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Abstract

In the nervous system, the concentration of Cl− in neurons that express GABA receptors plays a 

key role in establishing whether these neurons are excitatory, mostly during early development, or 

inhibitory. Thus, much attention has been dedicated to understanding how neurons regulate their 

intracellular Cl− concentration. However, regulation of the extracellular Cl− concentration by other 

cells of the nervous system, including glia and microglia, is as important because it ultimately 

affects the Cl− equilibrium potential across the neuronal plasma membrane. Moreover, Cl− ions 

are transported in and out of the cell, via either passive or active transporter systems, as counter 

ions for K+ whose concentration in the extracellular environment of the nervous system is tightly 

regulated because it directly affects neuronal excitability. In this book chapter, we report on the 

Cl− channel types expressed in the various types of glial cells focusing on the role they play in the 

function of the nervous system in health and disease. Furthermore, we describe the types of stimuli 

that these channels are activated by, the other solutes that they may transport, and the involvement 

of these channels in processes such as pH regulation and Regulatory Volume Decrease (RVD). 

The picture that emerges is one of the glial cells expressing a variety of Cl− channels, encoded 

by members of different gene families, involved both in short- and long-term regulation of the 

nervous system function. Finally, we report data on invertebrate model organisms, such as C. 
elegans and Drosophila, that are revealing important and previously unsuspected functions of some 

of these channels in the context of living and behaving animals.
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10.1 ClC-2

10.1.1 Structure and Function

Encoded by the CLCN2 gene, ClC-2 is a plasma membrane voltage-gated chloride (Cl−) 

channel that is expressed in most mammalian tissues [1]. In brain cells, ClC-2 protein and 

currents are present in neurons and glial cells such as astrocytes and oligodendrocytes [2–5]. 

This channel is a member of the ClC family of voltage-gated Cl− channels, characterized 

by a double-barreled structure with two independent pores, one in each subunit, and two 

intracellular conserved cystathionineβ-synthase (CBS) domains in the C-terminus, which are 

involved in gating regulation (Fig. 10.1a, b) [9, 10]. ClC-2 is an inward rectifying channel 

that remains closed at positive potentials and is activated by hyperpolarizing voltages (Fig. 

10.1c) [11]. However, channels formed by one ClC-2 and one ClC-1 (or ClC-0) subunit are 

also partially open at positive potentials (Fig. 10.1c, d) [12, 13].

ClC-2 gating is also regulated by intracellular and extracellular ions. Intracellular Cl− 

regulates ClC-2 gating by pore occupancy, promoting conformational changes to the gate 

that allow for the opening of the channel [14]. Conversely, extracellular protons (H+) open 

the channel at low concentrations but block it at high concentrations [15, 16]. Concerning 

the role of Cl− and H+ on ClC-2 channel gating, Sanchez-Rodriguez and colleagues 

proposed that while intracellular Cl− is responsible for the opening of ClC-2, extracellular 

H+ stabilizes the open state of the channel (Sanchez-Rodriguez et al. [17]. Cell swelling 

is another mechanism by which ClC-2 is activated; yet, according to a recent review, this 

channel does not seem to be a major contributor to cell volume regulation [18, 19].

10.1.2 ClC-2 in the Vertebrate Brain

As mentioned earlier, ClC-2 is expressed both in neurons and in glia. In neurons, ClC-2 has 

been proposed to regulate neuronal excitability likely via regulation of Cl− concentration 

inside and outside the cell, which consequently affects the neuronal membrane potential. 

Rinke and colleagues demonstrated that in mouse CA1 pyramidal cells, ClC-2 participates 

in Cl− efflux [11]. One year later, Ratte and Prescott [20] reported opposite results for 

rat CA1 pyramidal cells and stated that ClC-2 participates in Cl− influx, resulting in 

reduced neuronal excitability. This conflicting finding might be the result of differences 

in experimental conditions since in the first study neurons were loaded with high Cl− 

concentrations, while in the second study physiological solutions were used.

Despite the proposed role of neuronal ClC-2 in regulating excitability, a link between ClC-2 

and excitability disorders such as epilepsy has not been firmly established. ClC-2 was 

proposed to participate in controlling GABA neurons’ excitability; however, the screening 

of epileptic patients for mutations in CLCN2 provided inconclusive results. This suggests 

that mutations in CLCN2 might increase susceptibility to epilepsy in individuals with 

other underlying conditions or with mutations in other genes [21]. CLCN2 loss-of-function 

mutations have also been linked to cerebellar ataxia and minor cognitive defects that could 

be attributed to the ClC-2 role in either glia or neurons [22].

In glia, the function of ClC-2 is strongly supported by a correlation between mutations in the 

CLCN2 gene and either phenotype in animal models or pathology in humans. In humans, 
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mutations in CLCN2 have been linked to a type of leukodystrophy called megalencephalic 

leukoencephalopathy with subcortical cysts (MLC) [23–25]. In this disease, the brain is 

enlarged showing signs of edema and the white matter is characterized by atrophy, vacuoles, 

and cysts that worsen with time. In these patients, mutations in ClC-2 cause mislocalization 

or dysfunction of the channel, both of which have been proposed to result in white matter 

pathology [6]. In an analytical study of patients with this disease, Depienne and colleagues 

observed that myelin vacuolization is present in both the brain and the spinal cord [23]. 

This neurological phenotype supports the role of ClC-2 in the function and survival of 

glia, in particular of oligodendrocytes throughout the central nervous system, but not in 

the peripheral nervous system. Similarly, in a mouse model in which the corresponding 

rodent gene has been knocked out, there is widespread vacuolation that progresses with age. 

Interestingly, as seen in humans, vacuolation is limited to the white matter and is not seen in 

the gray matter, again underscoring ClC-2 function in glia [6].

Remarkably, megalencephalic leukoencephalopathy with subcortical cysts can be caused 

by mutations in other two genes: MLC1 [8], encoding a protein predicted to have eight 

transmembrane domains and GLIALCAM [7, 26], which encodes the adhesion molecule 

GlialCAM of the immunoglobulin superfamily, highly expressed in glial cells. Based, on the 

similarity of the pathological manifestations and expression pattern of these three proteins, 

ClC-2, GLIALCAM, and MLC1 have been proposed to interact and regulate each other 

(Fig. 10.1e). Evidence that supports this idea are: (1) all three proteins colocalize to the 

endfeet contacting blood vessels and at astrocyte–astrocyte contacts [6, 7], (2) GlialCAM 

directs ClC-2 and MLC1 to cell–cell contacts of heterologously transfected cells, and (3) 

ClC-2 localization and function are controlled by the interaction with both GlialCAM 

and MLC1. Indeed, knock-out of either GlialCAM or MLC1 in mice results in impaired 

localization of ClC-2 in astrocytes and oligodendrocytes and in altered inward current 

rectification. In particular, in GlialCAM−/− or MLC1−/−, ClC-2 is localized in the soma 

instead of the cellular processes [8]. Similarly in zebrafish, two ClC-2 orthologs, clc-2a 

and clc-2b, are expressed in astrocyte-like cells and interact with the GlialCAM paralog, 

glialcama, suggesting that targeting and stabilization of ClC-2 in the glial plasma membrane 

by GlialCAM-like proteins might be an evolutionary conserved mechanism [27].

Based on the mice knock-out phenotype and the neuroanatomical and neurological features 

observed in subjects with mutations in CLCN2 and ClC-2 regulatory genes GlialCAM or 

MLC1, a function for ClC-2 has been suggested. It has been proposed that ClC-2 might 

function as a pathway for the release and reuptake of Cl− from the cell that follows K+ 

movement during high neuronal activity [4]. Indeed, the movement of ions across the plasma 

membrane during action potential discharge is normally followed by osmotically driven 

shifts in water. Thus, anything that interferes with the compensatory movement of Cl− and 

water is expected to cause brain edema and leukodystrophy, both of which are observed in 

CLCN2 knock-out mice and in patients with mutations in this gene [23].

This function of ClC-2 might be particularly important in brain regions with GABAergic 

synapses, where regulation of Cl− concentration plays a key role in maintaining efficient 

GABAergic transmission. Indeed, Sik and colleagues, using immunostaining and electron 

microscopy, found that ClC-2 is expressed in CA1 pyramidal neurons, especially in the 
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plasma membrane of dendrites closely associated with synaptic active zones [28]. ClC-2 

was also present in the end feet of astrocytes ensheathing capillaries and blood vessels, 

and in the neuropil of the stratum pyramidale, in close proximity to GABAergic neurons. 

