaches to map and characterize inflammasome complexes and detect pyroptosis in the OHT-injured retina. Acute activation of distinct inflammasome complexes containing NLRP1, NLRP3 and Aim2 sensor proteins was detected in RGCs, retinal astrocytes and Muller glia of the OHT-challenged retina. Inflammasome-mediated activation of caspases-1 and release of mature IL-1β were detected within 6 h and peaked at 12–24 h after OHT injury. These coincided with the induction of pyroptotic pore protein gasdermin D in neurons and glia in the ganglion cell layer (GCL) and inner nuclear layer (INL). The OHT-induced release of cytokines and RGC death were significantly decreased in the retinas of Casp1−/−Casp4(11)del, Panx1−/− and in Wild-type (WT) mice treated with the Panx1 inhibitor probenecid. Our results showed a complex spatio-temporal pattern of innate immune responses in the retina. Furthermore, they indicate an active contribution of neuronal NLRP1/NLRP3 inflammasomes and the pro-pyroptotic gasdermin D pathway to pathophysiology of the OHT injury. These results support the feasibility of inflammasome modulation for neuroprotection in OHT-injured retinas.
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INTRODUCTION

Hypoxia and mechanical stretch during episodes of ocular hypertension (OHT) induce neuroinflammation in the retina and optic nerve. Neuroinflammation is marked by activation of microglia and astrocytes, which is linked to the release of pro-inflammatory cytokines (Yang et al., 2011; Krizaj et al., 2014; Lim et al., 2016; Lu et al., 2017), other danger factors and deposition of C1q complement on neuronal dendrites (Williams et al., 2016; Liddelow et al., 2017). Neuroinflammatory damage that includes dendritic pruning, axonal injury and neurotoxicity was shown to facilitate injury and loss of retinal ganglion cells (RGCs) in the OHT-injured retina (Soto and Howell, 2014). Recent studies, performed in the glia-neuron co-cultures (Orellana et al., 2012; Liddelow et al., 2017) indicated that cytokines released by glia play a major role in such damage. Consistently, blockade of different pro-inflammatory signaling resulted in RGC protection (Dvoriantchikova et al., 2009; Yang et al., 2011; Howell et al., 2014; Krizaj et al., 2014; Madeira et al., 2015; Silverman et al., 2016; Williams et al., 2016). Pro-inflammatory cytokines, including the IL-1 family, are produced by glial, microglial and neuronal cells in the retina in response to ischemic injury and in glaucoma (Yoneda et al., 2001; Ivanov et al., 2006, 2008; Namekata et al., 2009; Qi et al., 2014). Their production is controlled by inflammasome activation and significantly increased after exposure to OHT (Barakat et al., 2012; Chi et al., 2014). Genetic ablation and/or pharmacological inhibition of caspase-1 or inflammasome regulators, including Panx1, IL-1 or P2X receptors was shown to protect retinal neurons in several injury paradigms (Yoneda et al., 2001; Zhang and Chintala, 2004; Arai et al., 2006; Pelegrin et al., 2008; Seki et al., 2009; Dvoriantchikova et al., 2012; Puyang et al., 2016).

Sterile injury-induced inflammasome activation has been demonstrated in neural cells of the central nervous system (CNS; de Rivero Vaccari et al., 2008, 2009; Abulafia et al., 2009). Activation of both canonical and non-canonical inflammasomes was documented in the inner retina and optic nerve of rodent eyes challenged with transient elevation of intraocular pressure (IOP; Dvoriantchikova et al., 2012; Chi et al., 2014; Qi et al., 2014; Albalawi et al., 2017). However, temporal and cellular expression patterns of inflammasome pathways in the retina exposed to the OHT injury remain poorly characterized. Canonical inflammasomes, assembled by the NLRP1, NLRP3 and Aim2 sensor proteins, proteolytically activate caspases 1 and/or 11 (caspase-4 in humans) that are essential for processing and release of IL-1β. This is typically marked by oligomerization of the apoptosis-associated speck-like (ASC) adaptor protein into a megacomplex with NLRPs/Aim2 sensors and caspase-1 to form ASC “specks.” The most recent research showed that, in addition to IL-1 precursors, caspases 1 or 11 also cleave the N-terminal pore-forming part of gasdermin D protein (GSDMD-NT). The GSDMD-NT fragments oligomerize to form membrane megapores that release IL-1 but could become cytolytic and cause pyroptotic cell death (Aglietti et al., 2016; Chen et al., 2016; Liu et al., 2016; Sborgi et al., 2016). Although inflammasome-induced pyroptosis have been shown to contribute to pathogenesis of age-related macular degeneration (Tseng et al., 2013; Brandstetter et al., 2016; Viringipurampeer et al., 2016; Kerur et al., 2018), potential role of pyroptosis in OHT injury has not been investigated so far.

Pannexin1 (Panx1) has been implicated in the pathophysiological cascade triggered by the OHT injury (Thompson et al., 2006; Bargiotas et al., 2009), as well as in inflammasome activation in the CNS and the retina (Dvoriantchikova et al., 2006, 2012; Silverman et al., 2009; Adamson and Leitinger, 2014; Beckel et al., 2014). In the retina, Panx1 is abundant in RGCs, where its expression level correlates with RGC sensitivity to ischemic and mechanical damage (Dvoriantchikova et al., 2018). Panx1 interactions with various membrane receptors underlie its responsiveness to a variety of common neurotoxic and danger signals (Krizaj et al., 2014; Makarenkova and Shestopalov, 2014). While TNF, TLR4 and IL-1 receptor-signaling regulate transcriptional “priming” of inflammasome components (Signal 1), the signaling via Panx1-P2X7 signalosome regulates their assembly (Signal 2), which is critically required for activation (Zhang and Chintala, 2004; Silverman et al., 2009; Yang et al., 2011; Krizaj et al., 2014; de Rivero Vaccari et al., 2014). The Panx1-P2X7 signalosome was shown to play a central role in the increase of extracellular ATP and dysregulation of intracellular Ca2+ and K+, the key inflammasome-triggers in the CNS and retinal injuries such as the mechanical/ischemic insult during the OHT injury (Krizaj et al., 2014; Makarenkova and Shestopalov, 2014).

What cell types are known to activate inflammasome in the post-ischemic or mechanically injured retina? Currently, a growing number of reports indicate that retinal pigment epithelium (RPE; Anderson et al., 2013; Brandstetter et al., 2015; Gelfand et al., 2015), astrocytes (Albalawi et al., 2017), Muller cells (Devi et al., 2012; Mohamed et al., 2014; Natoli et al., 2017) and microglia (Abulafia et al., 2009; Ystgaard et al., 2015) can activate NLRP3 inflammasome. Mixed retinal glia cultures responded robustly to ATP stimulation after priming by E. coli lipopolysaccharide (LPS; Murphy et al., 2012). Muller cells were shown to produce IL-1β under hyperglycemic conditions (Busik et al., 2008; Devi et al., 2012), photo-oxidative injury (Natoli et al., 2017) and in amyloid beta toxicity models (Dinet et al., 2012). Both astrocytes and Muller cells were reported to cause neurotoxicity after stimulation with activated microglia in various disease models (Natoli et al., 2017; Yun et al., 2018). However, relative activation of inflammasome and production of IL-1 cytokines is reportedly more robust in retinal astrocytes and Muller cells, rather than in microglia (Li et al., 2012; Ystgaard et al., 2015), suggesting that macroglial cells are the major drivers of neuroinflammatory damage in the inner retina.

