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Abstract 

Astrocytes in the mammalian central nervous system are interconnected by gap junctions made 

from connexins of the subtypes Cx30 and Cx43. These proteins may exist as hemichannels in 

the plasma membrane in the absence of a ‘docked’ counterpart on the neighboring cell.  A 

variety of stimuli are reported to open the hemichannels and thereby create a permeation 

pathway through the plasma membrane. Cx43 has, in its hemichannel configuration, been 

proposed to act as an ion channel and a membrane pathway for different molecules, such as 

fluorescent dyes, ATP, prostaglandins, and glutamate. Published studies about astrocyte 

hemichannel behavior, however, have been highly variable and/or contradictory.  The field of 

connexin hemichannel research has been plagued by great variability in the experimental 

preparations employed, a lack of highly specific pharmacological inhibitors and by 

confounding changes associated with genetically modified animal models. This review 

attempts to critically assess the gating, inhibition and permeability of the astrocytic connexin 

hemichannels and proposes that connexins in their hemichannel configuration act as strictly-

gated isoform-specific selective pores when open.   
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Many mammalian cells are coupled to their neighboring cells by gap junctions. These large-

pore intercellular permeation pathways confer connectivity between the cytoplasm of adjacent 

cells and allow exchange of a variety of molecules, such as atomic ions, second messengers, 

nutrients, and metabolites (1, 2). Gap junctions are comprised of connexins, six of which 

assemble to create each half gap junction, called a connexon or a hemichannel. A functional 

gap junction forms when a hemichannel in one cell docks with a hemichannel in a neighboring 

cell (3). Connexins exist in 21 different isoforms in the human genome, each named according 

to their molecular weight in kilo Daltons (4). The single-channel conductance and permeability 

profile of gap junctions strictly depend on their isoform composition: Different connexin 

isoforms show large variations in parameters like conductance, cation versus anion selectivity, 

and permeability to both dyes and biological molecules (1, 2). These variations correlate poorly 

between parameters, e.g., Cx45 has a small single-channel conductance and high cation to 

anion selectivity, but still remains more permeable to the negative dye Alexa 350 than channels 

with larger single-channel conductance and higher preference to anions (2). The different 

permeants such as ions and fluorescent dyes may, in addition, be differentially regulated (5, 6), 

underscoring that the permeation pathway through gap junctions display isoform-specific 

characteristic and permeant-specific gating. 

It has become evident that half gap junctions, i.e., hemichannels, may exist in the cell 

membrane in the absence of a docked counterpart, at least in cultured astrocytes (7). This is not 

unexpected as connexin proteins have a high turnover rate and are continuously manufactured 

and inserted into astrocyte membrane to form hemichannels; for at least a brief time, each 

hemichannel will be unpaired. A number of interrelated questions arise: 1) to what extent do 

hemichannels open to the extracellular environment, 2) to the extent that hemichannels do 

open, what molecular cues would prompt them to do so, 3) which solutes would permeate 

hemichannels in their open conformation, 4) does hemichannel activity depend on connexin 

isoform composition, and 5) what physiological or pathophysiological role(s) would 

hemichannels serve in such cases. Connexin investigators are rather divided on these questions 

with some assigning important physiological roles to connexin hemichannels and others 

questioning their functional existence. Researchers enjoy much greater concordance on the 

topic of astrocyte gap junctions:  There is general agreement that astrocytes exhibit strong 

intercellular coupling mediated by gap junctions comprised of connexin isoforms Cx30 and 

Cx43 (8-10). In this fashion, groups of astrocytes are said to form a ‘syncytium’ that allows 

https://doi.org/10.1007/s11064-017-2243-7
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them to act in a coordinated manner to physiological events, such as spatial buffering-mediated 

K+ clearance following neuronal activity (10, 11). This review, however, focuses on the 

unsettled state of astrocyte hemichannel behavior, especially regarding gating, permeability, 

inhibition, and functional roles. 