In addition, the level of expression of ClC-2 was polarized in astrocytes and it was layer-

specific. These findings lead the authors to propose a role for glial ClC-2 in the reuptake 

of Cl− and redistribution of this ion over the different brain areas, suggesting that ClC-2 

actively participates in K+ siphoning, the phenomenon by which K+ is removed from the 

extracellular environment and dumped into the blood stream during high neuronal activity.

Interestingly, ClC-2 currents are smaller in in situ astrocytes of P19 versus P60 mice 

and lower in situ hybridization staining for ClC-2 is also observed in neonatal versus 

adult hippocampus [29, 30]. These observations correlate with the GABA switch during 

development, suggesting that ClC-2 participates with KCC transporters in regulating Cl− 

concentration in the brain. They also correlate with the progressive white matter pathology 

seen in individuals with mutations in CLCN2 gene and in ClC-2 knockout mice models.

Makara and colleagues also found downregulation of ClC-2 currents in reactive astrocytes 

around a stab lesion, suggesting, in this case, that dysregulation of the ClC-2 currents might 

contribute to neuronal demise [29]. In contrast, Zhao and colleagues more recently found 

that the injection of Cl− channel blocker DIDS protects against white matter damage in 

a model of chronic cerebral ischemia–hypoxia in the rat via reduction of ClC-2 protein 

levels [31]. Similarly, in a diabetes rat model, high glucose concentrations were found to 

increase the ClC-2 activity and to promote white matter damage, which is ameliorated by the 

administration of DIDS [32]. These contrasting results might derive in the last two studies 

from the use of DIDS, a nonspecific Cl− channel blocker.

The function of ClC-2 in controlling ionic homeostasis in the extracellular environment 

was suggested by Bosl and colleagues in other two organs, the eye and the testis [33]. 

Studies in these organs were prompted by the fact that ClC-2 knockout mice are blind 

and sterile. Careful analysis of the retina and testes extracted from ClC-2 knockout 

mice demonstrated that the cause of blindness and sterility was massive degeneration 

of the photoreceptors and the spermatocytes, respectively. Interestingly though, ClC-2 

is not expressed in these cells. The investigators found that ClC-2 is expressed in 

supporting epithelial cells that are responsible in these two organs for creating an isolated 

microenvironment where photoreceptors and spermatocytes develop. These observations 

lead Bosl and colleagues to speculate that ClC-2 might be required to regulate ionic 

homeostasis in this microenvironment between support cells and principal cells [33]. This 

idea is in line with what is observed in the nervous system where ClC-2 is expressed in 

glia that are tasked with controlling ionic homeostasis in the microenvironment surrounding 

neurons.

Changes in ClC-2 expression levels near GABAergic synapses during the lifespan of the 

mouse clearly underscores that the function of ClC-2 might be more critical during certain 

life stages [11]. This is also evident when studying the pathology of knock-out models of 

ClC-2 regulatory genes MLC1 and GlialCAM. For example, using histological and electron 

microscopy approaches, Dubey and colleagues showed that vacuolization in the white matter 

Fernandez-Abascal et al. Page 4

Adv Exp Med Biol. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in Mlc1-null mice begins at 3 months of age, suggesting that ClC-2 function is more critical 

in adults than in juvenile mice [34]. In a Glialcam-null mouse model, the vacuolization 

begins earlier (3 weeks of age), but this could be due to the fact that GlialCAM may have 

other functions that are independent of MLC1 and ClC-2 [35]. Importantly, both in patients 

and in megalencephalic leukoencephalopathy mice models, myelination appears normal [34, 

35]. These findings support that oligodendrocytes lacking ClC-2 can still efficiently insulate 

axons during development.

10.1.3 Insights into the Function of Glial ClC Channels from Studies in Invertebrates

A study in the fruit fly Drosophila melanogaster suggests a role for ClC-2 type channels 

in early nervous system development that might explain the cerebellar ataxia and cognitive 

deficits found in some patients with null mutations in CLCN2 [36]. Indeed, Plazaola and 

colleagues generated loss-of-function mutants for ClC-2 fly homolog ClC-a and observed 

that these flies have a smaller brain and defective photoreceptor guidance [37]. Using 

confocal microscopy and genetic approaches, they found that ClC-a is required in the niche 

of glial cells for the development of neuroepithelial cells and neuroblast as well as for 

the maturation of neurons outside the niche (Fig. 10.2a, b). The authors also found that 

ClC-a is important for the formation of a specific tissue called the medulla glia which 

is responsible for photoreceptor guidance. Plazaola-Sasieta and colleagues proposed two 

possible explanations for the phenotypes observed in the ClC-a knockout fly: (1) impaired 

secretion of glial factors, including tropic factors and guidance cues, due to imbalance in Cl− 

homeostasis and (2) impaired proliferative capacity of stem cells due to alterations in pH 

regulation. ClC-2 type channels have been proposed to function in mediating Cl− movement 

across the membrane in exchange for bicarbonate, the major pH buffering system in our 

body [39].

Interestingly, our lab showed that CLH-1, a Caenorhabditis elegans Cl− channel that shares 

37% identity with ClC-2, is expressed in glia and is permeable to bicarbonate (HCO3
−) 

[38]. Using the pH sensor phluorin, we showed that clh-1 knockout animals have impaired 

HCO3
−-dependent pH buffering in amphid sheath glia, which can be restored by the rescue 

of CLH-1 in these cells (Fig. 10.2c–f). By electrophysiological analysis, we also showed 

that CLH-1 is an inward rectifier channel activated by extracellular acidification. We thus 

proposed that CLH-1 might be activated by extracellular acidification and contribute to pH 

buffering of the extracellular environment via HCO3
− permeation. Our study suggests that 

pH buffering mediated by ClC-2 type channels could be mediated via direct permeation of 

HCO3
− and/or via regulation of bicarbonate transporters by exchange of Cl− for HCO3

−, as 

mentioned earlier.

A more recent study by Park et al. [40] reports a role for CLH-1 in the regulation of 

neuronal response to salt stimuli. Using Cl− and Ca2+ sensors, Park and colleagues showed 

in vivo that the response of the ASER neuron to Na+ is regulated by CLH-1. Using cell-

specific promoters, they demonstrated that the role of CLH-1 in salt sensing is mediated by 

the expression of the channel in this sensory neuron and not in amphid sheath glia. This 

study suggests that the function of CLH-1 in neurons and glia might be distinct and may be 

responsible for regulating different aspects of the function of the nervous system.
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10.2 Acid and Swelling-Activated Cl− Channels (LRRC8 or SWELL1)

During neuronal activity, there are rapid changes in pH and cell volume, the last ones caused 

by the movement of K+ and Cl− ions, which need to be precisely corrected to ensure the 

functioning of the nervous system. To regulate cell volume and pH, astrocytes and microglia 

(among other cell types) are thought to use volume-sensitive anion channels (VRAC) [41], 

also known as volume-sensitive organic anion channels (VSOAC) and volume-activated 

chloride channels (VACC).

More specifically, VRAC is activated by cell swelling and plays a key role in regulatory 

volume decrease (RVD). RVD is a process by which all cells activate membrane transporters 

and channels to reduce their volume following events that cause cell swelling (Fig. 10.3a). 

VRAC, by mediating the efflux of Cl− and organic osmolytes such as glutamate, taurine, 

and possibly ATP, coupled to efflux of K+ via K+ channels, bring cell volume down to 

control levels [44, 45]. Importantly, as we discuss below, in the nervous system, the release 

of glutamate, taurine, and ATP by VRAC, is thought to participate in gliotransmission.

Across cell types, VRAC has been implicated in processes such as cell cycle progression and 

migration, which are characterized by an increase in cell volume, and in apoptosis, which 

is on the contrary characterized by volume decrease [46]. In this case, VRAC is activated 

under isovolumetric conditions by mitochondrial-mediated apoptosis inducers (possibly src-

like tyrosine kinase p56LcK) that are triggered by reactive oxygen species (ROS) production 

[47, 48].