In this work, we sought to determine spatial and temporal patterns of inflammasome activation after OHT injury. We detected that activation of three canonical inflammasomes, NLRP1, NLRP3 and Aim2 in retinal glia, microglia and RGCs is co-regulated by Panx1. To explore which danger signals produce the most robust activation, we applied defined inflammasome inducers to mouse retinas in vivo using intravitreal injection. Our results picture a complex pattern of neuron-glia interactions that underlie innate immune responses in OHT injury and facilitate the injury-induced neurotoxicity.



MATERIALS AND METHODS


Animals and Treatments

All experiments and postsurgical care were performed in compliance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and according to the University of Miami IACUC approved protocol #18-031. Wild-type (WT) animals used in our experiments were 2–4-month-old male mice of the C57BL/6 background. Mice were bred and maintained in the University of Miami animal facility and housed under standard conditions of temperature and humidity with a 12-h light/dark cycle and free access to food and water. The Panx1−/− mouse line was generated as described previously (Dvoriantchikova et al., 2012) and extensively characterized (Tordoff et al., 2015) thereafter. An alternative strain of Panx1−/− animals with full zygotic ablation of protein in mice with a B6 genetic background [Panx1−/−/B6, developed by V.M. Dixit (Qu et al., 2011)], was obtained from Genetech Inc. (Oceanside, CA, USA) and backcrossed with C57BL/6 for minimum of 7 generations. Casp1−/− Casp4(11)del mice were obtained from the depository at Jackson Laboratories (strain B6N.129S2-Casp1tm1Flv/J). Mouse strains with full ablation of Casp11 on the C57Bl/6 background [referred to as Casp11−/−, Jax strain B6.129S4(D2)-Casp4tm1Yuan/J] possessing WT Panx1, were purchased from Jackson Laboratory (Bar Harbor, ME, USA). The bioindicator mice expressing ASC fusion protein with a C-terminal Citrin (fluorescent GFP isoform), which allowed for the visualization of filamentous ASC “specks,” were provided by D. Golenbock (University of Masachussetts, MA, USA).

Intraocular injections of drug inhibitors and inflammasome-inducer cocktails were performed in a total volume of ≤2.0 μl using a G35 needle to minimize potential injury site and recovery time. The contralateral control eye received carrier (PBS or DMSO/PBS mix) without IOP elevation; naïve eyes were used as controls for systemic responses induced by unilateral injury. Probenecid was injected intraperitoneally 1 h prior to IOP elevation at 2.0 mM in sterile PBS as described (Mawhinney et al., 2011). Samples for IL-1β release and GSDMD expression studies were pooled from a group of 3–5 animals aged 2–4 months with a minimum of three biological repeats per treatment. The following inflammasome agonists and working concentrations were used for intraocular injections: from InVivogen, LPS-EB ultrapure (100 μg/ml, ID#tlrl-3pelps), ultrapure S. typhimurium flagellin (FLA-ST; 25 ng/ml, ID# tlrl-epstfla), nigericin (10 μg/ml, ID#tlrl-nig) and poly dA:dT synthetic DNA(15 μg/ml, ID# tlrl-patn); from Tocris, bzATP (100 μM, ID# 3312). For intracellular delivery, poly dA:dT synthetic DNA was mixed with Lipofectamine 2000 Transfection Reagent Thermo Fisher Scientific (ID# 11668027).



Cytokine Activity Assays

ELISA kits (IDs# ab197742) were used to measure IL-1β release in mouse vitreous. Following perfusion with PBS, mouse eyes were placed on ice and immediately dissected to obtain vitreous fluid. Three consecutive 25 μl flushes of the vitreous cavity with sterile PBS/protease inhibitor cocktail were combined with vitreous body fluid, spun for 5 min in a refrigerated centrifuge and stored at −80°C. The aliquots were processed for ELISA in parallel with standards and controls following the manufacturer’s instructions. Colorimetric assay was done using a FLUOstar Omega plate reader (BMG Labtech) and analyzed using MARS data analysis software (BMG Labtech). Values from the wells containing blank samples were subtracted as the background. To validate the significance of measurements at the lowest reading, the limit of detection (LOD) and limit of quantification (LOQ) ratios were calculated from empirical data obtained in the “zero” wells of each plate, as described (Shrivastava and Gupta, 2011). The minimum of three (N ≥ 3) biological repeats were used for each data point. Significance was calculated using one-way analyses of variance (ANOVA) followed by Tukey’s test for multiple comparisons.



Acute Ocular Hypertension (OHT) Injury Models

Transient retinal OHT (ischemia-reperfusion) was induced as previously described (Dvoriantchikova et al., 2009; Barakat et al., 2012). Prior to applying the isoflurane gas anesthesia, pupils were dilated with 1% tropicamide-2.5% phenylephrine hydrochloride (NutraMax Products, Inc., Gloucester, MA, USA); one drop of 0.5% proparacaine HCl (Bausch and Lomb Pharmaceuticals, USA) per eye was applied for corneal analgesia. Retinal ischemia was induced by increasing IOP above systolic blood pressure (to 120 mm Hg) for 45 min. IOP was elevated by direct cannulation of the anterior chamber of the eye with a 33-gauge needle attached to a normal (0.9% NaCl) saline-filled reservoir raised above the animal. The contralateral eye was cannulated and maintained at normal IOP to serve as a normotensive control. Complete retinal ischemia, evidenced by a whitening of the anterior segment of the eye and blanching of the retinal arteries, was verified by microscopic examination. After needle removal, erythromycin ophthalmic ointment (Fougera and Atlanta, Inc., Melville, NY, USA) was applied to the conjunctival sac. Mice were sacrificed at experimental time points by CO2 inhalation under anesthesia.



In situ RNA Hybridization

In situ RNA hybridization was performed using RNAscope technology (Advanced Cell Diagnostics, Hayward, CA, USA) following the manufacturer’s protocol, as described (Pronin et al., 2014). Briefly, at 12 h postinjury, experimental and control eyes were dissected, formalin fixed and embedded in optimal cutting temperature (OCT) medium. Whole-fixed mouse eyes were cut into 10 μm sections and mounted on SuperFrost Plus glass slides. After removing the OCT medium with PBS, slides were treated for 15 min with boiling pretreatment 2 solution, followed by pretreatment 3 (protease) for 30 min at 37°C. To reduce chromosomal DNA background, we introduced a DNase treatment step: slides were washed 5× with water and treated with DNase I (50 U/ml in 1× DNase I buffer, Ambion) for 40 min at 37°C. To demonstrate that the signal comes from hybridization of probes with mRNA, some slides were treated with a mixture of DNase I and RNase A (5 mg/ml). Following 5× wash with water, slides were hybridized with RNAscope probes for 2 h at 40°C. Following in situ RNA hybridization steps, regular immunohistochemistry was performed to colocalize transcript signals with retinal cell markers: RBPMS for RGCs, GFAP for astrocytes, glutamine synthetase for Muller glia and Iba1 for microglial cells. The fluorescent signals were visualized and captured using a Leica SP5 confocal microscope.