Connexin hemichannel activity determined with fluorescent dye uptake 

Astrocyte connexin hemichannels were originally demonstrated on cytoplasmic processes and 

filopodia of subconfluent primary cultured rodent astrocytes using antibodies to the 

extracellular loop epitopes of Cx43 (7). Connexin hemichannel activity was not demonstrated 

on these primary astrocytes (although dye uptake was mentioned in passing but not assigned 

to Cx43) but removal of divalent cations (chelation by 5 mM EGTA) caused Lucifer yellow 

uptake in  15% of the cells of an immortalized astrocytes (RGCN cell line cultures) with the 

remaining cells restricting dye uptake under these conditions (7). The Lucifer yellow 

permeation pathway was assigned to Cx43 because the Cx43 extracellular loop antibody 

reduced uptake in two out of three experiments (7). Divalent cation-free solution-induced 

Cx43-mediated uptake of fluorescent dyes into primary cultures of astrocytes has since been 

demonstrated in another study (12) while others have failed to observe such transport activity 

assigned to Cx43 upon removal of divalent cations (13-15).  As in gap junction research, 

transfer of fluorescent molecules has been widely employed to monitor hemichannel activity 

(12, 13, 16, 17). When this transfer is observed, it has often been presumed to mean that 

biological molecules of smaller size than the fluorescent probe must also permeate the 

hemichannel. The Cx43-mediated fluorescent dye uptake in astrocytes (in culture/in brain 

slices) is, in addition, reported to be enhanced by a diverse range of other molecules including 

metabolic inhibitors, agents that cause oxidative stress, and exposure to growth factors, 

cytokines, and -amyloid (13, 15, 18-22). In the case of -amyloid hemichannel stimulation, 

prolonged treatment (72h) with the neurotoxic -amyloid peptide fragment A25-35 was 

required to increase the dye uptake in cultured astrocytes (19, 21) while astrocytic -amyloid-

induced dye uptake occurred in acute hippocampal slices after only 3h exposure (21). While it 

is still of unknown significance, increased astrocytic Cx43 immuno-reactivity has been 

observed in the vicinity of -amyloid plaques (23, 24). In unpublished experiments using a 

similar experimental design to (21), however, exposure to A25-35 failed to induce elevated dye 

uptake in cultured astrocytes (DB Hansen, MS Nielsen, N MacAulay and BR Ransom), Fig. 1. 

https://doi.org/10.1007/s11064-017-2243-7
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At present, the explanation for these apparently contradictory results remains obscure; one 

obvious possibility is subtle differences in how these two laboratories performed the 

experiments (e.g., differences in cell preparation or culture conditions/confluence, animal 

strain, dye application, bath conditions, etc.). Also worth noting is that the 10 µM A25-35 

necessary to induce hemichannel activity in cultured astrocytes, although commonly used 

experimentally, is at least 100-fold greater than the concentration which appears to be relevant 

for human disease (25, 26), raising the possibility that the effect may be a pharmacological 

curiosity more than a biological principle. 

Connexin hemichannel inhibitors 

Few pharmacological agents have exclusive actions.  The commonly used drugs to block or 

inhibit connexin hemichannels are prime examples of this principle, and their poor specificity 

for connexin targets has been a source of confusion and frustration. This shortcoming in our 

scientific armamentarium complicates exact determination of the functional roles of 

hemichannels in complex cells such as astrocytes. Flawed as they are, a range of 

pharmacological inhibitors and mimetic peptides have been proposed suitable for blockade of 

the diverse actions attributed to hemichannel opening (Table 1). Gap junction inhibitors may 

be expected to also block unopposed hemichannels, while only a few compounds are reported 

to specifically inhibit hemichannels (27-29). Many chemical classes appear on the gap junction 

inhibitor list, including glycyrrhizic acid (GA) and its derivatives 18-α/β glycyrrhetinic acid 

and carbenoxolone (CBX), long chain alcohols like octanol and heptanol, fenamates such as 

flufenamic acid (FFA), the long chain fatty acids arachidonic acid and oleic acid, the long chain 

amides anandamide and oleamide, and volatile anesthetics like halothane (30-38). The majority 

of these compounds also inhibit the activity of other astrocytic and neuronal membrane 

channels including other connexins and pannexins, purinergic P2X receptors, and volume-

regulated anion channels (VRACs) (29, 39-41). Since the consequences of these agents cannot 

be reliably attributed to actions on a particular channel, their utility is substantially 

compromised (see Table 1). CBX is occasionally employed as a connexin hemichannel blocker 

which illustrates the problem: In cultured astrocytes and Cx43-expressing C6 cells, CBX 

appears to inhibit the hemichannel activity (12, 42). However, CBX failed to affect Cx43 

hemichannel activity in planar bilayers (43) and displayed a rather low potency in blocking 

