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The ciliary nonpigmented epithelium (NPE) is responsible for the secretion of the aqueous humor into the eye. Indirect evidence from earlier studies raised the possibility that unpaired NPE connexins might form functional hemichannels. Here we used a patch clamp approach to confirm the presence of functional NPE hemichannels on the basis of electrical conductance. We also examined responses to TRPV4 activation because it has been suggested that TRPV4 activation can cause connexin hemichannels to open. Studies using whole-cell (WC) patch clamp showed that hemichannel-like conductance transitions appear spontaneously at a positive holding potential (+80 mV). Most of the transitions fell in the 180–240 pS range expected for fully open Cx43 hemichannels. Activation of TRPV4 channels with the agonist GSK1016790A (10 nM) increased the open probability of the presumptive hemichannels and shifted their conductance toward lower amplitudes. Cell-attached (CA) patch clamp recordings also showed events with low conductance values that signify partially open hemichannels. GSK1016790A exposure also induced depolarization, a response causally associated with hemichannel opening. In studies on coupled pairs of cells, gap junction channel full open conductance amplitudes corresponded to values reported for Cx43, and approximately half the conductance of the observed hemichannel-like events, consistent with the notion that Cx43 is responsible for the observed hemichannels. Taken together, the findings are consistent with NPE hemichannels, formed by Cx43, that open in response to TRPV4 activation. While it seems likely that Ca2+ entry plays a role in the hemichannel response to TRPV4 activation, the depolarization that occurs upon TRPV4 activation might also be important.
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1 INTRODUCTION
Aqueous humor is formed by the ciliary body, a specialized musculoepithelial structure located in an area between the posterior of the iris root and the margin of the retina. The elaborately folded surface of the ciliary body is covered by an epithelial cell bilayer. One type of epithelial cell, ciliary nonpigmented epithelium (NPE) faces the aqueous humor in the interior of the eye. A different type of epithelial cell, ciliary pigmented epithelium (PE) faces the network of leaky blood vessels inside the ciliary body. Transport mechanisms in the two cell layers operate in a coordinated manner to produce aqueous humor by transporting ions and water from the blood-side into the posterior chamber of the eye. This is made possible because the NPE and PE are coupled by gap junctions located where the apical surfaces of each cell makes contact. Accordingly, there is abundant expression of connexin protein at the apical surfaces of the NPE and PE. However, there is also rich connexin expression at the basolateral surface of the NPE where the cells contact extracellular fluid, the aqueous humor. Obviously, these connexins are unpaired. Earlier studies were conducted using propidium iodide (MW 668) to determine whether the unpaired NPE connexins might form functional hemichannels. Evidence for hemichannel opening was as follows: propidium iodide added to the aqueous humor was observed to enter the NPE under low external calcium conditions and the movement was prevented by the nonselective connexin inhibitor 18α-glycyrrhetinic acid (Shahidullah and Delamere, 2014). The present study was to confirm functional hemichannel events by a more direct approach using patch clamp.
NPE connexins have been characterized to some extent. Native and cultured porcine NPE cells express both Cx43 and Cx50 (Shahidullah and Delamere, 2014). The NPE also expresses the transient receptor potential vanilloid 4 (TRPV4) channels at the basolateral surface (Shahidullah and Delamere, 2023). This is intriguing because recently published studies demonstrate that activation of TRPV4 can cause connexin hemichannels opening (Ek-Vitorin et al., 2023). The role of TRPV4 and connexin hemichannels in NPE cells remains to be determined but we speculate that they might be involved in coordinating transporter activity in the two ciliary epithelium cell types. In the lens, TRPV4 activation and hemichannel opening in response to osmotic swelling are critical steps in a feedback mechanism that regulates Na,K-ATPase activity (Shahidullah et al., 2012a; Shahidullah et al., 2012b). In the ciliary epithelium bilayer Na,K-ATPase is located mainly at the NPE basolateral surface where the expression of multiple different isoforms of the Na,K-ATPase catalytic subunit points to a highly specialized active Na-K transport mechanism (Ghosh et al., 1991; Riley and Kishida, 1986). Na,K-ATPase activity establishes ion gradients that drive different secondary active transport mechanisms at the basolateral surfaces of the NPE and PE cells. Aqueous humor secretion occurs because the coordinated action of these transporters and associated ion channels drives the movement of solutes and osmotically associated water in a blood to aqueous direction. At steady-state, the rate of solute and water entering the PE layer must be matched by an equal rate of exit from the NPE. A mismatch would lead to swelling or shrinkage of the cells in the bilayer. Earlier, we suggested that the mechanosensitive TRPV4 channel at the NPE basolateral surface might respond to cell swelling and initiate a response that activates hemichannels and perhaps regulates Na,K-ATPase activity (Shahidullah and Delamere, 2023). That is to say, TRPV4 activation and an increased hemichannel opening could have functional consequences in the regulation of aqueous humor production.
Cx43 was shown abundantly at the junction between the NPE and PE layers, where gap junctions couple both cell types, while Cx50 was evident at the aqueous humor-facing, basolateral side of NPE (Shahidullah and Delamere, 2014). Mechanical stimulation of NPE cells caused ATP release that was prevented by the nonselective connexin blocker glycyrrhetinic acid, by a connexin mimetic peptide GAP27, and by a TRPV4 antagonist (Shahidullah and Delamere, 2023; Shahidullah et al., 2012a). Here, using electrophysiological techniques, and based on their expected electrical conductance, we provide proof of the presence of connexin hemichannels in NPE cells. We also examined their responses to TRPV4 activation because earlier studies, including some in the lens (Ek-Vitorin et al., 2023), suggested TRPV4 activation can cause connexin hemichannels to open. One additional goal of these studies is to determine whether the functional interaction between TRPV4 and Cx43, as observed in lens, exists in other cell types.