Real-Time PCR Analysis

Gene expression was assessed by real-time PCR (RT-PCR), using gene-specific primer pairs for mouse gasdermin D (Gsdmd) gene Gsdmd-F: TCATGTGTCAACCTGTCAATCAAGGACAT and Gsdmd-R: CATCGACGACATCAGAGACTTTGAAGGA. For the quantitative PCR this pair of primers was validated to span an intron and to amplify only one product. Total RNA was extracted using the Absolutely RNA Nanoprep kit (Agilent Technologies, Wilmington, DE, USA) and reverse transcribed with the Reverse Transcription System (Promega, Fitchburg, WI, USA). RT-PCR was performed in the Rotor-Gene 6000 Cycler (Corbett Research, Mortlake, Australia) using the SYBR GREEN PCR MasterMix (Qiagen, Valencia, CA, USA). Relative transcript abundances were calculated by comparison with a standard curve following normalization to the mouse Gapdh gene. The minimum of three biological repeats were used for each data point.



Immunohistochemistry

Eyes were enucleated, fixed in 4% paraformaldehyde for 30 min, and cryoprotected with 30% sucrose. Whole eyes were frozen and then sectioned to a thickness of 10 μm on a Leica cryotome (Germany). After washing, permeabilization and blocking, sections were incubated with a primary antibody for 4–16 h. Retinal flat-mounts were incubated with primary antibodies for 3–5 days at 4°C to ensure even staining across retinal layers. AlexaFluor dye-labeled and secondary antibodies (Thermo Fisher Scientific, Waltham, MA, USA) were applied for imaging. The following commercially available antibodies were used: neuronal Brn3a (Santa Cruz), class III β-tubulin (TUJ-1, Covance ID # MMS-435P), RBPMS (GeneTex ID# GTX118619), NeuN (Invitrogen ID#702022); glutamine synthetase (GeneTex ID# GTX109121); IL-1b (Cell Signaling ID#8689); Iba1 (Wako/FUJI ID# 019-19741), GFAP (Dako, cat#z0334), CD11b (Biolegend ID#101218), Casp1 (Novus Biologicals ID#NB100-56565R), Casp11 (Novus Biologicals ID# NB120-10454), ASC (Adipogen ID#AG25b-0006), NLRP1 (Novus Biologicals ID #NB100-56148), NLRP3 (Adipogen ID# AG20b-0014-C100), Aim2 (Boster Biological Technology ID#PB9683), GSDMD (Santa Cruz ID#sc-393656). Species-specific secondary fluorescence AlexaFluor dye-conjugated antibodies for confocal microscopy were purchased from Invitrogen/Molecular Probes, USA.



Western Blot Assay

Mouse retinas were isolated from enucleated eyes and dissolved in 200 μl of 1× T-PER tissue protein reagent (Thermofisher ID#78510) buffer. Lysates were homogenized and briefly sonicated (to destroy chromosomal DNA) and resolved on SDS-polyacrylamide gels, followed by immunoblotting using antibodies against proteins of interest. The secondary antibodies labeled with infrared IRDye 800CW or 680RD were from LI-COR, Inc. The immune complexes were visualized using an Odyssey (LI-COR) infrared fluorescence detection system, and for quantitative analysis, the signal in the band of interest was normalized to the signal for actin in the same lane.



Analysis of RGC Loss

RGC loss in the inner retina was assessed by direct cell counting using immunolabeling with a neuron-specific NeuN staining in the ganglion cell layer (GCL) layer. Whole retinas were flat-mounted and coverslipped, and specific fluorescence in the inner retina was imaged. To avoid topological irregularities, stacks of five serial images collected at a depth of 0–30 μm were collapsed to generate the “maximum projections” (standard feature of the Leica LAS AF software), where all imaged cells appear in sharp focus. These images were used for RGC counts with Image J (NIH, USA) software, after image thresholding and manual exclusion of artifacts. Individual retinas were sampled at 20 random fields in three regions/four retinal quadrants at the same eccentricities (5 at 0.5 mm, 10 at 1.0 mm and 5 at 1.5 mm from the optic disk) using a 20× objective lens as we reported earlier (Dvoriantchikova et al., 2012). RGC loss was calculated as the percentages of βIII-tubulin-positive cells in experimental eyes relative to sham-operated contralateral control eyes that were cannulated but maintained at normal IOP. The data from a minimum of five animals were averaged for each group/genotype.



Caspase-1 Activity Detection

The assays were performed using Caspase1 FLICA 660-YVAD-FMK detection kit (Immunochemistry Technologies Inc., ID#9122). Labeled caspase-1 substrate was added to the culture medium or injected intravitreally in vivo 1 h prior to cell fixing or animal termination. Cells and tissues were processed for imaging according to the manufacturer protocols. Caspase-1 positive cells were imaged (590/660 nm excitation/emission) by confocal microscopy.


Statistical Analysis

Data are presented as the mean ± standard deviation (SD) for gene expression and ELISA data or standard error (SEM) for RGC survival data. GraphPad Prism software (version 6.07; GraphPad Software, La Jolla, CA, USA) was used for statistical analysis. The minimum of three biological repeats per treatment were used for in vivo IL-1β release assessment and for gene expression analysis by quantitative RT-PCR. Groups of data were compared using ANOVA or two-tailed unpaired Student’s t-tests, with values of P < 0.05 considered statistically significant. The cell density data were analyzed with one-way ANOVA followed by Tukey’s test for multiple comparisons. For single comparisons, Student’s t-test was applied. P values < 0.05 were considered statistically significant.