Cx43 hemichannels expressed in Xenopus oocytes, where Cx30 hemichannels were 

significantly more sensitive towards this inhibitor (14). In addition, CBX is an efficient 

https://doi.org/10.1007/s11064-017-2243-7
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inhibitor of VRACs (41, 44) and of Panx1-mediated conductance (45) although with only a 

modest reduction of fluorescent dye uptake through Panx1 (14, 46, 47). The ion channel 

modulator FFA is another extensively used inhibitor towards Cx43 (12, 48, 49) but affects an 

array of other channels, including chloride channels, TRP channels, gap junctions, P2X 

receptors, and pannexins, reviewed in (50). The indiscriminate behavior of FFA and CBX 

makes it challenging to unequivocally interpret results obtained with either agent when applied 

on complex cell systems expressing many potential binding partners. A potential way to 

distinguish between gap junctions and connexin hemichannel activity is to use the trivalent 

heavy metal lanthanides, lanthanum (La3+) and gadolinium (Gd3+), which target connexin 

hemichannels without blocking gap junctions (13, 49, 51). Gd3+ inhibits Cx43 in cultured 

astrocytes, mammalian cell lines, as well as in Cx43-expressing Xenopus oocytes (48, 49, 52), 

whereas Gd3+-sensitivity of Cx30 has only been described in Xenopus oocytes to date (14). 

La3+ efficiently blocks both Cx30 and Cx43 hemichannels in primary cultured astrocytes and 

cochlear cells (12, 21, 53). Unfortunately, the list of other trivalent metal ion-sensitive channels 

is also quite extensive and includes other connexin hemichannels, such as Cx46 and Cx50, as 

well as calcium channels, the maxi anion channels, TRP channels, and stretch-activated ion 

channels (51, 54-57). 

In recent years, sequence-homology peptides have been developed in the hope that they would 

be connexin-specific hemichannel inhibitors. The peptides mimic short sequences of the 

connexin protein (hence the name ‘mimetic peptides’) and were originally designed to interfere 

with hemichannel docking and thereby block formation of functional gap junctions (58, 59). 

Two such mimetic peptides, Gap26 and Gap27, are identical to a region in the first and second 

extracellular loops, respectively. Besides interfering with the gap junctional communication 

(60, 61), these peptides were subsequently reported to partially inhibit uncoupled 

hemichannels, such as astrocytic Cx43 (48, 62-64). However, it later became apparent that 

Gap27 also targets Panx1 and therefore is not specific to connexin hemichannels (65). 

Moreover, high doses of these peptides in a scrambled form (to eliminate their specificity) may 

in themselves affect connexin hemichannel activity (66). The more recently developed mimetic 

peptide Gap19, identical to a part of the intracellular loop of Cx43, appears to affect Cx43 

hemichannels without altering gap junctional coupling or Panx1 activity (67, 68). Antibody-

mediated inhibition is another approach used to block hemichannel docking and activity. 

Several antibodies (e.g. aEL2-186, Mabcx43E2, and aEL-46) targeting the extracellular loops 

https://doi.org/10.1007/s11064-017-2243-7
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of Cx43 have been demonstrated to block hemichannel activity and, after prolonged exposure, 

also dye coupling and gap junctional plaque size (7, 66, 69). However, aEL2-186 also inhibits 

Cx32, raising the question of how selectively such antibodies can target unique connexin 

proteins.  Antibody cross-reactivity with several connexins might even be anticipated because 

the amino acid sequence of the extracellular loops is highly conserved within the different 

isoforms (66). A novel antibody, Cx43(E2), is reported to exclusively target the second 

extracellular loop of Cx43 hemichannels (i.e., without cross reacting with other connexins such 

as Cx26, Cx32, Cx46, and Cx50) (70), thereby blocking conductance and permeation of small 

molecules, such as fluorescent dyes, prostaglandin E2, and ATP (21, 70-72). These recent 

developments show promise in the quest for highly selective connexin hemichannel blocking 

agents but further validation is needed of their specificity for unique connexin hemichannels 

and the lack of confounding effects on other connexin isoforms or astrocyte transport 

mechanisms whose actions might be confused with hemichannel functions.  In the absence of 

such validation, using these blockers as diagnostic tools for connexin hemichannel function 

may be fraught and results must be interpreted cautiously.  