2 METHODS
2.1 Cells
Nonpigmented ciliary epithelial cells were isolated from porcine eyes and established in primary culture using a method described previously (Shahidullah et al., 2007). Characterization of cell phenotype based on expression of markers such as Na,K-ATPase isoforms and nitric oxide synthases was also described earlier (Shahidullah et al., 2007). Cells were used up to passage five. For electrophysiological studies, cells were separated by trypsinization and plated on glass coverslips, either at low density by dilution, or at high density by depositing a single small drop of medium in the center of the dry coverslip and allowing cells to settle for 1–2 h in the incubator before adding more medium. Using this “drop” method, we obtained groups of cells. Single cells could be found around the central dense groups in the “drop” method, or in low density plating.
2.2 Electrophysiology
Coverslips with attached NPE cells were positioned in a recording chamber on the stage of an upright microscope (BX50WI, Olympus). Recordings were made using a pair of discontinuous single-electrode voltage-clamp (DSEVC) amplifiers (SEC-05LX NPI, Germany) (Ek-Vitorin and Burt, 2005). For measurements of total membrane current (Im) and resting membrane potential (RMP), K+-containing solutions were used, both externally (in mM: NaCl 140, KCl 4.7, CaCl2 1.8, MgCl2 1.2, EGTA 0.1, Glucose 10, HEPES 10; adjusted to pH = 7.2, and 319–330 mOsm) and internally (in mM: KCl 124, MgCl2 3, TEACl 9, CaCl2 0.5, EGTA 9, Glucose 5, Na2 ATP 5, HEPES 9; adjusted to pH = 7.4, and 315–319 mOsm). To decrease membrane currents and promote the visualization of hemichannel-like events, K+ currents were prevented by partially substituting Cs+; additionally, NaCl and KCl concentrations were adjusted to preserve osmolarity, while keeping all the other components intact. Thus, the external solution composition became (in mM) NaCl 125, 4 KCl, 15 CsCl, and that of the internal solution (in mM) 125 KCl, 14 CsCl. Patch clamp recordings were made as described below and test drugs were introduced after first establishing a control baseline. Specifically, the TRPV4 agonist GSK1016790A (GSK) was applied by slow drip of 1 mL of solution into 4 mL of bathing solution already in the recording chamber to a final concentration of 10 nM. Current and voltage values were compared before (control) and after drug application.
Patch pipettes with resistance values of 3–10 MΩ when filled with the selected solutions, were lowered onto an isolated cell, or a cell within a group, and a high resistance (Gigaohm, GΩ) seal was obtained between the electrode tip and a patch of membrane. The membrane patch was then either broken with negative pressure to achieve the whole-cell (WC) configuration and record total Im, or left intact in a cell-attached (CA) configuration to record channel activity exclusively in that fragment of cell membrane. The WC/CA configuration combines both modes with two electrodes in a single isolated cell. For the recording of gap junction channels, two paired cells were held each in WC configuration, and transjunctional voltage (Vj) gradients were imposed between the cells, as previously described (Ek-Vitorin and Burt, 2005). Manual measurements of channel amplitude were performed as customary (Ek-Vitorin and Burt, 2005; Ek-Vitorin et al., 2006), using the cursor properties in Clampfit (pCLAMP 10); briefly, for every current transition denoting an open channel, a cursor was placed at the base and another at the top of the channel opening, or vice versa for closing transitions, and the current differential (ΔIm) thus recorded was used to calculate the change in channel conductance (ΔIm/Vm = γ; ΔIj/Vj = γj), that is, the transition conductance. For some short Im trace fragments, all-points histograms (showing the relative frequency of every current level) are provided for comparison purposes.
Pulsing protocols were variable length pulses to zero, −80 and +80 mV, and sustained clamping at holding potential (Vhold) of −50 mV (Ek-Vitorin et al., 2023). Cs+-containing solutions were used to decrease K+-like currents, particularly at +80 mV. Under these conditions, negative voltages generate small inward currents, while positive voltages induce comparatively larger currents that often display channel-like events. Initially, the whole cell membrane currents (WC Im) in response to short pulses of −80 and +80 mV were recorded, and the quality of the seals certified by the small “leak” currents and the narrow capacitive artifact at either voltage polarity (Supplementary Figure S1). Only experiments with proper seal quality were continued and considered for analysis. Gap junction channel amplitudes were measured as before (Ek-Vitorin and Burt, 2005) with applied transjunctional voltages (Vj) of ±40 and ±80 mV. In addition, I-V curves were obtained with 20 mV stepwise square pulse protocols, from highly negative (−90 or −80 mV) to highly positive (+80 or +90 mV) voltages. In macroscopic recordings, for each trace, instantaneous currents (Inst Im) were measured during the first 30 ms of recording after the beginning of the pulses, and steady-state currents (SS Im) were the average of the last 200 ms. Resting membrane potential (RMP) was measured in Bridge Mode (no voltage clamping). Values are reported as Mean ± SEM. Open probability (Po) and the number of open channels (NPo) were calculated automatically using Clampfit analysis of suitable segments of recording before and after GSK application.
3 RESULTS
3.1 Spontaneous hemichannel-like activity
Whole-cell patch clamp recordings are the gold standard approach to detect connexin hemichannels, especially when recordings are made in the absence of other currents. Commonly, connexin channels are relatively large, they gate slower than typical ion channels, and display substates (Supplementary Figure S2) that may relate to their permeability to large molecules (Ek-Vitorin and Burt, 2005; Ek-Vitorin et al., 2006). NPE cells express both Cx43 and Cx50 (Shahidullah and Delamere, 2014). The conductance of gap junction channels composed by these connexins (Ek-Vitorin and Burt, 2013; Harris, 2001), and therefore the expected conductance of their unpaired connexons (or hemichannels) are well known. To emphasize, for any connexin, the conductance of their unpaired hemichannel is roughly twice the conductance of a gap junction channel. Cx43 hemichannels are expected to have a maximal conductance of ∼240 pS (Harris, 2001; Ek Vitorín et al., 2016), and those of Cx50, ∼400 pS (Harris, 2001; Srinivas et al., 1999). Previous data (Ek-Vitorin et al., 2023) suggested we would detect Cx43 hemichannels at high positive voltages (Contreras et al., 2003a). Cx50 hemichannels may not open at positive (Ebihara et al., 1999; Hopperstad et al., 2000) but at negative membrane voltages (Beahm and Hall, 2002) (see Discussion). We thus asked whether NPE cell membranes display hemichannel-like events in control conditions, and this was the case.