RESULTS

We induced unilateral acute OHT in eyes of WT, Panx1−/− and Casp1−/−Casp4(11)del mice lacking both caspase-1 and caspase-11 inflammasomes and analyzed vitreo-retinal extracts from experimental and contralateral normotensive controls using ELISA. We detected release of IL-1β cytokines in WT eyes starting at 1.73 ± 0.19 pg/ml 6 h postinjury, peaking at 4.62 ± 1.28 pg/ml in 12 h and declining to 2.36 ± 0.56 pg/ml at 24 h after OHT injury (P < 0.05 at all time points; Figure 1A, red line). Normotensive WT control eyes showed statistically significant IL-1β release of 0.69 ± 0.11 pg/ml only at 6 h postinjury, which is consistent with the reported bilateral effect of unilateral ischemic injury (Sapienza et al., 2016). Relative to the WT eyes, the OHT-induced IL-1β release in Panx1−/− mice was approximately 2-fold lower at all time points, reached the maximum of 2.8 ± 0.25 pg/ml at 12 h and 1.12 ± 0.11 pg/ml at 24 h postinjury (Figure 1A, blue line). No IL-1β release was detected in normotensive control eye of Panx1−/− (green dotted line) or Casp1−/−Casp4(11)del mice (CaspDKO, Figure 1A, dotted yellow line). Consistent with these findings, Western blot analysis of retinal extracts from the OHT-injured eyes showed increased levels of the principle IL-1 convertase caspase-1 and the major pore-forming protein GSDMD as well as that NLRP3 sensor protein at 12 and 24 h postinjury (Figure 1B). Both Casp1 and GSDMD showed cleaved mature isoforms, the evidence of their proteolytic activation, at the same time points. To further validate the OHT-induced acute activation of GSDMD, we used RT-PCR to confirm gene activation. Our analysis detected robust increase of GSDMD expression, averaging 6.5- and 3.4-fold increase relative to normotensive control eyes (8.1- and 12.2-fold relative to naïve eyes) at 12 h and 24 h postinjury, respectively (Figure 1C). Noteworthy, the control eyes showed a significant 2.1- and 3.6-fold increase in GSDMD expression relative to naïve eyes at 6 h and 24 h postinjury.
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FIGURE 1. Inflammasome activation after ocular hypertension (OHT) injury. (A) IL-1β cytokine release from OHT-challenged retina measured in naïve eyes, normotensive control (dotted lines) and experimental eyes (solid lines) at 6, 12 h and 24 h after injury in C57Bl6/J [Wild-type (WT), red], Panx1−/−(Px1KO, blue) and Casp1−/−Casp4(11)del (CaspDKO, dotted yellow) mice. Significant IL-1β release from control normotensive control eyes was only detected in WT animals (WT Cntr, dashed) at 6 h post-OHT; the zero level release from Px1KO and CaspDKO is shown as green dotted line. Gray dotted line represents limit of detection (LOD)/limit of quantification (LOQ) value of 0.58 ± 0.036 for these series of experiments. Statistics: mean ± standard deviation (SD); *P < 0.05; ns, no significance; N = 6. (B) Western blot analysis of NLRP3, Casp1 and gasdermin D proteins in control and experimental WT retinas at 6, 12 and 24 h post-OHT retinas. Untrimmed gel images: Supplementary Figure S4. (C) Changes in GSDMD gene expression in post-OHT retinas at 6, 12 and 24 h postinjury was assessed by qRT-PCR relative to naïve and normotensive control (cntr) retinas (N = 3). Results are presented as fold change in Gsdmd transcript abundance, normalization to Gapdh. Statistics: mean ± SD, **P < 0.01, T-Test; ns, non-significant changes.



Next, we asked the question whether inflammasome activation contributes to neuronal loss in OHT injury. Using a gene knockout approach, we showed that ablation of the Casp1 gene protected RGCs (3.4 ± 3.4% vs 26.4 ± 4.9% loss in WT OHT retinas, Figure 2A). A similar effect was achieved by genetic ablation of the Panx1 gene (4.5 ± 5.1% loss), the upstream regulator of the inflammasome assembly. Importantly, a similar level of protection was achieved with pharmacological blockade of the Panx1 channel by the specific blocker probenecid (Pbcd). Noteworthy, Casp1−/− mouse line from the Jackson Labs repository has the Casp11-inactivating Casp4(11)del passenger mutation, known to block pyroptosis induced by intracellular LPS (Yang et al., 2011; Aglietti et al., 2016). To test whether caspase-11 is also involved in OHT-induced neurotoxicity, we measured RGC survival in injured retinas of the Casp11−/− knockout strains, as well as in the Panx1−/−Casp1+ animals (obtained from Genentech, back-crossed to C57Bl6 background for seven generations) that have functional Casp4(11) gene. In these experiments, we applied isoflurane gas instead of ketamine/xylasine anesthesia to take advantage of an increased (from 26% to about 65%) post-IR injury RGC loss rate, which would allow us detecting even minor differences in protection. Casp11 KO mice showed a 72.7 ± 2.9% loss of NeuN-positive cells that was not statistically different from the loss in the WT (64.7 ± 5.2%) retina (Figure 2). The fact that similar levels of RGC protection were observed in both Panx1−/− and Casp1−/−Casp4(11)del animals (4.5 ± 5.1% and 3.4 ± 3.4%, respectively), while the Casp11−/− animals lacked (72.7 ± 2.9% vs 64.7 ± 5.2% loss) protection, helped us to rule out active Casp11 involvement in post-OHT degeneration (Figure 2B).
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FIGURE 2. Blockade of inflammasome pathways suppresses retinal ganglion cell (RGC) loss in OHT. (A) RGC loss [NeuN+ cells in the ganglion cell layer (GCL)] was assessed as % change between experimental and normotensive control eyes of same animals after OHT injury. The loss in retinas with genetic ablation of pannexin-1 (Px1KO; 4.5 ± 5.1%, N = 11), of both caspases −1 and −11 (CaspDKO, 3.4 ± 3.4%, N = 5) was compared to that in WT (C57Bl6J, 26.4 ± 4.9%, N = 10) reference retinas and in WT mice with 2.0 mM probenecid treatment (WT Pbcd, 4.4 ± 6.0%, N = 5). (B) RGC loss after OHT injury performed under isoflurane gas anesthesia was assessed in the WT (64.7 ± 5.2%) retinas, Panx1−/−/Casp11+/+ retinas (41.1 ± 8.9%) and in the retinas with Caspase-11 ablation (72.7 ± 2.9%). Statistics: mean ± standard error (SEM), **P < 0.01; ns, no significance;significance: one-way analyses of variance (ANOVA) and Tukey test for multiple comparisons.



To map the activity of Casp1 interleukin convertase in retinal cells, we performed in vivo intravitreal injections of fluorescent Casp1 substrate FLICA 660-YVAD-FMK into both experimental (OHT) and normotensive control mouse eyes. The majority of Casp1-active cells localized within the inner nuclear layer (INL) and GCL layers of the inner retina (Figure 3A). As expected, Panx1 knockout or the treatment with the Panx1 blocker probenecid resulted in a dramatic suppression of Casp1 activity, particularly in the GCL, at 12 h post-OHT. Immunohistochemistry showed very low levels of Casp1 colocalizing to RGCs and their processes and retinal microvasculature in normotensive control eyes (NT Cntr, Figure 3B). In agreement with the activity mapping data, these levels were significantly increased in experimental OHT eyes of WT at 12 h and peaked at 24 h postinjury. Colocalization analysis showed the most intense specific staining for Casp1 protein in the GCL, colocalizing with RGCs (RBPMS+) and RBPMS− neurons at 12 h and with astrocytes in the neurofiber layer at 24 h (Figure 3B).


[image: image]

FIGURE 3. Activity of Casp1 in OHT-injured and normotensive control eyes. (A) Casp1 was detected by intraocular injection FLICA660-labeled substrate (green) in vivo 24 h after injury. Bright labeling (arrows) is evident in cells in the GCL and inner nuclear layer (INL) layers of the OHT-challenged retinas, a diffuse labeling of cell processes located in the IPL. Casp1 activity is diminished in Panx1−/− (Px1−/− OHT) retinas and WT retinas treated with probenecid (WT/Pbcd) at 12 h postinjury. (B) The analysis of the Casp1 immunolabeling (red, white arrows) in normotensive (NT control) and injured (OHT) retinas at 12 h and 24 h postinjury. Yellow arrows denote Casp1 colocalization with RGCs (RBPMS +, green) as well as with other cells at 24 h post-OHT. Bar, 25 μm.