Genetic manipulation of connexins 

Alteration of select gene loci (and their protein products) has proven extremely powerful in 

understanding channel functions.  Given the lack of specific inhibitors for the astrocytic 

connexin hemichannels, the knock-out/knock-down strategy has been employed for both Cx30 

and Cx43. Together with pharmacological experiments, genetic manipulation has yielded 

insights about the diverse roles of these connexin hemichannels, both in normal and 

pathological situations (e.g., vasoconstriction, synaptic transmission, modulation of 

excitability of sensory neurons, Alzheimer’s disease, neuropathic pain, cell damage in brain 

trauma, ischemic stroke, HIV-mediated brain dysfunction, and brain alterations following 

prenatal nicotine exposure, (17, 21, 97-104)). The downside of the gene alteration strategy is 

the frequent discovery of inadvertent effects on other factors in these mice: The widespread 

transcriptome alterations observed in mice with knock-out or knock-down of Cx43 (105, 106) 

can, in some cases, lead to changes in membrane transport mechanisms unrelated to Cx43, but 

which may then be mistakenly construed to be Cx43 effects. A striking example of an indirect 

effect of Cx43 alteration was demonstrated in inducible Cx43 knock-out mice, where voltage-

gated Na+ channel (Nav5.1) expression and currents were significantly reduced (107). Along 

these lines, a mouse strain with selective removal of the last five amino acids from Cx43 

https://doi.org/10.1007/s11064-017-2243-7
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exhibited functional gap junctions but mislocalized voltage-gated Na+ channels (Nav5.1); the 

misdirected Na+ channels were the direct cause of the observed lethal arrhythmia (108). 

Significantly reduced basal ATP concentration has also been reported in astrocytes obtained 

from Cx43-/- mice (109). Reduced ATP content could lead to a decline in ATP release on the 

basis of a diminished transmembrane gradient, completely independent of any changes in ATP-

permeable Cx43 hemichannels at the cell membrane (109). These examples illustrate that care 

must be exercised in drawing conclusions about connexin hemichannel function in astrocytes 

based on genetic modification of the expression of connexin protein in these cells.  Unexpected 

associated changes in other cellular functions may be misinterpreted as due to the targeted 

change in connexin expression. In summary, the preceding discussion highlights some of the 

methodological challenges to isolating, with precision, the physiological and 

pathophysiological actions of specific hemichannels.  Given current limitations, it is thus 

difficult to distinguish the action of a given connexin hemichannel from that of other large-

pore channels expressed by astrocytes.  In our opinion, these technical factors, and others yet 

undiscovered, are important contributors to the diversity of results that have been reported 

regarding the functional roles and biophysical characteristics of different hemichannel 

isoforms.   

Fluorescent dye uptake in heterologously expressed astrocyte connexins 

An alternative approach to characterize the activity of connexin hemichannels in isolation is 

heterologous expression of these in various mammalian cell lines or Xenopus laevis oocytes. 

Cx43-mediated dye uptake was demonstrated in HeLa cells overexpressing this channel upon 

removal of divalent cations (16, 92, 110), whereas identical rates of dye uptake were observed 

in parallel experiments on native C6 cells and C6 cells expressing Cx43, suggesting a minor 

contribution of Cx43 to the collective cellular dye uptake in divalent cation free solution (14). 

Xenopus oocytes are renowned for their gross overexpression of proteins upon microinjection 

of the cRNA encoding these, with little or no native expression of the multitude of large-pore 

channels expressed in complex cell types. Xenopus oocytes do express an endogenous connexin 

isoform, Cx38 (111), which may or may not participate in membrane current activity (see later) 

but does not itself contribute to divalent cation/Gd3+-sensitive fluorescent dye uptake and does 

not interfere with fluorescent uptake data obtained with connexin-overexpressing oocytes (52, 

112). The Xenopus oocytes therefore appear to be a useful expression system for biophysical 

characterization of individual connexin hemichannels in isolation, as they have proven highly 

https://doi.org/10.1007/s11064-017-2243-7


This is a the final author’s draft of a paper accepted for publication in the journal Neurochemical 
Research 2017. DOI: https://doi.org/10.1007/s11064-017-2243-7 
 

8 
 
 

useful for this endeavor in the gap junction research field, e.g., (113-115).  Oocytes expressing 

Cx30 or Cx43 displayed ethidium accumulation similar to that obtained in the uninjected 

oocytes until divalent cations were removed from the test solution, at which point the connexin-

expressing oocytes increased their uptake of this fluorescent dye by 3-4 fold (14). The 

connexin-mediated ethidium uptake was completely abolished by Gd3+, underscoring the 

connexins as the molecular origin of this transport activity. Membrane depolarization and 

dephosphorylation of Cx43 have previously been listed amongst the potential activators of 

Cx43 hemichannel activity (112, 116, 117) but these molecular cues failed to induce Cx43-

mediated dye uptake in subsequent experiments (13, 52, 118). In contrast, Cx30, when 

activated by removal of divalent cations, closed upon PKC activation, emphasizing isoform-

specific regulation of these connexins in their hemichannel configuration (118). 