In the first series of experiments, K+ channel activity was suppressed by including Cs+ in both the bathing solution and the solution in the patch pipette. When single NPE cells were switched between holding potentials of zero, −80 and +80 mV hemichannel-like activity was evident as currents that signified opening of large conductance channels at +80 mV (Figure 1), but no channels of similar amplitudes were seen at −80 mV. The hemichannel activity observed in different cells showed variability. For example, in the simultaneous recordings shown in Figure 1, chosen to fully illustrate the range of the aforementioned variability, the presence of channel-like transitions compatible with fully open Cx43 hemichannels (228 and 253 pS) was immediately obvious in 1 cell (labeled WC-2), but not in the other (labeled WC-1), which showed smaller events <100 pS (Figures 1C, D). When +80 mV pulses of longer duration were applied to both cells (Figure 2), WC-1 displayed a few hemichannel-like transitions (∼246 pS) several minutes into the recording (Figure 2A, pulse 3), while in WC-2 the channel activity continually increased (Figure 2B). In general, the longer the voltage pulse the larger the current buildup, until transitions became unrecognizable (Figures 2B–D). Interestingly, after increasing at +80 mV, the whole cell Im regularly returned to initial levels on pulsing to −80 mV.
[image: Figure 1]FIGURE 1 | Untreated, single porcine Non-Pigmented Epithelial (NPE) cells display spontaneous channel events resembling Cx43 hemichannels at +80 mV. (A, B) Simultaneous patch clamp recordings of the whole cell membrane current from two single NPE cells subjected to repeated, 5 s long, ±80 pulses in cesium (Cs+)-containing solutions. Only three pulses are shown. In (A), Vm pulses are at the top and the resultant whole cell currents (WC Im) at the bottom; in (B), the order is reversed for ease of Im comparison. Notice the small leak currents and large capacitive currents (cropped), denoting tight seals and large cells, respectively. Channel-like events, the appearances of which are magnified in the next panels, are readily seen in cell 2 (WC-2 Im), but not in cell1 (WC-1 Im). Im calibration in (A) applies to (B). (C, D) Close-ups of WC Im at +80 mV from cells in (A) and (B). For both cells, traces are taken from the time indicated (pink lines) in (A); (C) is from the first displayed pulses, (D) is from the third displayed pulses. Channels of amplitude compatible with Cx43 hemichannels were seen in cell 2, but not in cell 1. The plots to the right of each trace are all-points histograms, and the calculated channel conductance (γ) in picosiemens (pS) for the transitions between current levels is shown near the traces. The presence of Cs+ in both internal and external solutions prevents the function of K+ channels. Im calibration in (C) applies to (D).
[image: Figure 2]FIGURE 2 | Untreated, single porcine NPE cells display variable frequency of Cx43 hemichannel-like events during long +80 mV pulses. (A, B) Simultaneous patch clamp recordings from two single cells (same as in Figure 1), during long membrane polarizations at +80 mV (traces tagged as in Figure 1), showing three separate pulsing episodes (labeled 1–3). Notice that cell 1 Im displayed only a few channel events in the middle of pulse episode three (pink line), while cell 2 Im continuously increased during each of the three pulses illustrated. Im calibration in (A) applies to (B). (C, D) Close-ups of short stretches (marked in A with pink lines) during the first and third +80 mV pulse episodes, respectively, further illustrating the difference in channel opening frequency between the 2 cells. The calculated γ values for some Im transitions are provided. Notice that some openings are not followed by complete closures to the previous baseline [bottom trace in (C), top trace in (D)], but to an intermediate or residual state that seems to remain for a long time. Also notice that as Im becomes larger, single events are less recognizable. Im calibration in (C) applies to (D).
We then asked whether, under conditions of K+ channel blockade by Cs+, the hemichannels present could open sufficiently fast to generate a measurable membrane current when applying short pulses of increasing strength. This would agree with data showing increasing membrane currents at large positive voltages mediated by Cx43 hemichannels (Contreras et al., 2003a). When a stepwise protocol of 5-second pulses of increasing voltage was applied, the cell with the largest presence of hemichannel-like events also showed an increase of steady-state Im at voltages >50 mV (Figure 3). Because of the presence of Cs+ in the solutions, these currents are unlikely to be carried by K+ ions. However, single event transitions are not easily identified in these traces.
[image: Figure 3]FIGURE 3 | Membrane currents elicited in single porcine NPE cells by a stepwise voltage protocol are compatible with hemichannel currents. (A–C) Applied voltage protocol (B) and corresponding whole cell Im recordings (A and C) from the same cells as in Figures 1, 2. Cell 1 Im showed a quasilinear relationship, indicating low variability of membrane conductance (A). In contrast, cell 2 Im displayed rectification, consisting of larger Im values at high positive voltages than at their negative counterparts (C). This indicates the appearance of conductive membrane pathways (channels) at larger positive voltages. (D, E) Corresponding I-V plots for each cell, showing the values of initial Im (first 30 ms; red triangles) and steady-state Im (last 200 ms; blue dots). For both cells, the times where initial and steady-state Im were measured are indicated in (A) by a red and a blue line, respectively. Notice that the non-linear increase of Im in cell two starts around +50 mV, as expected from Cx43 hemichannels. The presence of Cs+ in both internal and external solutions makes the conductivity of K+ channels highly improbable.
At this stage, we demonstrated that NPE cell membranes display hemichannel-like events in control conditions. While we cannot explain the variability of hemichannel activity, it might reflect disparate levels of connexin expression or hemichannel activation in individual cells. Due to this inconsistent channel activity, an average of the currents recorded from more than 20 cells in control conditions would be deceptive. More significantly, every NPE cell recorded in control conditions displayed some level of hemichannel-like activity, with transitions like those illustrated in Figures 1, 2 (and Supplementary Figures S1, S2). We next asked whether TRPV4 activation increased this hemichannel-like activity.