Next, we investigated inflammasome sensor proteins potentially involved in proteolytic activation of Casp1 and release of IL-1β in OHT injured retinas. For this purpose, we examined expression of canonical NLRP1, NLRP3 and Aim2 using RNAscope mRNA in situ hybridization and immunostaining. RNAscope data analysis showed differential levels of expression of NLRP3 and Aim2 genes in the INL and GCL of OHT-challenged retinas relative to normotensive retinas at 12 h post-injury (Figure 4). In normotensive eyes, the expression of NLRP1 and NLRP3 genes (individual transcripts visualized as green and white dots, respectively) was observed in both GCL and INL layers. The NLRP3 and Aim2 gene transcripts were relatively abundant in the INL vs. GCL layers, while NLRP1 transcript showed similar abundance across the two layers (Figure 4). In the OHT-injured retinas, the NLRP3 and Aim2 transcripts showed an increase in abundance at 12 h after acute OHT injury compared to normotensive sham-treated control eyes. NLRP3 became more abundant in both GCL and INL (Figure 4A), Aim2 transcript had increased abundance only in the INL after OHT injury (Figure 4B), and NLRP1 remained unchanged.
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FIGURE 4. Gene expression and cellular distribution of NLRP1, NLRP3 and Aim2 sensors in the retina. (A) RNAscope analysis of NLRP1 (green dots, yellow arrows) and NLRP3 (white dots, white arrows) transcript abundance in normotensive control (NT control) and experimental (OHT) retinas at 12 h postinjury. (B) Aim2 transcript (red dots) abundance in normotensive control and experimental retinas. Co-staining for the Muller glia marker glutamine synthetase (GlSyn, green) is added to indicate cellular expression of Aim2 in the GCL layer (yellow arrows) and INL (white arrows) in control and 12 h post-OHT retinas. Bar, 25 μm on all panels.



To determine the cell types expressing distinct inflammasomes, we used multiplexing of the RNAscope labeling of transcripts with immunostaining for common glial cell markers: GFAP for astrocytes and glutamine synthetase (GlSyn) for Muller cells. In control normotensive retinas, the transcripts for NLRP1 colocalized predominantly with cells in the GCL, where astrocytes, microglia and two types of neurons, RGCs and displaced amacrine cells, are located. In both normotensive and experimental eyes 12 h after the OHT injury, the NLRP1 transcripts showed colocalization with cells in the INL and GCL, the retinal layer populated with astrocytes and RGCs (Supplementary Figure S1). Further analysis using co-immunostaining for GFAP marker protein showed no colocalization of NLRP1 transcripts with astrocytes (GFAP+ cells in the NFL later), in either normotensive control of OHT-challenged eyes (Supplementary Figure S1). The transcripts for gene encoding Aim2 sensor protein co-localized predominantly with GlSyn-positive Muller cells in the INL (Figure 4B).

Immunohistochemistry analysis showed labeling specific to the NLRP1 protein in the inner retina of normotensive eyes, where it predominantly colocalized with the RGC marker RBPMS (Figure 5A). The OHT challenge did not cause an increase in the NLRP1 labeling in these neurons and their axons in the NFL at 24 h post-insult (Figures 5A,D). NLRP1 labeling was also detected in axonal bundles in the NFL and in the RGC dendrites (Figures 5A,D). However, in contrast to NLRP1, the immunolabeling for NLRP3 protein has increased by 24 h post-OHT, colocalizing mostly with RGCs and RBPMS-negative neurons in the GCL and astrocytes in the NFL (Figures 5C,D). In both naïve an normotensive control retinas, NLRP3 labeling co-localized with GFAP+ astrocytes and, to a less degree, with CD11b+ microglial cells (Supplementary Figure S2A). No overlap was detected between NLRP3 and Aim2 labeling. Notably, in the outer retina, the highest NLRP3 labeling localized to the RPE (Supplementary Figure S2B). Immunohistochemistry showed strong colocalization of Aim2-specific labeling with the Muller glia marker GlSyn (Figure 5B). Combined, these data allow us to conclude that three canonical inflammasomes become activated early after OHT injury: NLRP1 and NLRP3 inflammasomes in the GCL, the NLRP3 inflammasome in astrocytes and the Aim2 inflammasome in Muller glia. Immunohistochemical evidence indicates expression of NLRP1 in RGCs of normotensive and naïve control retinas and expression of both NLRP1 and NLRP3 in these neurons after OHT challenge.
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FIGURE 5. OHT-induced upregulation of Aim2 inflammasome in the retina. (A) NLRP1 antibody labeling (red) in the inner retina; yellow arrows indicate colocalization with RGC neurons (RBPSM+) in the GCL. (B) Immunohistochemistry for Aim2 protein (red) and Muller glia marker (GlSyn, green). Arrows show colocalization with Muller glia; no colocalization is detected with astrocytes (GFAP, white) in both control and 24 h post-OHT retinas. (C) NLRP3 labeling (green) in the inner retina of naïve and control eyes localized only to blood capillaries (white arrowhead) and astrocytes (yellow arrows), but not to RGCs (RBPMS cells). At 24 h post-injury the labeling in large cells in the GCL and INL (white arrows) are observed. (D) The NLRP1and NLRP3 proteins localized to distinct cell types in the GCL of naïve and NT control retinas: NLRP3 (green) is only expressed in blood vessels (white arrowheads). Twenty four hours after OHT, NLRP3 colocalizes with NLRP1 in RGCs (yellow arrows) and to RBPMS- cells (white arrows). Blue arrowheads denote labeling in RGC axons and dendrites. Bar, 25 μm on all panels.