Connexin hemichannels as ion channels 

Although no doubt remains regarding the ability of gap junctional channels to conduct currents, 

one particular point of contention is the ability of certain connexins to conduct atomic ions in 

their hemichannel configuration. There is general agreement that some connexin isoforms, 

when open, form hemichannels that conduct current. For example, Cx30 forms current-

conducting, Gd3+-sensitive hemichannels that open at physiological membrane potentials upon 

removal of divalent cations, when expressed in Xenopus oocytes or mammalian cell lines (14, 

52, 94, 119).  The first demonstration that Cx43 hemichannels carried current was in HeLa 

cells overexpressing this connexin: The cells were whole cell voltage clamped and exposed to 

a ramp protocol from -100 mV to +100 mV. At membrane potentials more positive than +70 

mV, single-channel activity was observed and assigned to Cx43 (Fig. 2, adapted from (86)). 

Practically speaking, open channel events were exceptionally rare and occurred under extreme 

conditions: Given the whole cell voltage clamp configuration and the high copy number of 

Cx43 hemichannels expressed in the HeLa cell plasma membrane, only one or two channels 

opened simultaneously during the voltage ramps employed. Removal of divalent cations 

caused channel openings at slightly less positive membrane potentials (around +40 mV) in the 

illustrated representative example, although the effect was not systematically quantified (Fig. 

2, adapted from (86)). These data suggest that Cx43 hemichannels are impermeable to atomic 

ions at physiologically relevant membrane potentials in the negative range (or the low positive 

range up to +30 mV experienced by the cardiomyocyte Cx43 during the cardiac action 

potential);  ion permeation events, albeit with very low open probability, only occur at highly 

https://doi.org/10.1007/s11064-017-2243-7
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positive potentials (86). Similar results in Cx43-expressing HeLa cells or cardiomyocytes were 

later obtained by other research groups (64, 120) confirming the negligible Cx43-mediated 

current activity at physiologically relevant membrane potentials. A single study in cultured 

astrocytes reported current activity upon removal of divalent cations in three out of the five 

tested cells, with the two remaining cells displaying no divalent cation-sensitive current activity 

(49). In the cells that exhibited these currents in divalent cation-free solution, the current pattern 

differed from that seen in Cx43-expressing HeLa cells and cardiomyocytes, since it occurred 

over the entire tested voltage range. In contrast, we detected no divalent cation/Gd3+-sensitive 

membrane currents in cultured rat astrocytes at the tested membrane potentials (up to +60 mV) 

(14). The preponderance of evidence supports the conclusion that Cx43, expressed in native 

cell types (astrocytes and cardiomyocytes) or in mammalian cell lines, does not exhibit open 

ion channel events at physiological membrane potentials but may be induced to allow atomic 

ion permeation at highly positive membrane potentials. Some investigators consider 

demonstration of current a prerequisite for proving hemichannel involvement (121), despite 

the fact that Cx43 readily mediates dye uptake and ATP release at physiological potentials (12, 

16, 42, 110) but generally fails to conduct current until exposed to highly positive membrane 

potentials (64, 86).  Given the complexity of intact nervous tissue there is always the possibility 

that ‘conducive conditions’ present in vivo for expression of a particular biological event are 

simply absent in the reductive in vitro environment.  While this can be a convenient refuge for 

proponents of a particular position when expected results are not supported by experimental 

evidence, it is also a true phenomenon that must be taken into consideration.  Thus, it is 

interesting that  large-conductance single-channel current activity in cultured astrocytes has 

been noted following incubation with conditioned medium from activated microglia (95) or 

with the neurotoxic β-amyloid fragment (Aβ25-35) (19, 21), which correlated with increased 

surface expression of Cx43 on the plasma membrane in the two latter. The currents were visible 

at negative membrane potentials in cultured astrocytes (in the presence of K+ channel 

inhibitors) in 4/4 tested astrocytes exposed to the conditioned medium from activated microglia 

but also in 2/10 astrocytes kept in control medium, as also observed in control astrocytes not 

exposed to Aβ25-35 in (21). Unitary current transitions were detected at resting potentials in 

most untreated cells in a later study (19), in which stimulation with Aβ25-35 increased the 

frequency of unitary events at both positive and negative membrane potentials. This current 

activity was assigned to Cx43 based on its putative single-channel conductance of 220 pS (19, 

95), previously reported for Cx43 hemichannels by some researchers (86), and by its absence 

https://doi.org/10.1007/s11064-017-2243-7
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in Cx43 KO cells and blockade by the antibody Cx43E2 (21). Of importance to note, other 

research groups have obtained Cx43-mediated conductances of 165 pS (42), 120 pS (87) and a 

substate conductance of 75 pS (86).  