3.2 TRPV4 activation increased hemichannel open probability and decreased transition amplitude
The selective TRPV4 agonist GSK1016790A (GSK) was applied by slow drip of 1 mL of solution onto 4 mL already in the recording chamber, to a final GSK concentration of 10 nM. Shortly after the application of GSK, NPE cells held at +80 mV displayed Im increases of more than 10-fold, from 138.2 ± 72.3 to 1537.8 ± 622.5 pA (n = 9). Interestingly, cells held at negative voltage did not show such a large Im increase, possibly because Cx43 hemichannels remain closed at negative voltages (see Discussion). This observation also argues against the opening of Cx50 hemichannels, which might be expected to remain open at negative voltages (Ebihara et al., 1999; Hopperstad et al., 2000; Beahm and Hall, 2002).
The large Im triggered by GSK at +80 mV was not conducive to the recognition of channel events, the main indicator in our study. To be explicit, calculation of open probability and measurements of channel amplitude can only be performed when channels are clearly defined, in our case, before Im becomes unmanageable. However, in some cases the response to GSK was relatively modest, and some delay after GSK exposure preceded persistent increases of Im. Interestingly, the nature of the presumptive hemichannel events seemed to change during that brief time: transitions appear more abundant but smaller (Figure 4). In the case illustrated in Figure 4, NPo for five identifiable current levels was 0.89 in the absence of GSK, while NPo for six identifiable currents levels was 2.47 in the presence of GSK (Figures 4A–C). More significantly, the amplitude of current transitions appear to decrease. Manual measurements during the time before the large Im increase demonstrated channel transitions in the conductance range 80–300 pS (Figures 4D–F). Some large transitions fell outside the 180–240 pS range expected for fully open Cx43 hemichannels (Contreras et al., 2003a; Contreras et al., 2003b). Furthermore, the small conductance transitions became more frequent after GSK treatment (Figures 4C–F). The combined occurrence of multiple apparent openings, more frequent small transitions, and overall increase of Im, contributed to a “noisier” appearance of the recording in cells exposed to GSK (Figure 4C). We cannot state with certainty that the subsequent Im increases (Figure 4A) are due to largescale hemichannel opening, but if this was the case, GSK might be altering hemichannel open probability and conductance.
[image: Figure 4]FIGURE 4 | Cx43 hemichannel-like activity increases after TRPV4 activation. (A) Initial minutes of WC Im recording from an experiment where TRPV4 agonist GSK1016790A (GSK, 10 nM) was added while applying long +80 mV, with short excursions to −80 mV to monitor overall Im (bottom trace). The lowest initial Im value is the baseline (dashed line) for this fragment. The whole cell Im (top trace) seems to increase right after GSK application (time indicated by the top dark gray line). Notice that channel events [expanded in panels (B, C) for clarity] become less defined as overall Im gradually increases, and soon larger Im increases appear (arrows). Recording was performed in the presence of external K+ and internal Cs+ (top light gray line). (B, C) Contiguous 2-min length close-ups of whole cell Im in (A), from 6 min previous (B) and 6 min following (C) GSK application. NPo indicates the open probability (Po) for an apparent number of channels/levels (N, 5 before and 6 after GSK). As overall Im further increased, Po analysis became impracticable. In all traces, the dashed gray lines marks the initial baseline and show the modest Im increase after GSK. Except where otherwise indicated, Im calibration in the top left trace in B applies to the others. The bottom (framed) two traces are enlargements from sections (indicated with black lines) in traces of control and GSK conditions, respectively, to further illustrate the changes in channel behavior; differences are highlighted by the corresponding all-points histograms. Asterisks mark the presence of some transitions smaller than expected for full open Cx43 hemichannel transitions, which are more abundant after GSK. Full open transitions are still visible, but become less clear, after GSK treatment. Im calibration on the left trace applies to the contiguous. (D) Manually measured event transition (open and close) amplitudes from the traces illustrated in (B) and (C), before (white circles) and after GSK (dark gray diamonds). (E) Amplitude histograms for the transitions illustrated in (D), before (white, left) and after (dark gray, right) GSK treatment. The histogram on the left side of (E) do not denote negative frequencies; this plotting device visually evince differences between channel populations using a left-to-right (A) symmetry). N is the number of measured transitions. (F) Difference plot (GSK - Control) from (E) shows decrease of full open transitions and increase of substates (or transitions to a residual state) after TRPV4 activation. Also notice that during equivalent periods (6 min) more transitions are present after GSK than before.
3.3 Characterization of channel conductance using combined whole-cell and cell-attached recordings
Recognizing and measuring channel events within the large GSK-induced Im is technically strenuous and most likely futile. To better document the conductance of the triggered channels, the response to the TRPV4 activation by GSK was further examined by combining whole-cell (WC) and cell-attached (CA) recordings, an approach effectively used before (Ek-Vitorin et al., 2023). In this technique, we use a patch pipette to achieve WC configuration in a selected cell, then approach a second patch pipette to achieve CA configuration in the same cell. Figure 5A illustrate the procedure (achievement of a high resistance seal in CA mode), after which we are able to record the total Im while simultaneously capturing single channel events in a small patch on the same cell (inset in Figure 5A). Channel events were present in the WC recording before the formation of the CA patch (Figure 5B), and persist on further recording after CA patch formation, as shown next (Figure 6). From the full channel activity in the whole cell, only a few channels are expected to appear simultaneously on the CA patch. Figure 6 shows representative recordings from three different cells where GSK was present inside the CA patch pipette. Once the CA/WC configuration was attained, most of the events seen in the WC recording are not mirrored in the CA patch because they are occurring on other parts of the cell membrane. In contrast, channel events in the CA patch are necessarily mirrored in the WC recording because channels in the patch contribute to the whole cell channel activity. By including GSK in the patch electrode, the TRPV4 agonist was present only in the outer (extracellular) side of the patch and the observed channels were probably GSK-induced. Notice that many events resembling connexin hemichannels, however blurred, are present in the WC Im recording, and their frequency appear to increase, possibly because the GSK permeates through the membrane patch. In contrast, few channels occur in a CA patch, since that membrane fragment is a small portion of a much larger cell, and must contain fewer channels than the whole cell membrane. However, channels recorded in the CA patch are more defined than in the whole cell Im and provide an accurate measurement of their amplitude, which is the goal of the procedure. The size of some channels in the CA patch is similar to the smaller-than-full-open transitions (≥100 pS) shown in Figures 4D, E. Smaller conductance transitions (25, 37, 62, 75 pS) can also be seen in the CA recordings, which are impossible to detect within the whole cell Im and may represent TRPV4 channels (Earley, 2010). At this stage, the data agree with the expectation that activation of both TRPV4 channels and connexin hemichannel-like events are induced by GSK treatment.