Next, we studied formation of the mature inflammasome complexes, referred to as ASC specks, which we visualized using a transgenic bioindicator model expressing fluorescent ASC-citrin fusion protein (Tzeng et al., 2016). ASC-citrin was shown to incorporate into oligomerizing inflammasome complexes to brightly label the ASC specks in vivo, thus providing a surrogate inflammasome activation marker in mouse tissues (Scheiblich et al., 2017; Venegas et al., 2017). Scarce small size ASC specks of incompletely assembled complexes colocalized primarily with glia-vascular interfaces in naïve retinas, a striking contrast to the large, mature ASC specks of active fully assembled complexes that were abundant in the GCL and INL of the OHT-challenged retinas (Figures 6A,B). Relative to naïve tissues, the normotensive control retinas had an increased speck abundance, with the most specks observed along blood vessels (Figure 6A), suggesting that the pro-inflammatory effect of the contralateral eye injury (Sapienza et al., 2016) is spread via systemic circulation. Immunostaining for cell markers in retinal sections showed occasional colocalization with astrocytes and RGCs in control normotensive eyes (Figures 6B,C), where specks aligned well with blood vessels ensheathed with astrocytes. In the post-OHT retina, a proportion of specks colocalized with astrocytes and CD11+ microglial/macrophage cells in NFL as well as with RBPMS-positive RGCs in the GCL (Figures 6B–D). The analysis of the INL showed ASC speck colocalization with GlSyn-positive Muller cells in retinal wholemounts, whose nuclei reside at approximately 40–45 μm deep below NFL layer (Figure 6E). The analysis of immunostaining for the ASC protein showed a robust induction at 24 h post-OHT but the pattern was different from ASC-citrin labeling, most likely because antibodies selectively recognized monomeric ASC. The labeling was observed in both RGCs, RBPMS-negative neurons in the GCL and in astrocytes in the NFL (Supplementary Figure S3).
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FIGURE 6. OHT injury caused an increase in apoptosis-associated speck-like (ASC) expression and ASC speck formation in the mouse retina. (A) Scarce ASC-citrin specks (green, white arrows) are detected in naïve retinas; the smallest specks were lined up along microvasculature (yellow arrowheads). In post OHT retinas, larger size specks were observed; normotensive control eyes had an increased speck density, particularly along blood vessels (arrowheads). (B) Immunostaining for astroglial cell marker (GFAP, red) revealed ASC speck (arrows) associated with astrocytes in OHT retinas, but not in naïve retinas. In control normotensive eyes ASC specks were localized in vasculature (arrowheads) ensheathed by astrocytes. At 24 h post-OHT, large specks are observed in astrocytes. Smaller specks colocalized with perivascular macrophages (CD11b, magenta). (C) Immunostaining in retinal slices shows ASC speck colocalization with RGCs (RBPMS, red) and microglia (CD11b, magenta) in OHT injured and control retinas. (D) Snapshots of 3D reconstructions showing ASC specks (arrows) colocalizing with astroglia (GFAP, red) and RGCs (RBPMS, magenta) in the GCL. (E) The analysis of retinal wholemounts showed ASC-citrin speck (arrows) at 45 μm depth show co-localizes with Muller glia marker GlSyn (magenta) in the INL at 24 h post-OT injury. Bar, 50 μm on all panels.



To explore which inflammasome complexes are activated in the retina in response to distinct pro-inflammatory danger signals, we unilaterally injected cocktails of well-characterized inflammasome agonists into the vitreous body of the mouse eye without IOP elevation. The four cocktails, containing 100 ng/ml LPS mixed with 10 μg/ml nigericin (NLRP3 agonist), 2.5 mM ATP (NLRP1 and NLRP3 agonist), S. typhimurium flagellin 20 ng/ml (FLA-ST, an NLRC4 agonist) and Lipofectamine-conjugated poly dA:dT DNA (intracellular agonist of Aim2, 15 μM/eye), were unilaterally injected into experimental eyes with contralateral control eyes receiving vehicle only. The analysis of the ELISA data showed release of IL-1β in vivo in the retinas treated with these cocktails (Figure 7A). We observed the strongest release in the eyes treated with the LPS/bzATP cocktail. Importantly, this treatment triggered an early (6 h postinjection) induction of the NLRP1/NLRP3 inflammasome in RGCs and astrocytes as evidenced by the analysis of the ASC-citrin speck colocalization with RBPMS and GFAP markers, respectively (Figures 7B–D).
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FIGURE 7. Inflammasome activation in the lipopolysaccharide (LPS)-primed retinas in response to canonical inflammasome inducers. (A) IL-1β release from the LPS-primed retinas challenged with canonical inflammasome inducers nigericin (NIG, 10 μM), ATP (bzATP 100 μM) and poly dA;dT DNA (dAT DNA, 15 μM) 24 h post-injection. *P < 0.05; **P < 0.02. (B) Representative micrograph of ASC speck (green) the ASC-citrin mouse eye, treated with LPS+bzATP mix for 24 h. Co-localization with RGCs (yellow arrows) and astrocytes (blue arrowheads) in the GCL layer of retina wholemount was analyzed using immunostaining for RBPMS (white) and GFAP (red) markers. The image is the maximal projection of a 30 μm thick confocal z-stack. (C) Immuno-histochemistry analysis of the pyroptotic marker protein gasdermin D expression show colocalization with RBPMS+ cells in the GCL (yellow arrows) at 12 h postinjury. At 24 h after OHT a considerable increase in GSDMD labeling was detected. (D) GSDMD labeling at 12 h postinjury showed colocalization with GFAP-positive astrocytes (As, yellow arrow), but not with microglia and macrophages (CD11b +, white arrows). Bar, 25 μm on all panels.



Our results, showing upregulation of three distinct canonical inflammasome complexes at 12–24 h post-OHT, raised the question whether RGC pathology in the inner retina is associated with pyroptotic cell death. The Western blot analysis of retinal extracts (Figure 1B) showed a time-dependent increase in expression and cleavage of gasdermin D (GSDMD), which is required for pyroptotic pore formation. Immunohistochemistry analysis confirmed an increase in GSDMD staining at 12–24 h postinjury (Figure 8). Importantly, RGCs were the first cell type in the GCL to become strongly GSDMD-positive at 12 h postinjury, while the labeling in astrocytes and microglia was very weak at this time point (Figure 8A). At 24 h, we detected a mild GSDMD-positive labeling of RGCs with patchy labeling of the plasma membrane that is consistent with pre-pyroptotic bubbling of the plasma membrane (Figures 8B–D). These cells were also weakly positive for Casp1 and RBPMS, and had shrunken nuclei or lacked one completely. Taken together, our results indicate that OHT injury-induced release of IL-1β occurred within hours after the insult and correlated with similarly rapid increases in gasdermin D and caspase-1 activation, first in RGCs and later in astroglia. Thus, it is reasonable to suggest that a retinal inflammasome caused Casp1-mediated pyroptotic pore formation that mediated IL-1β release have subsequently induced pyroptotic cell death in GSDMD-positive neurons.


[image: image]

FIGURE 8. Post-OHT activation of gasdermin D (GSDMD) in the GCL. (A) Cytosolic labeling for gasdermin D co-localized with RGCs (RBPMS, white). At 12 h postinjury no co-localization was detected with GFAP+ astrocytes (As, red, yellow arrows) or CD11b + microglia (MG, white, white arrows). (B) At 24 h post-OHT only low-grade GSDMD + Casp1 + cells with altered morphology, condensed or lacking nuclei are observed (yellow arrows), some retaining weak RBPMS marker labeling (white).GSDMD staining is mostly grainy. (C) GSDMD + cells (yellow arrows) are observed in close vicinity of astrocytes only in OHT injured but not in control retinas. (D) Inset shows a high resolution image of grainy GSDMD + labeling in neurons with altered morphology, condensed or lacking nuclei (yellow arrows) at 24 h post OHT. Astrocytes (red) in vicinity of GSDMD + neurons are highly positive for Casp1. Bar, 25 μm on all panels.





DISCUSSION

In this study, we demonstrate that activation of the inflammasome and release of IL-1β in the retina occur within a few hours after OHT injury. Our evidence indicates that this acute inflammasome activation triggers pyroptotic death of RGCs via caspase-1-mediated mechanism.