Parallel expression of Cx30 and Cx43 in Xenopus oocytes revealed large Gd3+-sensitive 

currents in Cx30-expressing oocytes upon removal of divalent cations while none were 

apparent in Cx43-expressing oocytes at the tested membrane potentials  +60 mV (despite 

robust Gd3+-sensitive ethidium uptake in day-matched oocytes, see Fig. 3, (14, 52)). Removal 

of divalent cations induce membrane depolarization of Cx43-expressing oocytes (52, 122), 

which was interpreted as an increase in Cx43-mediated membrane conductance (122). 

However, membrane depolarization following removal of divalent cations occurs to a similar 

extent in uninjected oocytes, see Fig. 4, suggesting that Cx43 is not the molecular origin of this 

membrane depolarization. The native oocyte Cx38 has in some early studies been shown to 

confer significant gap junctional current activity in the uninjected control oocyte (111) whereas 

Cx38 in its hemichannel configuration did not contribute to the membrane potential or the slope 

conductance of uninjected oocytes at negative membrane potentials (123), nor to the membrane 

currents recorded in the presence/absence of divalent cations (52). Only at prolonged (>10 sec) 

positive voltage steps did Cx38 antisense RNA reduce the current and abolish the tail currents 

following return back to the holding potential, Fig. 5, left panels and (123). These data indicate 

that during short-to-medium long voltage pulses (100 ms – 10 s), Cx38 does not contribute 

significantly to the membrane current in native oocytes, in agreement with (52), whereas it may 

be involved in the delayed (small) current response at positive potentials and the subsequent 

tail currents (which are, however, not detectable in our oocyte batches, Fig. 5, right panel, 

unpublished data). The remainder of the study (123) is based on overexpression of the Cx38 

and therefore does not represent the contribution of endogenous Cx38 in native Xenopus 

oocytes. Taken together, it appears that connexin hemichannels, when activated by removal of 

divalent cations, may display isoform-specific permeability profiles (Cx30 permeable to 

ethidium and atomic ions and Cx43 permeable to ethidium but not atomic ions) and thus retain 

the ability to exclude one permeant while allowing another at given membrane potentials. This 

paradoxical feature is also recognized for Pannexin 1 (dye uptake and ATP release at negative 

potentials but conductance only at positive potentials whether expressed in mammalian cells 

or oocytes (45, 109, 124)) and in the otherwise unrelated research field of aquaporin 

permeability, where several isoforms of this family share the ability to allow permeation of 

https://doi.org/10.1007/s11064-017-2243-7
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larger molecules such as glycerol, urea, ammonia etc, while at the same time excluding the 

much smaller atomic ions (125, 126). It will be of future interest to identify the molecular 

determinants of the distinctive permeant selectivity of Cx30 and Cx43. 

Permeation of connexin hemichannels by biological molecules  

As for fluorescent dyes and membrane currents, it has been challenging to determine the 

permeability profile of connexin hemichannels to biological molecules and their isoform-

specific characteristics. Problems arise due to the host of other membrane transport 

mechanisms transporting the same permeants but also due to the lack of specific inhibitors and 

the apparent secondary effects of knocking out connexins. Structural studies of the connexins, 

however scarce, have revealed a sizeable central pore in the Cx26 and Cx43 structures up to 

15Å (127, 128) which spurred the notion of these channels allowing permeation towards a host 

of solutes. However, the Cx43 crystal structure is of a limited resolution and the authors thus 

point out that with a higher resolution, in which the amino acid side chains would be visible, 

the Cx43 central pore may be as narrow as 5Å (128), which would put severe limitations to the 

range of permeable solutes. There is evidence in favor of Cx30 and Cx43 acting as an ATP 

permeation pathway both in cell experiments (42, 53, 110, 116, 129) and in 

(patho)physiological contexts (99, 130-132). This feature has, however, been questioned and 

assigned to other transport proteins and/or reduced cytosolic ATP concentration in the Cx43-/- 

astrocytes (109). Xenopus oocytes expressing Cx30 and Cx43 displayed a small but significant 