The first evidence of Cl− channel-mediated volume regulation in glial cells was reported 

by Pasantes-Morales and colleagues, who showed that exposure to hypoosmotic solutions 

caused the release of taurine from cultured rat astrocytes, which was blocked by Cl− 

channels inhibitors DIDS, dipyramidole, and niflumic acid [49, 50]. A few years later, 

Bakhramov and colleagues described a weak outwardly rectifying Cl− current in cultured 

astrocytoma activated by exposure to hypotonic solutions and suggested that this current 

was mediated by VRAC [51]. The current was activated slowly with a time course of 1–2 

min, had a half-maximum inactivation of +50 mV, and was blocked by Cl− channel blockers 

DIDS, SITS, and NPPB. Following these initial reports, many other investigators described 

Cl− currents resembling VRAC in glial cells. For example, in a study using rat cortical 

astrocytes, Parkerson and colleagues proposed that VRAC was the major contributor to RVD 

in these cells [52]. This was further confirmed 2 years later by Abdullaev and colleagues 

who showed that both the release of excitatory amino acids (EAA) and Cl− currents were 

specifically inhibited by VRAC blockers but not by other Cl− channels/transporters blockers 

[53].

How does VRAC become activated by volume increase? A few mechanisms have been 

suggested. For example, using immunoblotting, confocal microscopy, and patch-clamp 

experiments, Ando-Akatsuka and colleagues proposed that under isovolumetric conditions 

VRAC is inhibited by interaction with ATP-binding cassette transporter (ABCF2). When the 

cell is challenged by a hypotonic solution, its volume increases which cause the interaction 

between ATP-binding cassette transporter (ABCF2) and the channel to be disrupted. The 
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disruption of this molecular interaction is due to the association of ABCF2 with α-actinin-4 

(ACTN4) [54]. In another study, using patch-clamp and imaging techniques, Murana and 

colleagues proposed that activation of VRAC in mouse hippocampal microglia is caused by 

membrane stretch and is subsequently amplified by the raise of intracellular Ca2+ which is 

in turn mediated by activation P2Y purinergic receptors [44]. Importantly, the investigators 

proposed that P2Y purinergic receptors are themselves activated by ATP released by VRAC, 

suggesting that VRAC channels can be potentiated via a positive feedback mechanism. 

Interestingly, in another study VRAC amplification by ATP was shown to be mediated by 

two different Ca2+-sensitive signaling cascades involving both PKC and CaMK II [55]. 

Finally, in a recent study, Konig and colleagues used Förster resonance energy transfer 

(FRET) to monitor the opening of VRAC channels and determined that changes in the 

intracellular ionic strength are not needed for channel activation. Rather, channel activation 

is dependent on the DAG-Protein Kinase D pathway [56]. To conclude, there are a few 

different hypotheses on the mechanism underlying VRAC activation, suggesting either that 

the mechanism is cell specific or that it is not fully understood. The recent cloning of the 

gene underlying VRAC and the resolution of the protein structure should help in solving this 

debate.

In 2014, the long-standing controversy on the molecular identity of VRAC came to an 

end when two groups independently reported that the Leucine-rich repeat containing 8A 

(LRRC8A), renamed by one of the two groups SWELL1, encoded VRAC [57, 58]. Using 

a clever method developed by Galietta and colleagues [59], which exploits the quenching 

properties of I− on YFP fluorescence, both groups performed large siRNA screens and 

demonstrated that siRNA of LRRC8A in HEK cells resulted in knock-down of VRAC. 

LRRC8A is one of five related genes encoding homologous subunits that span the plasma 

membrane four times leaving N and C termini in the cytosol (Fig. 10.3b, c), a structure that 

resembles connexins, pannexins, and innexins with which LRRC8A share some degree of 

homology [18]. The name of the family derives from the intracellular LRR domain (LRRD) 

which contains up to 15–16 leucine repeats (Fig. 10.3b). Interestingly, while LRRC8A 

expresses on its own in heterologous expression systems, it still needs one of the other 

subunits for full expression of the current (Fig. 10.3d, e) [43, 58]. Moreover, functional 

expression of all the other subunits (LRRC8B-E) requires LRRC8A [58]. These results 

suggest that LRRC8B-E might function more as regulatory subunits.

The function of the LRRC8B-E subunits as regulators of channel properties is reflected in 

the fact that channel permeability is altered when LRRC8B-E subunits are removed from 

the channel complexes. For example, Schober and colleagues, using RNAi to knockdown 

individual subunits of the channel, studied the release of [3H]taurine (inhibitory) and 

D-[14C]aspartate (excitatory). They showed that while LRRC8A is an essential channel 

subunit, LRRC8B does not seem to participate in channel selectivity, and LRRC8D is a 

major contributing factor in conferring selectivity to [3H]taurine [45]. In the same study, the 

investigators also showed that the combined knockdown of LRRC8C and LRRC8E inhibited 

the release of D-[14C]aspartate but not [3H]taurine. Based upon these results, the authors 

concluded that different regions of the nervous system, depending on the expression patterns 

of the LRRC8 subunits, might release different sets of gliotransmitters, including excitatory 

glutamate/aspartate and inhibitory taurine/glycine. The authors also propose that the regional 
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specific release of these gliotransmitters might be altered in pathological conditions such as 

trauma, stroke, hyponatremia, and epilepsy all of which are characterized by cell swelling.

The excitatory/inhibitory amino acids that are released by glial-expressed VRAC are 

thought to mediate regulation of neuronal function/survival, especially during pathological 

conditions such as ischemia and trauma in which there are changes in cell volume. For 

example, Liu and colleagues showed in cultured rat astrocytes that cell swelling and 

ischemic stimuli cause the release of glutamate, which is at least in part inhibited by the 

VRAC inhibitor phloretin [60]. VRAC activation and release of glutamate can occur also 

under isovolumetric conditions. Indeed, Liu and colleagues showed in rat co-cultures that 

activation by bradykinin of astrocytic VRAC leads to an increase of intracellular Ca2+ in 

neurons which is mediated by NMDA receptors. These data indicate that VRAC mediates 

the release of glutamate from astrocytes which in turn mediates glia/neuron functional 

interaction [61].

Although VRAC has been shown to release excitatory glutamate/aspartate and inhibitory 

taurine/glycine, its role in gliotransmission is still controversial. Nevertheless, new insights 

into the modulation of neuronal function by glutamate released from astrocytes via VRAC 

have been published in a recent study by Yang and colleagues [62]. These authors generated 

a mouse model in which the VRAC subunit LRRC8A (SWELL1) had been knocked out 

specifically in astrocytes. Using a combination of electrophysiology and the “sniffer patch” 

technique to monitor both neuronal activity and release of glutamate, they showed that, 

upon osmotic challenges, glutamatergic synaptic transmission and synaptic plasticity in the 

hippocampus were impaired in these knock-out mice (Fig. 10.4). Furthermore, they showed 

that there is tonic glutamate release from astrocytes and this is mostly mediated by VRAC. 

Reduced tonic release of glutamate in the knock-out mice results in fewer action potentials 

in neurons, suggesting that it serves a function in regulating neuronal activity. Importantly, 

these cellular phenotypes are reflected in behavioral phenotypes. Indeed, LRRC8A knock-

out mice showed impaired cognitive abilities including deficits in learning and memory, 

while locomotion and anxiety levels remained unaffected. These new data support a 

physiological role of astrocytic VRAC channels in modulating neuronal excitability by 

maintaining a tonic concentration of glutamate in the extracellular environment, a role that 

had been already suggested by previous studies using VRAC blockers [63, 64].

The release of glutamate by astrocytes mediated by VRAC can become toxic in pathological 

conditions. For example, during ischemia, hypoxic conditions induce swelling and 

consequently the excessive release of glutamate by astrocytes that in turn causes persistent 

elevation of intracellular Ca2+ concentration in neurons, ultimately causing cell death [65]. 

VRAC blockers such as tamoxifen and DCPIB were shown to reduce glutamate-induced 

neuronal death, suggesting that this channel mediates, at least in part, the persistent release 

of glutamate under these conditions [66]. Importantly, the above-mentioned LRRC8A 

(SWELL1) astrocytic knock-out mouse model confirms that VRAC is indeed responsible 

for at least some of the neuronal damage in stroke. Yang and colleagues used temporal 

middle cerebral artery occlusion to induce stroke and showed that the infarct volume was 

smaller in LRRC8A knock-out mice when compared to control, which was also reflected in 

a better neurological score in these mice [62].
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Cell swelling and glutamate release occur also during epileptic seizures. However, the 

role of VRAC in releasing glutamate in epilepsy is currently controversial. In rat models 

of epilepsy, Tian and colleagues using in vivo two-photon imaging, electrophysiology, 

and HPLC showed that seizures can be induced or amplified by glutamate released from 

astrocytes [67]. Interestingly, under these conditions, glutamate is co-released with taurine 

suggesting that it might be via VRAC. However, more recently, Woo and colleagues 

using channel blockers and siRNA showed that glutamate release from astrocytes is via 

the glutamate permeable two pore domains K+ channel TREK-1, following activation of 

G-protein coupled receptors (fast release), and via Cl− channel Bestrophin-1 (Best1) (slow 

release) [68]. Taken together these reports highlight that glutamate (and other transmitters) 

might be released via VRAC but also via other types of glial ion channels, all of which 

might contribute under different conditions to physiological and aberrant gliotransmission in 

the healthy and diseased brain.