We demonstrate that activation of the inflammasome and release of IL-1β in the retina occur within a few hours after OHT injury. We found three canonical inflammasome complexes in the retina: NLRP1, NLRP3 and Aim2, which had a distinct distribution in cell types (Figures 4, 5, Supplementary Figures S1–S3). Inflammasome activation was detected at the transcriptional level by RNAscope, at the protein level by immunohistochemistry, and at the functional level by the analysis of responses (i.e., IL-1β release) to the OHT injury or specific agonists in vivo. Our results are consistent with earlier studies that have detected NLRP1 and NLRP3 activation in RPE and astrocytes (Doyle et al., 2012; Tarallo et al., 2012; Chi et al., 2014; Qi et al., 2014; Albalawi et al., 2017). To the best of our knowledge, activation of NLRP1 and NLRP3 in retinal neurons are new findings. The neurotoxic activity of the Aim2 inflammasome has only been reported in the brain (Adamczak et al., 2014; Ge et al., 2018), but not in the retina. It remains to be determined, however, if activation of Aim2 which we detected in the Muller glia, plays any role in OHT injury-induced neurotoxicity. Activity of another type of inflammasome, NLRC4, was only detected by immunohistochemistry, so we did not pursue its further study.

Our immunohistochemistry data show that each type of inflammasome complex had a distinct cellular and temporal pattern of activation. In particular, the NLRP1 complex is constitutively active in RGCs, NLRP3 has low grade constitutive activity in astrocytes and vasculature but is OHT-inducible in GCL neurons, and the Aim2 complex is active in Muller glia. A certain level of constitutive activity of the three inflammasomes suggests that IL-1 signaling has a role in retinal homeostasis, as proposed in the literature (Namekata et al., 2009).

Analysis of events induced by OHT showed acute increase in inflammasome activity both in retinal neurons and glial cells in the GCL and INL layers. Which mechanism of danger signaling is the key for OHT injury-induction of inflammasomes? To this end, we show that the disruption of Panx1 signaling inhibits caspase-1 activation, suppresses and delays IL-1β release (Figures 1A, 2A). Most likely, Panx1 induces inflammasome via ATP release from mechanically stressed or ischemically injured cells. Purinergic signaling via a cell surface complex comprised from the Panx1 channel and P2X7 receptor has been implicated in inflammasome activation in the brain (Pelegrin et al., 2008; Silverman et al., 2009; de Rivero Vaccari et al., 2009) and retina (Kerur et al., 2013; Albalawi et al., 2017; Platania et al., 2017). It responds to extracellular ATP, facilitating inflammasome activation in paracrine and autocrine fashions (Reigada et al., 2008; Xia et al., 2012; Beckel et al., 2014). The fact that intravitreal injection of ATP in triggered the highest level of IL-1β release and ASC speck induction in RGCs and astrocytes (Figures 6, 7A), supports the importance of ATP-induced danger signaling for retinal inflammasome induction.

The current paradigm identifies microglia and macroglia as main drivers of neurotoxic inflammation in the retina (Hernandez, 2000; Bosco et al., 2012; Tezel et al., 2012; Abcouwer et al., 2013; Formichella et al., 2014; Mac Nair et al., 2016; Silverman et al., 2016). This model was based largely on the observed protection for RGCs against excitotoxicity and OHT-injury in mouse genetic models with suppression of glial (Ganesh and Chintala, 2011) or microglial (Silverman et al., 2016) activity or astroglial NF-kappaB signaling (Dvoriantchikova et al., 2009; Barakat et al., 2012). Contrary to this glia-centric model of neuroinflammation, our results argue that RGCs and other neurons in the GCL also directly participate in the innate immune response. Furthermore, we propose that neurons are the cell type that triggers injury response within a few hours; this occurs via activation of the neuronal NLRP1 and NLRP3 inflammasomes. The presence of basal NLRP1 and NLRP3 activity can prime the cells for quick response via the acute upregulation of Casp1 and cleavage of gasdermin D, which we detected in the inner retina after the OHT injury.

Inflammasome activation in various pathologies was shown to cause cell death via pyroptosis (Celkova et al., 2015; Viringipurampeer et al., 2016; Kerur et al., 2018). We have obtained evidence of caspase-1-mediated pyroptotic cell death during acute inflammasome activation and asked whether pyroptosis can contribute to neuronal death following IOP elevation? Together with the strong RGC protection by the knockout of pro-pyroptotic caspase-1, the induction of the gasdermin D pore protein in these cells supports such contribution (Figures 1C, 2C, 7B and 8). Interestingly, the strongest induction of caspase-1 and its substrate gasdermin D occurred in GCL neurons (Figures 3B, 7C, 8A). The dramatic morphological changes in RGCs spatially and temporally correlated with activation of caspase-1 and gasdermin D at 12–24 h postinjury (Figures 8B–D). These changes included nuclei shrinkage/loss in the RBPMS+cells with GSDMD-specific immunolabeling at the surface, which is consistent with pyroptotic death-induced membrane bubbling (Chen et al., 2016). Taken together, our results indicate that inflammasome activity-induced pyroptosis directly contributes to RGC death after transient IOP elevation.

Our discovery of pyroptosis as the early cell death type in OHT injury is highly significant because this is the most pro-inflammatory type of cell death. Pyroptotic release of ATP, ASC specks, HMGB1 and other danger signals from dying cells was shown to spread inflammation and induce secondary death of neural and blood endothelial cells (de Rivero Vaccari et al., 2014; Venegas et al., 2017; Ge et al., 2018). Retinal microenvironment changes, conditioned by pyroptotic release of these danger factors can significantly contribute the wave of secondary death both directly, via circulation or glial neuroinflammation. In fact, we found evidence that inflammasomal ASC specks can spread from the experimental eye into the contralateral control (normotensive) via blood capillaries (Figure 6A).

This study illuminates the role of neuronal inflammasome in triggering cell death. However, our data here and in earlier studies (Brambilla et al., 2009; Dvoriantchikova et al., 2009; Nikolskaya et al., 2009; Barakat et al., 2012) as well as other investigators (Tezel and Wax, 2000; Yuan and Neufeld, 2000; Ju et al., 2006; Bosco et al., 2008, 2012; Orellana et al., 2012) establish the involvement of glia and microglia in RGC pathology. It is also possible that active glia-microglia or glia-neuron signaling could facilitate neuronal pyroptosis, and indeed astrocytes and microglia are present in the vicinity of GSDMD-positive RGCs (Figures 7C, Supplementary Figure S3B). Alternatively, the timing of the observed inflammasome induction in RGCs may suggest that danger signaling, particularly ATP and ASC speck release from pyroptotic neurons can attract phagocytic microglia and astrocytes (Verderio and Matteoli, 2001; Choi et al., 2007; Brown and Neher, 2010; Chu et al., 2012; Venegas et al., 2017). An active role of such indirect signaling has been suggested in reports on hemichannel-mediated neurotoxic signaling (Bennett et al., 2012; Orellana et al., 2014) and microglial cytokine-mediated conversion of A1 astrocytes (Liddelow et al., 2017; Yun et al., 2018). These channels are particularly abundant in RGCs and were shown to facilitate OHT-induced ATP release from both glia and RGCs (Reigada et al., 2008; Xia et al., 2012; Beckel et al., 2014; Albalawi et al., 2017). Overactivation of Panx1 was shown to be essential to RGC death and retinal neuroinflammation following OHT injury (Dvoriantchikova et al., 2012, 2018). In this work, we also showed that genetic ablation or pharmacological blockade of Panx1 suppressed inflammasome activity and protected RGCs similarly to the Casp1−/−Casp4(11)del knockout (Figure 2). We hypothesize that the initial insult kills neurons via pyroptosis during acute injury phase, whereas danger signaling (e.g., ATP and K+ release from dying neurons) facilitates activation of the retinal macroglial and microglial cells to induce secondary degeneration.