ATP release upon removal of divalent cations, supporting the notion that these connexins may 

work as low-capacity ATP conduits in their hemichannel configuration (52). Notably, ATP 

with its negative charges produce a current when traversing a membrane (42). It therefore 

remains puzzling with the multitude of studies reporting Cx43-mediated ATP release at 

physiological membrane potentials (42, 53, 110, 116, 129), at which no Cx43-mediated 

conductance occurs (52, 64, 86, 120). Several other molecules have been suggested to permeate 

connexins in their hemichannel configuration, i.e. glutathione, glutamate, prostaglandins (12, 

41, 72, 133-135), although glutamate release has, in addition, been assigned to other channel 

types in astrocytes (136, 137) and microglia (138). The permeation profiles of Cx30 and Cx43 

were determined upon expression in Xenopus oocytes after verification of channel opening as 

Gd3+-sensitive dye uptake in the absence of divalent cations (52): Under these experimental 

conditions, radio-actively labelled urea (60 kDa), glycerol (92 kDa), and mannitol (182 kDa), 

all smaller than ethidium (314 kDa) and routinely used to probe the pore size of various 
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aquaporin isoforms (125, 126, 139), failed to permeate Cx43-expressing oocytes. Glutathione 

and lactate did not permeate Cx30 or Cx43, whereas only Cx30 displayed permeability towards 

glucose and glutamate (52). Neither of these connexin hemichannels acted as pathways for 

osmotically-driven water transport in a manner analogous to aquaporin-mediated water flux 

(52). It thus appears that the different astrocytic connexin isoforms form functional 

hemichannels although with distinct selectively towards a range of different biological 

permeants. Connexin hemichannels, when activated by removal of divalent cations, therefore 

do not constitute a non-selective pore but rather a selective permeation pathway which may or 

may not significantly contribute to a given transport parameter in a complex cell expressing a 

multitude of different channels and transport proteins. 

Future challenges and directions 

Although there is ample evidence in favor of (patho)physiological roles for the astrocyte 

connexins in their hemichannel configuration, uncertainty remains regarding the biophysical 

characteristics of each connexin isoform and their quantitative contribution to membrane 

transport under (patho)physiological conditions. With the above-mentioned cross-reactivity of 

a range of different inhibitors (or the lack of testing thereof) and putative secondary effects of 

knock-down/knock-out of individual connexins, a successful search for selective isoform-

specific inhibitors will be instrumental to unequivocal determination of the physiological role 

of these membrane proteins. Some laboratories report divalent cation-sensitive Cx43-mediated 

fluorescent dye uptake in mammalian cell lines (7, 16), primary astrocytic cultures (12), and 

Xenopus oocytes (52) while others report lack of dye uptake assigned to Cx43 with this 

activation paradigm in primary culture of astrocytes or Cx43-expressing C6 cells (13-15). The 

diversity in the experimental observations concerning the ability of Cx43 hemichannels to 

facilitate dye uptake, conduct current and/or release signaling molecules raises the question 

whether complete opening of Cx43 hemichannels requires an undefined cellular or 

experimental factor. Factors of interest that may differ between laboratory protocols and 

cellular systems could be 1) presence or absence of certain interaction partners, 2) presence of 

a free C-terminal fragment of Cx43 in some cell lines (140), 3) different composition of 

experimental solutions and/or usage of ultra-pure water in experimental solutions (141, 142), 

4) composition of cell culture medium (15, 95), 5) pre-exposure of cells to positive clamp 

potentials prior to initiation of the experimental clamp protocol (Feliksas Bukauskas, personal 

communication), 6) non-physiological experimental pH (5.8/8.0) and temperatures (i.e., 4ºC) 

https://doi.org/10.1007/s11064-017-2243-7
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(43, 92), and 7) associated mechanical strain upon solution change (49).  The baseline uptake 

of fluorescent dyes is rather significant in many cell types which calls for strict experimental 

design including parallel experiments of equal number of treated versus non-treated cells (or 

WT versus KO) obtained from a number of separate astrocyte/cell preparations. Connexin-

mediated dye uptake is routinely quantified in two distinct manners; either as increased rate of 

dye uptake or increased dye uptake in an entire cell population e.g., (12-14, 16) or as an 

increased number of cells displaying dye uptake, e.g., (7, 87, 92). While the former approach 

is standard in membrane transport physiology, the latter quantification method appears slightly 

unorthodox as it raises the question as to why only a certain percentage of the connexin-

expressing cells display dye uptake: Is it possible that connexin hemichannel-mediated dye 

uptake occurs upon reaching a given threshold (and detected as a percentage of cells 

responding)? Alternatively, the astrocytic responses attributed to Cx43 hemichannels may be 

mediated by other large-pore channels present in the native systems, possibly Cx30, Panx1, 