While model organisms have been instrumental in deepening our understanding of the role 

of glial ClC Cl− channels in the function of the nervous system, they have not been helpful 

for understanding VRAC. The reason is that there are no clear homologs of LRRC8 in C. 
elegans or Drosophila melanogaster, where the function of VRAC may be carried out by 

bestrophins. In the future, the analysis or other cell-specific LRRC8 knock-out mice should 

help elucidate the function of VRAC in other types of glial cells such as oligodendrocytes, 

Schwann cells, and microglia both under physiological and pathological conditions.

10.3 Acid-Sensitive Outwardly Rectifying (ASOR) Anion Channels

Strong acidification at pHs lower than 5.5 evokes outwardly rectifying chloride currents with 

electrophysiological features similar to those observed in VRAC and ClC channels. Several 

studies have shown currents with these properties in different cell types, including glia 

[69]. For example, using whole-cell electrophysiology, Lambert and Oberwinkler reported 

an outwardly rectifying current activated at low extracellular pH in HEK cells. They showed 

that this current is voltage- and extracellular Cl−-dependent, needs the binding of three or 

four protons to be activated, and it is blocked by DIDS and niflumic acid. In the same study, 

these investigators recorded currents with similar electrophysiological and pharmacological 

properties in primary mice hippocampal astrocytes [70]. These pH-sensitive currents not 

only resembled ClC type channels and VARC in terms of voltage dependence and kinetics, 

but they were also sensitive to the same inhibitors [70–72].

For this reason, ClC-3, ClC-7, and LRRC8A were postulated to underlie this Cl− current 

activated by strong acidification in astrocytes [73, 74]. However, this molecular identity was 

never confirmed. For example, Auzanneau and colleagues used whole-cell patch-clamp and 

RT-PCR to show that the outwardly rectifying acid-activated chloride currents evoked in rat 

Sertoli cells were not mediated by the ClC channels [71]. In another study, the involvement 

of LRRC8A in mediating ASOR currents was also discarded by pharmacological and 

small-interfering RNA (siRNA) approaches. Indeed, classical VRAC inhibitors, as well as 

silencing of the LRRC8 isoforms using siRNA had no effect on the outwardly rectifying 

acid-evoked currents recorded in HeLa cells [75]. Similar observations were also reported 

in microglia BV-2 cell cultures by Kittl and colleagues, who demonstrated by patch-clamp 

Fernandez-Abascal et al. Page 9

Adv Exp Med Biol. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and fluorometric techniques that both ASOR and VRAC currents are activated in these cells 

under acidic conditions but with a different half maximal activation. So pH lower than 5 

activates ASOR but inactivates VRAC. Moreover, the two Cl− currents can be distinguished 

using pharmacological agents with only DIDS being equally effective in blocking both 

currents [76].

In two simultaneous studies recently published, the molecular basis of the ASOR channels 

was finally elucidated [77, 78]. Yang and colleagues used fluorescence to measure acid-

induced Cl− currents in HEK cells. The investigators then, knocked down by siRNA 

2725 human proteins, predicted to have at least two transmembrane domains (Fig. 10.5a) 

and measured cellular fluorescence indicative of the amplitude of the Cl− current. Using 

this method, the investigators identified the uncharacterized transmembrane protein 206 

(TMEM206) as a possible candidate for the ASOR channel, as its knockdown caused 

reduction of acid-induced Cl− currents. To test the involvement of TMEM206 in mediating 

ASOR currents, Yang and colleagues used a combination of CRISPR-cas9 to inactivate 

the gene and whole-cell patch clamp. They confirmed that indeed TMEM206 is required 

for acid activation of chloride currents in HEK cells [78]. Ullrich and colleagues used a 

similar fluorescent approach to perform a genome-wide screening with siRNA in HeLa 

cells and also concluded that TMEM206 underlies the ASOR current [77]. Importantly, 

both groups report that TMEM206 is highly expressed in CNS, especially in the cortex 

and hippocampus, and suggest a possible role of TMEM206 channels in acidotoxicity and 

ischemic brain injury [77–79]. No studies have been conducted yet to establish whether 

TMEM206 is expressed in neurons, glia, or both. However, previously published work 

suggests that TMEM206 might be expressed at least in astrocytes and microglia [70, 76].

Interestingly, both groups also report that TMEM206 is present in the genome of several 

other vertebrates including mouse, rat, chicken, frog, as well as zebrafish and conserves 

general functional features including activation by extracellular acidification and outward 

rectification (Fig. 10.5b). However, pH sensitivity and selectivity of TMEM206 and 

homologs appear to be more species specific. In other species such as the polychaete 

worm Capitella teleta and the sponge Amphimedon queenslandica, there are genes that have 

some degree of homology suggesting that TMEM206 may have appeared early in evolution. 

However, no clear homolog can be identified in C. elegans or Drosophila.

10.4 Maxi Chloride Channels

The maxi Cl− channel (MAC) is a channel of high unitary current expressed in most 

human tissues, including the nervous system, where it has been observed in astrocytes and 

Schwann cells [80–83]. In addition to having a large conductance, MAC displays an ohmic 

current–voltage relationship, a strong selectivity for anions over cations (PCl−/PNa+ > 8), a 

sensitivity to Gd3+, which blocks the channel, and voltage-dependent inactivation [81, 84]. 

The MAC channel is also inhibited by intracellular ATP via phosphorylation of tyrosine 

residues [85, 86]. Thus, the excision of a patch containing the MAC channel in a solution 

devoid of ATP induces its strongest activation [81, 86, 87]. In 2017 [88], Sabirov and 

colleagues using a combination of siRNA and electrophysiology discovered that the MAC 

channel is encoded by the SLCO2A1 gene, a prostaglandin transporter (PGT) [88]. How 

Fernandez-Abascal et al. Page 10

Adv Exp Med Biol. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



might a prostaglandin transporter function also as a large conductance Cl− channel? Sabirov 

and colleagues suggested that SLCO2A1 functions in two modes: as a PGT in the resting 

state, most likely with phosphorylated tyrosine residues, and as a large conductance Cl− 

channel in the activated state, presumably following dephosphorylation of tyrosine residues 

[88].

In glial cells, the first report of high unitary anion conductance was by Gray and colleagues, 

who used patch clamp to study endogenous currents of rat cultured Schwann cells. The 

investigators found a Cl− channel with a conductance of ~450 pS, a linear current–voltage 

relationship, and inactivation kinetics at small positive and negative voltages [80]. Later, 

other groups reported the presence of currents with similar electrophysiological properties 

in cultured mouse and rat astrocytes [81–83]. The channel observed in these preparations 

is not only permeable to chloride and other anions, with a permeability sequence of I− 

> Br− > Cl− > F−, but also to organic molecules such as glutamate and ATP [60, 89]. 

Indeed, Liu and colleagues demonstrated that in mouse astrocytes the release of glutamate 

under ischemic and hypoxia conditions is mainly carried out through MAC channels. Using 

a fluorometric glutamate assay, they observed that the MAC blocker Gd+3 significantly 

decreased the glutamate release, while the VRAC blocker phloretin was less efficient in 

blocking glutamate release [60]. In another study, Zhao and colleagues used a luciferin–

luciferase assay to study the ATP release upon incubation with glutamate in cultured 

astrocytes and observed that Gd+3 reduced the amount of ATP release but other VRAC 

or P2X7 blockers did not [89]. These findings highlight the potential contribution of MAC 

channels to ischemic injury, suggesting that these channels could be considered as novel 

potential targets for prevention of neuronal death in ischemia.

Although MAC channels seem to become activated primarily in the presence of toxic 

stimuli, such as ischemia, hypoxia, and under salt stress [2], they have been suggested to 

function also in physiological conditions. For example, Quasthoff and colleagues, using 

patch-clamp in isolated rat spinal roots, observed anion channel currents with characteristics 

similar to those reported for MAC and suggested a possible role of this type of channels in 

Schwann cells in balancing K+ concentrations in the extracellular space of the rat spinal cord 

[90]. However, in this case, the role of other chloride channels cannot be ruled out, since 

there is no evidence of SLCO2A1 expression in Schwann cells. Indeed, Lu and colleagues, 

using northern blot analysis, found that human PGT was expressed at very low levels in the 

adult brain. Its expression in the fetal brain was much higher though [91].