The question remains whether acute neuronal pyroptosis plays a role in the pathology of OHT injuries, including glaucoma. The IOP spike-induced degeneration of RGCs has been demonstrated in a rodent model (Joos et al., 2010). Provided that the exposure to OHT episodes was observed during the head-down posture in aging people (Ventura et al., 2013; Porciatti et al., 2017), this mechanism could potentially contribute to glaucomatous-like degeneration of RGCs.
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Why are TNTs induced in disease?

Translational relevance of
TNTs in disease

TNTs are thought to play a role in
disease—which disease(s)?

What role do TNTs play is disease?

Elucidating Normal Physiclogic functions of
™NTs

What are the key learnings

Cellular mechanisms of
TNTs

What is known about TNT cell biology?

What is the overlap, and what are the potential
differences, of TNT biology in normal ells vs. in
disease, and between different diseases?

How does a donor cell “decide” what
organelles, molecules or signals transfer
through TNTs?

TNT research has advanced over the last 10
years—what are the key focus areas to
advance this science?

Workshop output

« Hijacking development andor an evolutionary response

* Stress induction

« Specificity in cargo deivery —energy conservation

« Exchange of geneic material to support disease or rescue damage cels from cell
death

« Diseases include cancer, neurodegenerative disorders, tau related diseases, HIV,
lysosomal disorders, inflammation, parasitic infections (Malariz)

« Promoting the disease (e.g., spread of virus, protein aggregates), mitochondria
between cancer cells (chemo-resistance)

* Rescuing the cell function (e.g., lysosomal and mitochondial transfer to defective
calls)

« Faciltating cell contact during development (¢.g., cytonermes)

« Promoting cell communication (e.g., Signaling) between distant cells

« Immune response and organelle exchange mechanisms

« Function in stem cell biokogy and tissue repair

« Diverse heterogeneity of TNT (phenotype/functions/cisease/health)

+ Proven importance/roles of TNTs for immune response

 Muli-functional cargo (*FedEx™lie)

« Gel structure is importent for spread/progression of the disease by transferring,
.., infectious agents between celss and for celkto-cell communication, e.g., during
development, tissue regeneration

« Potential therapeutic target to block disease progression

« TNT formation during development (e.g., CNS), pathological events (pathogens,
tumor cells, misfoldec/aggregated/stress. protein), during regeneration process
(stroke), in inflammatiorvimmune response and drug delivery

« Importance of identitying mechanism of actin/motors that drive TNTs

+ Elevating research beyond in vitro, in vivo and 3D studies

« Importance of examining heterotypic TNT interactions, .g., cancer-to-stem celis,
cancer/stroma

+ To examine the immense heterogeneity of definition of TNTs

« Strong evidence of TNT formation in vitro (e.g., infectious disease, oncology
neurology, development)

Intercellular communication /signaling/cargo/dyes

Inducible (nfectioninflammation)

A Large variety of cells capable of TNT formation

Some evidence of TNT formation in vivo (oncology)

Evidence that M-sec, myosins, F-actin, and calcium transfer are involved
Shaking/physical disruption blocks TNT formation

Gap junctions may play  role in TNT connecting to receiving cells (Focus if this
review)

Differences—induction of TNT seems to be associated with “diseased” cells
The direction of cargo communication

el types/microenvironment (tumor/inflammation)

In diseased cells, F-actin polymerization is increased.

Key factors include:

o Variety of TNTs

o Different triggering factors (pathogen, metabolic stress, e.g., reactive oxygen
‘species)

o Selectivity of organelles and direction of travel

o Uni-/bi-drectional depends on cell type 8/or cargo

« Stress response

« Preferential transfer of mitochondria

* Virus hijack TNTs

« Mechanism of TNT formation —trigger, direction, cargo/content, structure, response
« Boter characterization—different types of TNTs, types of cells able to make TNTs
« In vivo evidence of TNT—in development,in disease model, regeneration
mechanism (stem cells)
 Develop/test TNT blockade strategies and TNT induction mechanism
« Delineate relationship between TNTs and infammation/immune response stromal
« The following items are needed:
o Chemical tools.
© Common mechanism of transfer
o Selectivty
o ATNT biomarker
o Invivo evidence
* Cargoidentifcation
« Reguiation and induction/suppression
 Accept TNT heterogeneity (no simple narrow defintion to make this science grow)
« Technology hurdies:
« Need higher resolution microscopy (e.g., EM, cryoEM, organelle level resolution,
identifying cellutar structure “signatures’)
* Collaboration with medicinal chemists to synthesize inhibitors of key TNT-drivers
(€. M-sec)
 Proteomics to identify TNTs and their contents
* Targeted diug delivery via TNTS (e.g., SRNA)
 “How does the TNT know where to go?" cell sensing mechanisms?
 Translational relevance: identify strategic approaches that are disease specific
« Standardization of terminology
 Broader definition, including subtype descriptors
* Invivo data, especially patient data
« Botter, specific markers —enable 3D culture experiments, in vivo, etc:
« TNT biochemistry—reconstitute in a cellfree system
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Uninfected cells HiV-infected cells Uninfected cells HiV-infected cells
Control 372+ 1.44% 84.28 + 6.38% 3.23 + 1.53% 278 +1.55%
20.56 + 23.63 um 199.72 4+ 49.52 um 2,59 +2.86 um 3.81 £3.57 um
AGA 336+ 1.26% 2330+ 751% 3.26 + 1.56% 259 £ 1.15%
20.72 +£ 897 um 51.61+22.71 pm 4.07 £1.75 um 5.93+2.04 um
Cx43 blocking peptide 353+ 1.39% 19.22 + 15.82% 321+ 1.52% 3.67 £2.35%
10.74 £ 1.62 um 34.44 + 654 um 444 £1.74um 3.33+£3.11um
Scrambled peptide 392 +1.47% 80.56 + 12.02% 3.31 £ 1.60% 5.07 +1.30%
14.28 +5.82 um 20450 + 32.72 pm 3.96 +2.24 um 9.30 £3.73 um
Xestospongin C 386+ 1.48% 30,55 + 16.15% 3.27 +1.48% 3.00 £ 1.41%
11.56 & 4.88 m 51.36 + 32.34 um 2.41+1.39um 222+ 1.15um
BAPTA-AM 331+ 1.50% 14.91 +6.54% 331+ 1.45% 3.96 +1.83%
10.72 + 3.04 um 23.28 +7.04 um 571321 um 453 £2.60 um

Data with *%" corresponds to the percentage of apoptotic cells in a circular area of 200 um around the site of microinjection. Data with “um” corresponds to the radius
of bystander apoptosis which is the maximum distance of apoptotic cells from the site of microinjection.
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