[image: Figure 5]FIGURE 5 | CA/WC configuration. (A, B) Illustration of a cell-attached (CA) seal formation in a cell already in whole-cell (WC) configuration. In (A), Vm and Im during the formation of a high resistance seal on a single cell. In (B), Im and Vm of the same whole cell. Pulses were applied from −80 to +80 mV to the whole cell side, and GSK1016790A (10 nM) was present inside the CA electrode (el1). The three pulses are contiguous in time and show the speed of seal formation, making GSK readily available to the membrane patch. The inset in (A) is a schematic of the settled CA/WC configuration in a single cell, whereby a fraction of the WC channel activity can be recorded through the CA pipette. Cyt denotes the cytoplasmic space. Hemichannel-like transitions were readily seen on whole cell Im during CA attainment. An amplified 20-s stretch of Im during the second pulse illustrate the appearing events. Im calibration in (A) applies to (B).
[image: Figure 6]FIGURE 6 | Channel activity on porcine NPE cell membrane contains events smaller than fully open Cx43-like hemichannels. (A–F) Except where indicated, shown are Im recordings resulting from voltage pulsing as in Figure 5 (WC side: initial holding potential (Vhold) = −80 mV, pulsing 50 s to +80 mV every 60 s; CA side: kept at 0 mV). On each panel, the top trace is from the CA side, and the bottom trace is the WC Im, showing channel activity in the whole cell membrane. Vhold values indicated in (A) apply to all panels, and GSK1016790A (GSK, 10 nm) is present on the CA side. Events are readily detectable and measurable on the CA side, and sometimes mirrored on the WC side; however, the events are blurred in the WC side by the more abundant channel activity of the whole membrane, as Im increases. Calculated γ for some measurable events on the CA side is provided. A-B, C, and D-F are from three different cells. The trace in C comes from a longer +80 mV pulse. Notice that channels in (E, F) in the membrane patch (CA side) are longer but of smaller amplitude, and that some events are seen upon returning to −80 mV.
3.4 Comparison of hemichannel and gap junction conductance
Cx43 and Cx50 are present in the ciliary epithelium (Shahidullah and Delamere, 2014; Li et al., 2018) and conductances of their respective gap junction channels are known (Ek-Vitorin and Burt, 2013; Harris, 2001). To reiterate, the conductance of an unpaired hemichannel is twice the conductance (half the resistance) of a gap junction channel. To determine whether Cx43 or Cx50 form functional hemichannels that respond to TRPV4 activation in NPE cells, we compared the amplitude of gap junction channels and presumptive hemichannels. Using dual voltage clamp (Ek-Vitorin and Burt, 2005) in cell pairs, gap junction channel conductance (γj) was measured between coupled NPE cells at a transjunctional voltage (Vj) of ±40 mV. Under these conditions, gap junction channel transition amplitudes corresponded to those expected from Cx43 (Figures 7A, C) and few transitions <100 pS were observed. At Vj = ±80 mV the relative frequency of fully open transitions decreased, and intermediate and residual transitions appeared (Figures 7B, C). These conductance shifts upon large Vj gradient is a well-known characteristic of Cx43 gap junction channels related to their voltage gating. Briefly, a fast-gating mechanism activated by large Vj gradients enhances transitions between the fully open and a residually open state, and between this residual and the fully closed state (Ek-Vitorin and Burt, 2013; Bukauskas et al., 2002; Ek-Vitorin et al., 2018; Gonzalez et al., 2007; Moreno et al., 2002). A corollary of these observations is that hemichannel transitions corresponding to those intermediate and smaller open states might be expected. This was the case. A comparison of the doubled conductances of gap junction channels (2⋅γj) at Vj = ±80 mV (from Figure 7C) with the hemichannel conductances (Figure 7D, right) at Vm = +80 mV, reveals a similar range of amplitudes for both populations. These findings support the notion that NPE hemichannels are mainly composed of Cx43 and they display intermediate states. Together with the previous observations (Figures 4, 7), these results suggest that GSK increases both the frequency of hemichannel opening to an intermediate conductive state and/or the visits to a residual state.
[image: Figure 7]FIGURE 7 | Hemichannel-like event amplitudes correspond to those of gap junction channels in porcine NPE cell pairs under control conditions. (A, B) Gap junction channel transitions in paired NPE cells. On each panel, the upper trace is the WC Im on the pulsed cell, and the lower trace is the current changes recorded on the counterpart (non-pulsed) cell, representing the flow of ions through the gap junction channels. Transitions elicited by transjunctional voltages (Vj) of ±40 mV (A) and ±80 mV (B), were measured on the non-pulsed cell. Conductance values of some measurable transitions are provided. Im calibration in (A) applies to (B). (C) Comparison of manually measured gap junction channel transition amplitudes (γj) at Vj values of ±40 mV (white, left) and ±80 mV (light gray, right). (D) Comparison of the expected transition amplitude range of hemichannels (gray, left, doubling of γj values at Vj = ±80 mV from (C)) and measured hemichannels transitions in NPE cells (dark gray, right) at Vm = +80 mV. N is the number of current (conductance) transitions. As in Figure 4, histograms on the left side of (C, D) do not denote negative frequencies, but are plotted to emphasize differences/similarities.