Mutations in SLCO2A1 have been linked to some cases of pachydermoperiostosis, a rare 

disorder that is characterized by clubbing of the fingers, excessive sweating (hyperhidrosis), 

and thickening of the skin of the face [92]. In a mouse model of PGT deletion, generated 

by using gene targeting approaches, pups die one day after birth probably because PGT is 

critical for maintaining prostaglandin E2 (PGE2) concentrations during development and is 

needed for the closure of the ductus arteriosus [93]. Taken together, these results suggest the 

MAC channel might not play a key role in the function of the nervous system. However, 

more studies in which the MAC channels are knocked out or knocked down specifically in 

neurons and glia are needed. One possibility is that the MAC channels might be involved 
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in the regulation of ion concentration and other substances such as glutamate and ATP, 

therefore affecting more subtly the function of the nervous system.

The C. elegans gene F21G4.1 shares 28.8% of identity with SLCO2A1 and is predicted 

to have sodium-independent organic anion transport activity. F21G4.1 is expressed in both 

glial amphid sheath and socket cells and was identified in a screen for genes that are 

upregulated during memory training in a CREB-dependent manner [38, 94]. Knock-down 

of F21G4.1 blocks long-term memory formation suggesting that glial socket cells via maxi 

Cl− channels may play a role in long term memory [94]. These results are the first hint 

that the MAC channel in fact has a role in the physiological function of the nervous system 

in vivo and must be active under normal conditions. C. elegans represents an attractive 

model to further study the function of the MAC channel in glia in an in vivo context, 

exploiting the many advantages that this model organism offers. Another attractive genetic 

model is Drosophila whose genome also encodes a SLCO2A1 homolog called Organic 

anion transporting polypeptide 30B (Oatp30B) of which nothing is known at this time.

10.5 Pannexins as Cl− Channels

10.5.1 Structure and Function

Pannexins constitute another family of membrane channels expressed in glia that are 

permeable to Cl− ions, at least under certain conditions. In mammals, there are three genes 

encoding pannexins: Panx1, 2, and 3, with Panx1 being the most studied both in vivo and 

in vitro. Pannexin subunits have four transmembrane domains, two short extracellular loops, 

and intracellular N- and C-termini. Recent structural studies have shown that Panx1 channels 

are heptamers [95–97], yet, previous studies have suggested that functional pannexins are 

formed by six subunits [98, 99]. These contrasting results suggest that techniques used in the 

past, often employing cross-linking agents, are prone to artifacts.

Despite their similarity with invertebrate gap junction proteins innexins, pannexins are 

nonjunctional membrane channels. The evidence that supports this conclusion is: first, 

pannexins are expressed in solitary cells such as erythrocytes; second, pannexins can 

be localized in nonjunctional membranes of polarized cells; third, pannexin channels are 

glycosylated, a post-translational modification that prevents close physical interaction which 

would be needed for gap-junction formation; and fourth, gap junctions formed by pannexins 

would physically overlap with those formed by connexins [100, 101].

The single-channel conductance and permeability properties of pannexins vary depending 

on the activation stimulus. Thus, pannexins have a small conductance and are permeable to 

Cl− when activated by voltage (~50 pS [102, 103]) but have a large conductance (~500 pS) 

and are permeable to other ions as well as large endogenous molecules such as ATP and 

dyes when they are activated by low oxygen tension [104], mechanical forces [105], and 

high extracellular K+ concentrations [106] (Fig. 10.6). A recent study has suggested that 

these two different pore sizes and permeability properties are the result of different channel 

conformations that can be reproduced by sequentially eliminating the C-terminus from each 

Panx1 subunit in a channel complex [108]. The same study demonstrated that a stepwise 

transition of the pore size can also occur via caspase 3-mediated cleavage of the C-terminus 
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and via activation of the α1 adrenoceptors. Recent cryo-EM studies confirm that the Panx1 

channel has a large pore with a diameter of up to 30 A but with a major constriction toward 

the extracellular side that might account for the small conductance state [95, 96]. The small 

conductance Cl−-permeable state of Panx1 is activated only by strong depolarizations at 

membrane potentials above +20 mV [102, 103]. This requirement for activation of this state 

of the channel limits its physiological role. One possibility is that voltage-dependent Cl− 

permeable Panx1 becomes activated during sustained depolarizations such as trains of action 

potential in neurons [100] or during prolonged pathological depolarizations that characterize 

cell death.

The permeability of Pannexins to ATP, which is associated with its higher conductance 

state, is relatively more understood. Indeed, this is thought to constitute the major ATP 

release mechanism in cells like erythrocytes that lack vesicular release [104, 109] and to 

contribute to ATP release in other cell types, such as epithelial cells, astrocytes, neurons, 

and macrophages [105, 110, 111]. Panx1 permeability to ATP is thought to be the basis of 

calcium waves occurring in astrocytes in vivo [112, 113].

10.5.2 Pannexins in the Nervous System of Vertebrates

Two of the three pannexins isoforms, Panx1 and Panx2, are found in the nervous system and 

in particular the brain ([103, 114]); however, their expression patterns do not fully overlap 

spatially or developmentally. Panx1 is co-expressed with Panx2 in the hippocampus, cortex, 

cerebellum, and olfactory bulb as shown by Bruzzone and colleagues via northern blot and 

in situ hybridization experiments [103]. However, the same study showed that Panx1 is the 

only pannexin expressed in the white matter. These data suggest that there is a possible role 

of Panx1, independent from Panx2, in glial cells. In another study, Vogt and colleagues, 

also using in situ hybridization, reported that the temporal expression patterns of Panx1 and 

Panx2 do not overlap in the rat brain. In particular, Panx1 is highly expressed during the 

embryonic and postnatal stages, while Panx2 becomes more expressed in adult brains [115]. 

Taken together, these findings suggest that while Panx1 and Panx2 may function in the same 

cells, at least in some brain regions, they also function independently and may serve overall 

different functions. These data also suggest that Panx1 may serve different functions in the 

gray (neurons) versus the white (glia) matter [116–119].

For example, Scemes and colleagues demonstrated in mice that cell-specific deletion of 

Panx1 in astrocytes or neurons had opposite effects on seizures induced with kainic acid 

[119]. In particular, mice lacking Panx1 in neurons had lower seizure score, while mice 

lacking Panx1 in astrocytes had worse scores, suggesting that astrocytic Panx1 is protective. 

The authors also showed that the amount of ATP released, upon stimulation with 10 mM 

KCl, was lower in mice lacking Panx1 in astrocytes. Further, using immunocytochemistry, 

they showed that the expression of extracellular adenosine kinase (ADK), an enzyme 

that regulates extracellular levels of adenosine, was higher in glial Panx1 KO mice than 

in wild-type mice under conditions that induce a seizure. Furthermore, inhibiting ADK 

improved seizure outcomes. Taken together, these results suggest that Panx1 in astrocytes 

regulates the ATP/adenosine balance in the microenvironment between neurons and glia 

resulting in effects on aberrant neuronal function in seizure. Under these conditions, Panx1 
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might become activated in neurons and astrocytes by either extracellular K+ or membrane 

depolarization. Thus, in this case, Cl− permeability of glial and neuronal Panx1 might have a 

functional significance.

Activation of Panx1 in astrocytes and neurons by high extracellular K+ has also been 

linked to activation of the inflammasome, a multiprotein intracellular complex that detects 

pathogens and other stressors and that leads to the activation of pro-inflammatory cytokines 

[106]. Silverman and colleagues showed that astrocytes and neurons have an increase in 

caspase-1 activation and IL-1β release upon incubation with high concentrations of K+. 

Using the Panx1 blocker probenicid, the investigators established that these changes were 

dependent on Panx1. This data underscores the role of Panx1 in inflammasome activation 

which normally occurs in ischemic conditions and stroke [106, 120–122]. Under these 

conditions, though, the low conductance Cl− permeable Panx1 channel state is likely 

not present. Rather the Panx1 channel is in the higher conducting state since it displays 

permeability to ATP and interleukins.

While Panx1 is the most abundant pannexin in the white matter of the brain, 

Panx2 is expressed in astrocytes at least under pathological conditions [123]. Using 

immunohistochemistry, Zappala and colleagues showed that Panx2 is normally expressed in 

neurons of the rat hippocampus but starts to become expressed in astrocytes after ischemia. 