P2X7, volume-regulated anion channels, or maxi ion channels, etc., with functional properties 

comparable to those expected of Cx43 and with overlapping inhibitor profiles (41, 55, 76, 109, 

119), reviewed in (29, 124). It is easier to point out possible explanations for the contradictory 

results that have been reported in the astrocyte hemichannel field, than it is to provide a clear 

roadmap for eliminating them.  We are optimistic, nevertheless, that these uncertainties will 

yield to the use of more discriminating methods, coupled with greater sensitivity to the sources 

of biological variability.  In this way, it should be possible to define the physiological role(s), 

if such exist, of each unique connexin hemichannel expressed by astrocytes, providing 

important insights into the function of these endlessly fascinating cells. 
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Figure legends 

Fig. 1 Lack of Amyloid-β induced dye uptake in astrocytes. Astrocyte cultures were prepared 

from cortex of neonatal C57BL/6 mice and prepared as detailed in (143). After four weeks in 

culture, the cells were treated for 72h with 10 µM Amyloid-β peptide (Aβ25-35) as described in 

(21) and dye uptake experiments performed as described in (14). Data are illustrated as dye 

uptake as a function of time (upper panel, dye introduced as marked) and summarized in the 

lower panel. The data represent five individual experiments from two different astrocyte 

preparations, ns; not significant. 

Fig. 2 Hemichannel-mediated currents at positive potentials in Cx43-expressing HeLa cells. a) 

Cx43-expressing HeLa cells were whole-cell voltage clamped and exposed to a voltage ramp 

from -100 mV to +100 mV. At highly positive potentials, La3+-sensitive currents were observed 

in Cx43-expressing cells. b) Single-channel activity in a Cx43-expressing HeLa cell was 

observed at +90 mV, indicating a maximum of 1-2 channels open at a given time in the entire 

cell. c) Removal of divalent cations shifted the channel activation to less positive potentials in 

the illustrated representative cell. d) no large-conductance single-channel activity was observed 

in parental HeLa cells. Figures adapted from (86). 

Fig. 3 Dye uptake and membrane conductance are not necessarily linked connexon 

hemichannel features. a) Representative current traces from an uninjected oocyte and oocytes 

expressing Cx30 or Cx43 in control solution and after exposure to divalent cation-free solution 

(DCFS). Inserts illustrate enlarged traces of uninjected and Cx43-expressing oocytes in DCFS. 

b) Summarized I/V curves obtained as in (a) from uninjected, Cx30- and Cx43-expressing 

oocytes (n= 17-21 of each from four different batches of oocytes) illustrate large Gd3+-sensitive 

currents only in Cx30-expressing oocytes. c) Ethidium uptake in uninjected, Cx30- and Cx43-

expressing oocytes obtained from the same batch as those from panel A-B in control solution, 

in DCFS, and in DCFS+Gd3+. Data were obtained from four independent experiments each 

conducted with five oocytes for each condition, ns; not significant, *; P<0.05, **; P<0.01. 

Figure adapted from (52).  

Fig. 4 Removal of divalent cations depolarizes Cx43-expressing oocytes to the same extent as 

uninjected oocytes. Unclamped oocytes (either uninjected (n=11) or Cx43-expressing (n=11) 

oocytes) were exposed to divalent cation-free solution (essentially as described in (52)) and the 

membrane potential recorded before (control) and after 4 min exposure to the divalent cation-

free solution (DCFS). Data represent 11 oocytes of each kind (uninjected or Cx43-expressing) 

obtained from four different batches of oocytes, statistical significance was tested between 

membrane potentials in control solution and membrane potentials in DCFS, ns; not significant. 

Fig. 5 Some batches of uninjected oocytes display Cx38-mediated current activity at prolonged 

positive voltage pulses and others do not. a-b) Uninjected oocytes in control conditions (a) and 

following injection of siRNA encoding the endogenous Cx38 (b) exposed to prolonged voltage 

jump from -40 mV to +30 mV in test solution containing divalent cations, adapted from (123). 

c) These proposed Cx38-mediated currents were not visible in other oocytes batches exposed 

to a similar experimental protocol (n = 4, unpublished results). 
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