3.5 TRPV4 activation increased Im and decreased resting potential
We showed earlier that TRPV4 activation strongly and swiftly depolarizes lens epithelial cells, while increasing overall Im (Ek-Vitorin et al., 2023). We observed that TRPV4 activation does not readily increase Im in NPE cells pulsed to negative polarities. To examine the effect of TRPV4 activation more closely on negatively polarized NPE cells, we omitted the K+ channel blocker Cs+ from the electrode filling solution and from the bathing solution, and applied the TRPV4 agonist GSK while continuously holding the cell at Vm = −50 mV in WC configuration. This resulted in a gradual Im increase that became larger (however, no more than two-fold) after >10 min of exposure to GSK (Figure 8A). This response is quantitatively different (smaller) than that in cells clamped at +80 mV. In a parallel series of experiments, the resting membrane potential (RMP) of grouped NPE cells was measured and found to be relatively small (−18.8 ± 0.9 mV; n = 20). When NPE cell groups (n = 9) were exposed to GSK, a biphasic depolarization ensued (Figure 8B). In control conditions, the baseline RMP was near −20 mV, and was halved upon GSK application.
[image: Figure 8]FIGURE 8 | TRPV4 activation in porcine NPE cells increases membrane conductance and decreases membrane polarization. (A) Effect of TRPV4 activation on total Im of single NPE cells at holding potential (Vhold) = −50 mV. An average Im increase from ∼-56 pA to ∼ -85 pA was documented (n = 8) in the next 15 min. (B) Effect of TRPV4 activation on the resting membrane potentials (RMP) of grouped NPE cells. Average RMP was −19.0 ± 0.9 mV before GSK, and was depolarized to −10.2 ± 1.5 mV (n = 9) within 2 min of GSK application. Notice a partial recovery before a second prolonged depolarization phase. In (A, B), the top red line indicate GSK (10 nM) application. (C) Samples of single NPE WC Im before (gray), after 2 min (blue) and after 15 min (black) of GSK exposure illustrate the modest Im increase. Time calibration in top trace applies to all traces. (D) Shorter samples of WC Im from the third panel on (C), before (top trace) and after (three next traces) exposure to GSK. The bottom (framed) trace was magnified to better display channel transitions. Except where otherwise indicated, calibration in top trace applies to all traces. The pink dashed lines serve as baselines for each segment, which from the top to the bottom trace are −25, −55, −60, and −70 pA respectively, illustrating the modest Im increase. Notice the continual presence of recognizable, increasingly frequent, channel events. In these experiments, Cs+ was excluded, and K+-containing external and internal solutions were used.
While the observed Im changes in GSK-treated cells held at −50 mV were modest, small channel-like transitions could be recognized, and their frequency appear to increase upon exposure to GSK (Figures 8C, D). The transitions, with conductances of 50–60 and 100–110 pS, resemble those observed in the CA/WC patch clamp configuration. These observations suggest that, in negatively polarized cells, GSK treatment leads to the opening of channels with amplitudes compatible to TRPV4, and other channels of larger amplitude that may represent connexin hemichannels of intermediate conductance. The combination of TRPV4 channels and hemichannels opening can explain the depolarization of the resting membrane potential in NPE cells.
4 DISCUSSION
Previous studies made the case for functional hemichannels in the NPE based largely on indirect evidence such as propidium iodide uptake and the presence of unpaired connexin proteins on the basolateral surface that faces aqueous humor (Shahidullah and Delamere, 2014). The single cell patch clamp approach used here represents a more direct way to distinguish hemichannels by their unique electrical conductance. The goal of the present study was to detect and characterize connexin hemichannels in NPE cells. We also sought to determine whether activation of TRPV4 channels increases hemichannel opening, as previously proposed (Shahidullah and Delamere, 2023).
4.1 Evidence for hemichannels in the NPE
It was shown earlier that native and cultured porcine NPE expresses both Cx43 and Cx50. Cx43 was abundant at the junction between the NPE and PE layers, where gap junctions couple both cell types, while Cx50 was evident at the aqueous humor-facing, basolateral side of NPE (Shahidullah and Delamere, 2014). In the present study, several observations suggest that Cx43 probably forms functional hemichannels in NPE. Cultured single NPE cells displayed hemichannel-like activity evident as the opening of large conductance channels at +80 mV. Channel-like transitions observed in the range 180–240 pS are consistent with fully open Cx43 hemichannels (Contreras et al., 2003a; Ek-Vitorin et al., 2018). This hemichannel-like activity was variable and seldom occurred at negative holding potentials of −80 mV. Some cells showed little spontaneous activity unless the duration of the +80 mV pulse extended. It is generally known that Cx43 hemichannels remain (or become) closed at negative voltages, and that they open at values > +60 mV (Contreras et al., 2003a).
In coupled NPE cells, gap junction channels were observed with a main conductance ∼120 pS that is consistent with Cx43 (Harris, 2001; Ek Vitorín et al., 2016); hemichannels formed by this connexin would have a maximal conductance of ∼240 pS. In contrast, Cx50 gap junction channels would typically be characterized by a higher, ∼200 pS conductance (Harris, 2001; Srinivas et al., 1999), and their expected hemichannel conductance would be ∼400 pS. Thus, the conductance range of presumptive hemichannel transitions in single NPE cells aligns well with Cx43. However, we also showed some hemichannel-like transitions with conductances larger than expected for Cx43 hemichannels (>250 pS), raising the possibility that a fraction of NPE hemichannels exist as heteromers of Cx43 and Cx50. This notion is supported by previous reports that heteromeric gap junction channels form when Cx43 and Cx40 are co-expressed (Cottrell et al., 2002). To be clear, the majority of the observed hemichannel-like transitions were within the conductance range expected for Cx43 even though the recordings also included conductances that correspond to substates or transitions to residual states, and some were slightly above the conductance expected for Cx43.
4.2 TRPV4 and hemichannels
Exposing the NPE cells to the TRPV4 agonist GSK1016970A increased the open probability of hemichannel-like events. The patch clamp findings align with previous indications that TRPV4 activation leads to hemichannel opening (Shahidullah and Delamere, 2014). For example, TRPV4 activation leads to a pattern of ATP release sensitive to the nonselective connexin blocker glycyrrhetinic acid, the connexin mimetic peptide GAP27, and a TRPV4 antagonist (Shahidullah and Delamere, 2023; Shahidullah et al., 2012a). Given the effect of voltage on hemichannels described above, we expected the effects of GSK on hemichannel-like events would be more apparent in cells polarized to positive voltage and this was the case.