Interestingly, at the same time, the expression of Panx2 in neurons decreases. The authors 

suggest that astrocytic Panx2 might be involved in the release of signaling molecules in a 

function similar to that of Panx1. Based on what is known for Panx1, the large conductance 

channel is likely involved under these conditions.

10.5.3 Invertebrate Innexins

Pannexins’ homologs in invertebrates are called innexins. In fact, pannexins were discovered 

in vertebrates following the discovery of innexins, when homologs of innexins were 

searched in other species [124]. The vast majority of the studies conducted so far in 

invertebrates, in particular in Drosophila and C. elegans, support that innexins function as 

junctional channels allowing for the passage of ions and small molecules from cell to cell 

[125]. However, some studies suggest that innexins may function as hemichannels.

In the leech, two types of innexins are expressed in glial cells. Both Hm-inx2 and Hm-inx3 
are expressed in neuropil glial cells and in the packet and connective macroglia [126]. A 

study employing the innexin/pannexin blocker carbenoxelon and Hm-inx2 RNAi showed 

that Hm-inx2 functions as hemichannels and releases ATP in the nervous system of the leech 

following nerve crush injury. ATP released by Hm-inx2 in turn activates microglial cells 

and promotes their migration towards the injury site. This study, though, does not address 

whether Hm-inx2 functions also as a small Cl− conductance in the nervous system of the 

leech [127].

In C. elegans, we have previously published that innexins function as mechanosensitive 

large-conductance hemichannels (up to 2 nS) on the plasma membrane of touch neurons 

cultured in vitro and in situ in living worms [128]. Using a model of chemically induced 

ischemia and innexin blockers probenecid and brilliant blue G (BBG), we also showed 
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that these innexin hemichannels promote cell death most likely functioning in their large 

conductance mode. However, in our electrophysiological recordings, we also found that 

innexins function as small conductance channels (63 pS) that can be induced to transition 

into large conductance state by the application of mechanical forces. Similar to the small 

Cl− conductance of pannexins, the small innexin conductance we observed in C. elegans 
touch neurons is voltage-dependent and is activated by depolarizations above +20 mV. No 

experiments were specifically performed to address the role of this small conductance state 

in the physiology of touch neurons. Among the many innexins in this model organism, only 

INX-5 seems to be expressed almost exclusively in glial cells [129, 130]. In the future, 

it would be important to address the role of this glial innexin, especially its smaller Cl− 

permeability state, using the wealth of genetic and molecular tools available in C. elegans.

10.6 Bestrophins

10.6.1 Structure and Function

Bestrophins are subunits of a family of Ca2+-activated C− channels involved in many 

physiological processes. In humans, bestrophins include four homologous proteins (Best1-4) 

encoded by the Vitelliform Macular Dystrophy (VMD) genes [131]. Interestingly, both 

the Drosophila and C. elegans genomes encode 25 genes homolog to bestrophins, perhaps 

suggesting that functional specificity in these invertebrates is achieved via expression of 

different bestrophin isoforms [131].

Human bestrophins contain between 473 and 668 amino acids and are predicted to have 

four α-helical transmembrane domains, with N and C termini protruding intracellularly (Fig. 

10.7a). While the N-terminal region of bestrophins is highly conserved across species, the 

C- terminal tail is characterized by low sequence homology. Recent crystallographic studies 

of chicken Best1 and prokaryotic Klebsiella Pneumoniae Best revealed that this channel is 

barrel-shaped and is composed of five subunits positioned around a central pore. The pore 

is wider at the extracellular and intracellular entrances and constricts halfway through the 

membrane [134, 135]. A fundamental component of the bestrophin channel is the Ca2+ 

clasp, which corresponds to the Ca2+ binding site. The Ca2+ clasp is formed by a cluster of 

acidic residues spanning the fourth transmembrane domain and the helix-turn-helix motif in 

the first transmembrane domain of two adjacent subunits (in chicken Best1: Glu 300, Asp 

301, Asp 302, Asp 303, and Asp 304).

Electrophysiological studies in heterologous expression systems have elucidated the basic 

functional properties of bestrophins. Sun and colleagues found that bestrophin channels are 

permeable to Cl− ions and other anionic species by performing whole-cell recordings on 

human embryonic kidney cells (HEK 293) transfected with human (hBest1 and hBEST2), 

drosophila (dmBest1) and C. elegans (ceBest1) bestrophin cDNA [136]. With a pipette 

solution containing 148 mM CsCl, all forms of bestrophin channels displayed a reversal 

potential close to 0 independent of extracellular Na+ concentration, which suggested that the 

current carried by the bestrophins is not generated by the movement of cations. Moreover, 

the fact that the reversal potential became more positive after the substitution of CsCl with 

gluconate was highly indicative of Cl− conductance. The study by Sun and colleagues also 

showed that bestrophins’ gating mechanism depends on intracellular Ca2+ and it is only 
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slightly sensitive to voltage changes (Fig. 10.7b, c). To test for Ca2+ dependence, the authors 

used a photolyzable caged calcium compound called NPEGTA. Whole-cell recordings 

conducted during the application of voltage pulses in the presence or absence of a flash 

of light showed a ~6-fold increase in the current amplitude after the flash of light delivery, 

while the current did not change if a Ca2+ chelator was administered. Similar results were 

obtained later including using chicken Best1 reconstituted in lipid bilayers [134]. The study 

in lipid bilayers supports that bestrophins’ Ca2+ dependent gating is an intrinsic property of 

the channel and it is not conferred by accessory subunits or associated proteins [134].

A second mechanism of regulation of Best channels is cell volume. Fischmeister and 

Hartzell showed that hBest1 and mBest2 from different cell lines are sensitive to changes in 

osmolarity. For example, they showed that a 20% increase in extracellular osmolarity leads 

to 70–80% reduction in bestrophin current [137]. On the contrary, hypo-osmolarity caused 

an increase in current amplitude, although the effect in this case was not as strong. However, 

the sensitivity of bestrophins to cell volume and their involvement in the regulation of 

cell volume including RVD have been controversial. Indeed, peritoneal cells from BEST1/

BEST2 null mice were shown to have normal volume-activated anion currents (VRAC) 

[138]. A more recent study though has shown that BEST1 in fact underlies the VRAC 

current in in mouse sperm and human retinal pigmental epithelium (RPE) cells and that 

best1 null mice have severe male infertility [139]. Furthermore, RPE cells derived from 

patients expressing mutant forms of BEST1 (BEST1-A243V; BEST1-Q238R) show reduced 

VRAC and RVD function [139]. Taken together, these reports seem to support regulation of 

bestrophin currents by cell volume and in turn involvement of these Cl− channels in RVD, at 

least in some tissues.

10.6.2 Bestrophins in the Mammalian Nervous System

The expression pattern of bestrophins has been determined using PCR, immunochemical, 

and electrophysiological methods. One of the early studies by Marquardt and colleagues 

showed that Best1 was highly expressed in the retinal pigmented epithelium (RPE) 

in humans [140]. Similarly, Petrukhin and colleagues, also using RT-PCR and in situ 

hybridization, found that Best1 was highly expressed in RPE but also detected Best1 in 

the brain, testis, and spinal cord [141]. The expression of Best1 in RPE is preserved also in 

cell lines derived from this tissue as shown by Marmorstein and colleagues [142]. Outside 

the retina, Best1 was shown, by a combination of RT-PCR, Western Blot analysis and 

immunohistochemistry, to be expressed in the mouse trachea, human airway epithelial cells, 

mouse colon, mouse kidney, and in a mouse kidney epithelial cell line [143].

Electrophysiological experiments on mouse dorsal root ganglia (DRG) demonstrated the 

presence of a Ca2+-dependent Cl− current with properties resembling bestrophins [144]. 

Interestingly, the current was present only in medium-diameter (30–40 μm) neurons in 

control mice but became prominent also in large-diameter (40–50 μm) neurons in mice 

that had undergone transection of the sciatic nerve, suggesting ectopic upregulation of 

Best1 gene expression in these pathological conditions. Following these findings, RT-PCR 

and in situ hybridization studies showed that, although DRG neurons express three 

types of calcium-activated Cl− channels (besthrophins, maxi-Cl channels, and TMEM16), 
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Best1 is the only one that becomes upregulated after nerve injury [145]. Indeed, using 

electrophysiology, Best1 siRNA, and expression of Best1 mutants, Boudes and colleagues 

showed that Best1 underlies that Ca2+-activated Cl− current that becomes upregulated in 

large diameter neurons following nerve injury [146]. The authors speculate that Best1 might 

be involved in the regeneration of sensory neurons after injury. Pineda-Farias and colleagues 

also found upregulation of Best1 in DRG neurons of a neuropathic rat model [147].