It was noteworthy that in addition to increasing the open probability (Po) of hemichannel-like events, cells responded to an extended period of GSK exposure by developing a large and sometimes catastrophic increase in membrane conductance. This likely reflects the persistent activation of TRPV4 channels by the agonist, and the resultant continuous increase of hemichannel Po. It is interesting that such large membrane conductance becomes evident at high positive voltages, but not at negative voltages. To understand these observations, it is helpful to keep in mind that the biophysical conditions employed in our studies were designed to reveal changes in hemichannel activity and are far from physiological. Thus, cells were either held at positive voltage values where they are unlikely to dwell in normal circumstances, or they were held at negative potentials where hemichannels would remain closed. Interestingly, when cells were not voltage-clamped, TRPV4 activation shifted the resting potential to more depolarized values, effectively decreasing an influential factor that keeps hemichannels closed. Depolarization increases Cx43 hemichannel open probability (Contreras et al., 2003a) and it is worth remembering that in previous studies, the hemichannel-mediated ATP release and propidium iodide uptake observed after GSK-induced TRPV4 activation occurred while the cell membrane resting potential was free to depolarize.
Identifying the mechanistic link between TRPV4 channel activation and Cx43 hemichannels opening is beyond the scope of the current studies. However, it is likely that such mechanism involves an increase of intracellular Ca2+ (De Vuyst et al., 2009; Bayraktar et al., 2024) caused by entry of extracellular Ca2+ when TRPV4 channels are activated. Indeed, TRPV4 permits significant Ca2+ entry (Sánchez-Hernández et al., 2024). It is clear, however, that hemichannel opening is not associated with Ca2+ entry via other channels such as TRPM3, TRPV1 and Piezo1 (Shahidullah and Delamere, 2023; Delamere and Shahidullah, 2021). One possible explanation is that TRPV4 activation causes localized Ca2+ entry in close proximity to hemichannels. (While this manuscript was in review, an elegant new study appeared in which the authors demonstrate close proximity of Cx43 and TRPV4 in primary cultured endothelial cells from resistance arteries. In that tissue, TRPV4 activation enhances eNOS activity and Cx43 hemichannels open as a result of S-nitrosylation (Burboa et al., 2025).
The present study showed depolarization of NPE cells in response to TRPV4 activation by GSK, and depolarization per se increases hemichannel open probability (Contreras et al., 2003a). This GSK-induced depolarization was, in absolute values, smaller than that observed in lens cells (Ek-Vitorin et al., 2023). However, GSK reduced the magnitude of the resting potential by 50%, depolarizing NPE cells closer to 0 mV. Voltage effects have been studied in gap junctions and it is well known that the maximum number of open gap junction channels appears at small Vj values (Gonzalez et al., 2007), when both connexons are conductive. At larger Vj values gap junction channels close, and different connexins may respond to polarity in diverse ways. Cx43 connexons close at negative voltages but open at positive polarization (Elenes et al., 2001). In contrast, Cx50 hemichannels may not open at large positive membrane voltages (Ebihara et al., 1999; Hopperstad et al., 2000; Beahm and Hall, 2002), but may open at large negative values. Of particular interest in this regard is a study (Beahm and Hall, 2002) in frog oocytes that showed small Cx50 hemichannel currents in 2 mM Ca2+, and an increase of these currents when Ca2+ was lowered to 0.2 mM. However, the normalized conductance of the presumed Cx50 hemichannel currents showed a maximal steady-state between −40 and +20 mV. These hemichannels appeared to gate (close) at larger positive or negative voltages but did so much faster at positive voltages. Thus, the authors suggested that (connexons in) Cx50 gap junctions “gate with positive relative polarity”. In our conditions, Cx43 but not Cx50 hemichannels may open at membrane potentials that are largely positive, while at values near 0 mV, as occurs after GSK-induced TRPV4 activation, both Cx43 and Cx50 hemichannels could be operational. Under physiological settings, regional depolarizations in the NPE layer are probably limited in time and space, because the stimulus would not be persistent and because electrotonic interaction through gap junctions with neighboring, non-depolarized cells would bring the resting potential back to normal values.
4.3 Connexin 43
Under the conditions of our study, TRPV4 activation caused an increase in the open probability of hemichannels that have a conductance typical of Cx43. Different connexins have characteristic conductances and differ in other functional attributes such as permselectivity. For example, gap junctions formed by Cx43 display no charge selectivity (Ek Vitorín et al., 2016; Heyman et al., 2009) and are more permeable than those of Cx50 to molecules larger than atomic ions (Dong et al., 2006). In addition, Cx50 gap junctions may be impermeable to negatively charged molecules (Valiunas and White, 2020). Assuming that the attributes of connexons in gap junction channels and hemichannels are similar, Cx43 hemichannels are reasonably expected to allow the transmembrane movement of both positively charged molecules like propidium iodide and negatively charged molecules such as ATP and IP3. In contrast Cx50 hemichannels would be positive-selective but negative-restrictive.
The results also suggest the possibility that GSK induces the appearance of Cx43 hemichannels with intermediate or low conductance. Previous studies on permeability and electrical conductance of single Cx43 gap junction channels have suggested there may be mechanisms that differentially regulate the single channel permeability for larger molecules and for small inorganic ions (Eckert, 2006). It was also shown that increasing the frequency of gap junction channel transitions of largest conductance reduces the permeability of gap junctions to small molecules of ∼280 Da (Ek-Vitorin et al., 2006). In other words, intermediate electrical conductances, like those shown here, may be associated with higher channel permeability. An alternative explanation for the discrepancy between electrical conductance and permeability was proposed in a recent study that examined the permeability of hemichannels formed by Cx26 and Cx30 by measuring permeation of fluorescent probes. The authors identified differences in the way molecules and atomic ions passed through the hemichannels. Molecules but not ions exhibited uptake kinetics compatible with a saturable transporter-like mechanism (Gaete et al., 2024). Interestingly, mutants of Cx26 that displayed reduced ionic currents were still able to mediate dye uptake, leading to the conclusion that connexin hemichannels may independently act as ion channels and molecule transporters (Gaete et al., 2024).