Murine Best1 has also been found in the brain in both neurons and astrocytes [148]. 

Brain regions that showed particularly high expression were the olfactory bulb, the 

hippocampus, and the cerebellum. Park and colleagues showed the expression of Best1 

in both neurons and astrocytes using single-cell RT-PCR and immunohistochemistry. 

Furthermore, using electrophysiology, the investigators characterized Best1 currents in the 

hippocampal astrocytes of CA1 stratum radiatum region. They showed that a Cl− current 

with features resembling bestrophins was activated by an increase in intracellular Ca2+ 

following activation of G-protein coupled receptor PAR1. Moreover, they showed that this 

current was reduced after silencing mBest1 gene by shRNA. Another study employing 

RT-PCR and shRNA silencing provided additional evidence of mBest1 expression in cortical 

astrocytes [149].

Later studies using immunochemical approaches combined with electron microscopy 

revealed that Best1 is localized in the perisynaptic astrocytic microdomains at least in the 

hippocampal CA1 region of the mouse (Fig. 10.8a, b) [68, 151]. Given that Best1 is enriched 

in these regions and shows low levels of expression in the astrocytes’ soma and processes, 

the authors speculate that Best1 may hold an important role in the regulation of glutamate 

concentration at the synapses, being Best1 a possible supply of glutamate release. In support 

of these conclusions are the results of a study conducted in a mouse model of Alzheimer’s 

disease (APP/PS1) [152]. The authors of this study found that in this model Best1 is not 

localized in perisynaptic domains but rather it is found in abundance in the hippocampal 

astrocytes’ cell body and processes. The authors suggest that the mislocalization of Best1 

might be the result of astrocytes’ reactivity, a feature of astrocytes associated with several 

neurological and psychiatric disorders including Alzheimer’s, Parkinson’s, schizophrenia, 

and addictive disorders [153, 154].

Interestingly, in the cerebellum, Best1 is not perisynaptic, but rather in the cell body and 

processes of another type of glia, the Bergman glia [150, 155, 156] (Fig. 10.8d, e). This 

difference in protein distribution between the hippocampal astrocytes and Bergman glia 

accounts for the shift in the reversal potential of the currents that Park and colleagues 

noticed in hippocampal astrocytes when performing whole-cell recordings (Fig. 10.8c, f) 

[150]. Indeed, in these cells, the reversal potential was 40 mV more negative than expected 

under those experimental conditions, which could be explained by space clamping issues 

that occur when the channels are not localized in the cell body. On the contrary, in Bergman 

cells, the reversal potential of the ionic currents was exactly as expected, supporting that in 

these cells Best1 is localized in the cell body. The investigators speculate that this striking 

difference in the localization of Best1 between the hippocampus and the cerebellum might 

highlight different functions. Indeed, Best1 in the cerebellum mediates tonic inhibition by 
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releasing GABA, while in the hippocampus Best1 may release glutamate at the synapses 

[156].

As already hinted above, in addition to small anions, other anionic species permeate through 

bestrophin channels. For example, Qu and Hartzell using patch-clamp electrophysiology 

showed that all four human bestrophins and a mouse BEST2 [157] are highly permeable to 

HCO3− both at high and at physiological concentrations of this ion. These results suggest 

that bestrophins might participate to pH buffering in tissues. In addition to being permeable 

to larger anions, bestrophins are also permeable to large biologically active molecules such 

as glutamate and GABA, which is rather remarkable considering the size of these molecules. 

Park and colleagues showed in electrophysiological experiments by ion substitution method 

that bestrophins are permeable to glutamate, isethionate, bromine, iodine, and other small 

ions in mouse cultured astrocytes, with a relative permeability of glutamate to chloride 

(Pglutamate/Pcl) of 0.47 [148]. Similar permeability ratios of 0.67 and 0.53 were found 

for mBest1 expressed in HEK293 cells [68] and for endogenous bestrophins in CA1 

hippocampal mouse astrocytes, respectively [150]. It is worth mentioning a study by 

Dickson and colleagues in which chicken Best1 was found to be impermeable to glutamate 

[134]. In this case, anionic permeability was estimated via the quenching of a fluorescent pH 

indicator, exploiting the fact that anionic entry into liposomes is accompanied by the entry of 

protons. The indirectness of the measurement may account for potential misinterpretations 

[158].

Among the studies investigating bestrophins’ permeability to glutamate and GABA, several 

employed the sniffer patch-clamp technique [68, 152, 155]. This technique uses cells 

expressing a mutant form of GluR1 that does not get desensitized to detect glutamate 

released from astrocytes. This technique was developed by Lee and colleagues in a study in 

which they showed that astrocytic Best1, following activation of G-protein coupled receptors 

(GPCR), such as P2Y, bradykinin, and protease-activated receptor PAR1 (TFLLR), releases 

glutamate in concentrations that are sufficient for the activation of neuronal NMDRs at 

the synapses [159]. These results suggested that bestrophins may regulate NMDA-mediated 

synaptic transmission.

This hypothesis was indeed supported by Park and colleagues who showed that the release 

of glutamate via bestrophin channels, that are expressed in mouse hippocampal CA1 

astrocytes, leads to an increase in the evoked excitatory postsynaptic potentials mediated 

by NMDA receptors [151]. The investigators further showed that Best1-mediated glutamate 

release increased the size of LTP and LTD and lowered the threshold of induction of 

long-term potentiation. Taken together, these results underscore that release of glutamate 

through Best1 expressed in astrocytes influence synaptic plasticity.

Best1 is permeable also to GABA. Lee and colleagues found a permeability ratio (PGABA/

PCl) of 0.27 for Best1 expressed in HEK293T cells and of 0.19 for native Best1 channels in 

mouse Bergmann glia [155]. Although these permeability values seem low, the investigators 

clarified that the current elicited by GABA permeation is carried by the less frequent anionic 

form of the molecule when GABA is mostly zwitterionic [158]. Interestingly, GABA release 

is substantial even at resting intracellular calcium concentration (100 nM), suggesting that 

Fernandez-Abascal et al. Page 18

Adv Exp Med Biol. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bestrophins could leak GABA in basal conditions. To show that GABA released via Best1 

can activate GABA receptors expressed on nearby cells, Lee and colleagues used the sniffer 

technique which employed the slowly deactivating receptor GABAC expressed in HEK cells. 

Finally, the investigators, using Best1 inhibitors and shRNA against Best1, showed that in 

native tissue GABA released by astrocytic Best1 produces an inhibitory current in cerebellar 

granule cells, a finding reported also by Yoon and colleagues [156].

Importantly, while under physiological conditions GABA release via glial Best1 occurs only 

in the cerebellum (Bergmann glia), under pathological conditions it is released also from 

astrocytes. For example, Jo and colleagues showed in a mouse model of Alzheimer disease 

(APP/PS1) that hippocampal astrocytes in the dentate gyrus release GABA upon stimulation 

of the PAR-1 receptors and that the astrocytes that are closest to the plaques have the 

highest GABA immunoreactivity [152]. This result suggests that astrocytes reactivity may 

be associated with GABA production and release. Indeed, Chun and colleagues showed that 

a stab wound injury inflicted to the CA1 hippocampal area induced both astrocytes reactivity 

and an increase in GABA production and release [160].

10.6.3 Bestrophins in Invertebrates

Bestrophins have not been studied in C. elegans and have only been investigated by a few 

in Drosophila. This leaves a lot of room for exploiting these powerful model organisms to 

advance our understanding of the role of this family of Cl− channels in pathophysiology, 

especially as it pertains to the nervous system. Drosophila Best1 has been shown to be 

activated by both cell swelling and Ca2+, with activation by cell swelling being independent 

of intracellular Ca2+ concentrations [161]. Furthermore, Stotz and Clapham showed that 

the first 64 N-terminal residues of Drosphila Best1 are important for volume sensitivity 

and can transfer this channel feature to volume insensitive Drosophila Best2 [162]. Chien 

and Hartzell using a point mutation in the pore region of Drosophila Best1 (F81C) finally 

demonstrated that the VRAC currents resulting from expression of Best1 in S2 insect cells 

are mediated by Best1 and are not the result of activation of another channel for which Best1 

serves as an accessory subunit [161].
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Fig. 10.1. 
ClC-2 structure and function. (a) Membrane topology of a ClC channel. The 18 α-helices 

are labeled by letters (A through R). The amino acid sequences that contribute to the Cl− 

selectivity are designated by the blue arrows. The two CBS motifs are shown in green. 

(b) Ribbon rendition of rat ClC-2 channel. The two subunits of the dimer are represented 

in red and blue, respectively. In both A and B, the light gray shaded area represents the 

plasma membrane. (c) Currents elicited by voltage steps from −160 mV to +60 in 20 mV 

increments from a holding potential of −30 mV in a oocyte expressing rat ClC-2 perfused 

with a solution in which the main anion was Cl−. (d) Average current/voltage relationship 

from oocytes injected with rat ClC-2 and perfused with a Cl− solution (filled circles) and 

with the Cl− solution containing 2 mM CdCl2, a ClC-2 channel blocker (empty circles) 

(n = 8 for both, Sangaletti R., Johnson C.K., and Bianchi L., unpublished observations). 

(e) Perivascular astrocytes showcasing MLC1, Glialcam, and ClC2. All three proteins co-

localize to the endfeet of perivascular astrocytes contacting blood vessels and astrocyte–

astrocyte contacts [6, 7]. The localization and function of ClC-2 channels are controlled by 

the interaction with both GlialCAM and MLC1 [8]
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Fig. 10.2. 
ClC-2 type channels in Drosophila and C. elegans. (a and b) In Drosophila, ClC-a is 

expressed in the niche in cortex glia, which is associated with neurogenic tissues. Analysis 

of ClC-a mutant flies revealed that ClC-a controls both the wiring of the nervous system 

and the size of the fly brain. Indeed, in flies that are mutant for ClC-a, the brain is 

smaller and there are widespread wiring defects. Plazaola and colleagues proposed that 

ionic homeostasis mediated by glial ClC-a may nonautonomously affect neurogenesis and 

the assembly of neural circuits [37]. The photographs show representative confocal sections 

of adult optic lobes of wild type and ClC-a mutant photoreceptor arrays stained with 

anti-Chaoptin. Apparent is the axonal trajectory defect in the optic lobe of the ClC-a 

mutant fly. (c) Bright-field image of C. elegans glued on an agarose pad on a glass slide. 

The dashed arrows indicate the direction of the cuts made with a glass micropipette prior 

to pHlourin pH imaging experiments to expose the glia to the perfusing solution. (d) 

Fluorescent image of the same animal as in (c). The fluorescence is pHlourin expressed 

in an amphid sheath glial cell. Scale bars for C and D are 50 μm. (e) pHlourin-mediated 

pH imaging of amphid sheath glial cells in C. elegans perfused with an HCO3− buffer 

following baseline imaging perfusing with an HCO3− free and Cl− free solution. Note the 

reduced alkalinization in the clh-1 mutant animal (red line), which is restored in the rescue 

animal (clh-1;pT02B11.3:clh-1, blue line), indicating that CLH-1 is important for HCO3− 

permeation into C. elegans glia. (f) Average alkalinization expressed as DF/F for wild type, 

clh-1 mutants, and clh-1 rescue C. elegans, n was 16, 8, and 8 respectively. (c–f) were 

adapted from Grant et al. [38]
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Fig. 10.3. 
LRRC8 structure and role in the regulation of volume decrease. (a) When cells sense 

hypotonic conditions they tend to swell causing VRAC/VSOAC/SWELL1 channels to 

open, allowing for an efflux of organic osmolytes and Cl−. When the most substrate being 

transported is Cl− then VRAC/VSOAC/SWELL1 causes efflux of K+ via the K+ channels 

to maintain electroneutrality. Water efflux across the plasma membrane is induced by the 

efflux of osmotically active substances. Water efflux is via the lipid bilayer or can be 

mediated by aquaporins. This mechanism allows the cellular volume to return to its original 

control level. (b) Schematic representation of the topology of an LRRC8 channel subunit. 

Transmembrane domains are labeled TMH1-4 (Transmembrane Helix 1–4), the extracellular 

loops are labeled EL1 and EL2 (Extracellular Loop 1 and 2), and the intracellular loops are 

labeled IL1 and IL2 (Intracellular Loop 1 and 2). The leucine-rich repeat domain (LRRD) 

is shown in purple. (c) Ribbon rendition of LRRC8A hexameric structure. Two subunits in 

the back are not shown for clarity (from [42]). Each subunit is shown in a different color. 

(d) Example of swelling activated currents in HCT166 cells coexpressing isoforms 8A and 

8C of LRRC8. Currents were activated by voltage steps from −120 to +120 mV in 20 

mV increments. (e) Current–voltage relationships of SWELL1 currents recorded in isotonic, 

hypertonic, and hypotonic solutions. (c, d) panels are adapted and reprinted with permission 

from Yamada and Strange [43]
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Fig. 10.4. 
Role of SWELL1 in learning and memory and in excitotoxicity. Astrocytes contribute 

to excitotoxicity and regulate synaptic transmission via glutamate release. The exact 

mechanisms by which astrocytic glutamate is released are not fully understood. VRAC/

VSOAC/SWELL1 has been proposed to mediate non-vesicular glutamate release from 

astrocytes. Indeed, reduced ambient glutamate levels were observed in astrocyte-specific 

Swell1 knockout mice. These mutant mice exhibited impairment of learning and memory 

that was dependent on the hippocampus (a). Swell1 knockout mice were also protected from 

brain damage following an ischemic stroke due to reduced glutamate release from astrocytes 

(b) [62]
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Fig. 10.5. 
TMEM206 encodes an acid activated Cl− channel across species. (a) Schematic topology of 

TMEM206. Human TMEM206 is 411 aa long, it is predicted to have two transmembrane 

domains (TM1 and TM2) and intracellular N and C termini. (b) Human TMEM206 and 

the corresponding homologs from the naked mole rat, chicken, green anole, and zebrafish 

expressed in TMEM206−/− HEK cells generate Cl− currents activated by perfusion with a 

solution at pH 5 [77]
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Fig. 10.6. 
Pax1 encodes a Cl− channel when activated by voltage. (a) Panx1 opens as a large 

conductance channel (500 pS) when exposed to high extracellular K+. The membrane patch 

was in the inside-out configuration and was clamped at −100 mV. The dashed and solid lines 

indicate subconductance and fully open and closed states, respectively. (b) Panx1 exhibits 

a low conductance state when activated by voltage. A membrane patch in the outside-out 

configuration was exposed to low K+ and clamped at +50 mV. Two small conductance 

channels, indicated by the red lines and by O1 and O2, are activated under these conditions. 

One of the channels is also shown on a 5 × scale. The scale shown in panel A applies also to 

panel B (10 pA). Modified from Wang et al. [107].
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Fig. 10.7. 
Bestrophins structure and function. (a) Schematic representation of the topology of a 

Bestrophin channel based on studies conducted on Best1 [132]. There are six hydrophobic 

domains, however, domains 3 and 4 are expected to be intracellular. (b) Best1 currents were 

recorded in retinal pigment epithelial cells differentiated from induced pluripotent stem cells 

of a wild-type donor using intracellular solutions containing 0, 0.6 μM, and 1.2 μM Ca2+. 

The voltage-clamp protocol is shown in the insert. The scale bar is 1 nA and 150 ms. (c) 

Ca2+ dose–response curve for Best1 currents similar to the ones shown in panel B. The 

number of cells tested was 5 or 6 for each data point. The dotted line represents the zero 

current level. Modified and reprinted with permission from Li et al. [133]
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Fig. 10.8. 
Best1 localization in hippocampal astrocytes and in Bergman glia. (a) Immunohistochemical 

staining of GFAP-GFP (green) and of Best1(red), and a merge of the two images 

demonstrating exclusive expression of Best1 channels in microdomains of hippocampal 

astrocytes. (b) Schematic representation of the subcellular localization of Best1 (red) in 

hippocampal astrocytes. (c) Representative current-voltage relationship of NPPB-sensitive 

currents showing anion conductance in hippocampal astrocytes. (d) Immunohistochemical 

staining of GFAP-GFP (green) and of Best1(red), and a merge of the two images showing 

exclusive localization of Best1 in the soma of Bergmann glia. (e) Schematic representation 

of the subcellular localization of Best1 in Bergman glia. (f) Representative current–voltage 

relationship of NPPB-sensitive currents in Bergman glia. Note that the experiments shown in 

c and f were conducted in isometric Cl− predicting a reversal potential of 0 mV. The more 

negative reversal potential observed in hippocampal astrocytes is due to the space clamp 

error caused by the localization of Best1 at the end of the cellular processes in this cell type. 

From Park et al. [150]
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