While the present patch clamp findings on cultured single NPE cells point to hemichannels formed by Cx43, earlier studies in the NPE of intact porcine eyes pointed to Cx50 as the more abundant unpaired connexin (Wolosin et al., 1997). Newer studies indicate Cx43 is the most abundant (up to 200-fold) of five different connexins present in the ciliary body, although Cx43 was primarily localized in the PE-NPE interface and the basolateral membranes of PE cells (Li et al., 2018). Importantly, while immunostaining affords a good general impression of protein distribution within tissues, it may fail to detect low expression levels. In contrast, patch clamp can demonstrate the function of even a single, otherwise undetectable channel. It should also be kept in mind that there are many differences between an intact epithelial tissue and cells in primary culture. Connexin localization must be quite different in cultured cells that lack well-defined polarization into basolateral and apical domains. As a consequence, connexin responses may be quite different in single cells. Moreover, it might be overly simplistic to think hemichannels are formed exclusively by either Cx43 or Cx50. In short, the role of Cx50 hemichannels in the exchange of intracellular and extracellular components, especially after TRPV4 activation, cannot be ruled out. Future studies are needed to consider the above stated possibility of Cx43 and Cx50 heteromerization which could yield gap junctions or hemichannels of mixed functional features.
4.4 Functional relevance of hemichannels at the basolateral surface of NPE
Hemichannel opening at the basolateral surface of NPE cells would introduce a pathway for the exchange of molecules between the interior of the epithelium and the aqueous humor. This exchange, if massive or prolonged, would likely be deleterious to ion homeostasis in the NPE cells themselves. However, a spatially controlled and time-limited increase of hemichannel open probability would allow fine-tuning of basolateral membrane permeability that could be valuable for a fluid transporting cell. Basolateral hemichannels formed by Cx43, would be a conduit for atomic and molecular ions as large as 1.2 kDa (e.g., glucose, glutathione, ATP, AMP, amino acids) to pass from the NPE cell into aqueous humor.
Previous studies of hemichannels in the intact eye pointed out to a baseline level of hemichannel opening as evidenced by significant basal uptake of propidium iodide by NPE cells (Shahidullah and Delamere, 2014; Shahidullah and Delamere, 2023). Moreover, NPE cells display a measurable degree of ATP release under control conditions (Shahidullah and Delamere, 2023). This may reflect a low-level steady-state of hemichannels flickering open spontaneously, that is consistent with the hemichannel activity in control conditions shown here.
The 2 cell layers of ciliary (pigmented and non-pigmented) epithelium operate in coordination to form aqueous humor. PE and NPE are equipped with different transport mechanisms. Remarkably, PE but not NPE cells characteristically exhibit a regulatory volume increase when subjected to osmotic shrinkage (Edelman et al., 1994). In contrast, NPE but not PE cells exhibit a regulatory volume decrease when subjected to osmotic swelling (Edelman et al., 1994). On this basis, the PE appears specialized for solute entry while the NPE is specialized for solute exit (Edelman et al., 1995; Walker et al., 1999). The cells are coupled by gap junctions, and solute and water move through the bilayer at such a rate that an NPE cell transports the equivalent of 30% of its own volume every minute (Brubaker, 1991). It is reasonable to consider that the cells are at risk of swelling or shrinkage if there were a mismatch between entry and exit of water that flows through them. Activation of TRPV4 in response to cell swelling, and a consequent increase of the open probability of connexin hemichannels, may have a role in maintenance of cell volume homeostasis. Jo and coworkers (Jo et al., 2016) reported swelling-induced calcium responses in the NPE. The same study showed prevention of the swelling-induced calcium responses by TRPV4 inhibition in mouse NPE and absence of these responses in the TRPV4 knockout mice. Interestingly, it has been reported that GSK1016790A reduces intraocular pressure (IOP) in mice (Luo et al., 2014). In the same study, TRPV4 knockout mice were found to have elevated IOP. However, others have reported that IOP is normal in TRPV4 knockout mice (Ryskamp et al., 2016).
5 CONCLUSION
Primary cultured porcine non-pigmented epithelial cells show spontaneous hemichannel activity. Agonist activation of TRPV4 may increase hemichannel open probability and decrease hemichannel conductance. Certainly, further pharmacological agonist-antagonist studies are needed to better establish the connection between TRPV4 activation and Cx43 hemichannel activity. However, it can be stated that the hemichannel-like activity in this study shows electrical properties matching those of Cx43. The results are consistent with reports that suggest TRPV4 channel activation, by mechanical stimuli associated with cell swelling, has a stimulatory effect on connexin hemichannel opening.
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SUPPLEMENTAL FIGURE S1 | Whole cell membrane currents (WC Im) from single porcine nonpigmented ciliary Epithelial (NPE) cell, in the presence of external K+ and internal Cs+, during pulses at −80 and +80 mV. Notice the narrow capacitive currents both during the large pulses and the smaller (±10 mV) prepulses. In this example, a channel-like event (asterisk) is evident during the +80 mV pulse.
SUPPLEMENTAL FIGURE S2 | Whole cell membrane current (WC Im) recording fragment showing the typical behavior of connexin hemichannel-like transitions at +80 mV in control conditions. The recording is from a single porcine NPE cell, in the presence of external K+ and internal Cs+. The trace displays an initial slow opening (upwards, pink arrow) from a baseline (dashed line), followed by multiple, faster, openings and closures. Notice that the subsequent transitions occur from and to persistent levels different from the baseline, and which may represent channels continuously open to residual conductive states. In accord, openings and closures of smaller amplitude are also present: two conspicuous examples of these are marked by asterisks. Notice that the time the presumptive hemichannels remain open (dwell time) is variable. Analogous operation of connexin channels (both gap junction and connexons) has been widely reported in other cell types (see for instance (Ek-Vitorin et al., 2023; Contreras et al., 2003a; Ek-Vitorin et al., 2018) referenced in the main text).
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