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Sustained Exocytosis after Action Potential-Like Stimulation at Low Frequencies in Mouse Chromaffin Cells Depends on a Dynamin-Dependent Fast Endocytotic Process
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Under basal conditions the action potential firing rate of adrenal chromaffin cells is lower than 0.5 Hz. The maintenance of the secretory response at such frequencies requires a continuous replenishment of releasable vesicles. However, the mechanism that allows such vesicle replenishment remains unclear. Here, using membrane capacitance measurements on mouse chromaffin cells, we studied the mechanism of replenishment of a group of vesicles released by a single action potential-like stimulus (APls). The exocytosis triggered by APls (ETAP) represents a fraction (40%) of the immediately releasable pool, a group of vesicles highly coupled to voltage dependent calcium channels. ETAP was replenished with a time constant of 0.73 ± 0.11 s, fast enough to maintain synchronous exocytosis at 0.2–0.5 Hz stimulation. Regarding the mechanism involved in rapid ETAP replenishment, we found that it depends on the ready releasable pool; indeed depletion of this vesicle pool significantly delays ETAP replenishment. On the other hand, ETAP replenishment also correlates with a dynamin-dependent fast endocytosis process (τ = 0.53 ± 0.01 s). In this regard, disruption of dynamin function markedly inhibits the fast endocytosis and delays ETAP replenishment, but also significantly decreases the synchronous exocytosis during repetitive APls stimulation at low frequencies (0.2 and 0.5 Hz). Considering these findings, we propose a model in where both the transfer of vesicles from ready releasable pool and fast endocytosis allow rapid ETAP replenishment during low stimulation frequencies.
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INTRODUCTION

Under basal conditions the action potential firing rate of chromaffin cells is low, approximately 0.2–0.5 Hz, while under stress the system approaches 10–20 Hz (Brandt et al., 1976; Kidokoro and Ritchie, 1980; Holman et al., 1994; Chan and Smith, 2001). The maintenance of secretion in such range of frequencies requires the continuous refilling of releasable pools of vesicles (Smith et al., 1998; Sorensen, 2004) at rates that match the exocytotic activity. Therefore, it is important to define the mechanisms that contribute to the refilling of these pools.

It is well known that intense stimulation of chromaffin cells provokes an important global calcium (Ca2+) increase (Marengo and Monck, 2003), promoting in turn the substantial exocytosis of vesicles that are at variable location respect to voltage dependent Ca2+ channels (VDCC), with predominance of asynchronous over synchronous exocytosis (Chow et al., 1992; Zhou and Misler, 1995). The replenishment of these vesicles is mainly produced by mobilization from upstream to downstream pools (Voets et al., 1999). On the other hand, it has been shown by several investigators that single brief stimulation, which approximates to action potential duration, induces the synchronous release of vesicles closely coupled to VDCC (Horrigan and Bookman, 1994; Moser and Neher, 1997b; Voets et al., 1999) from a pool that was defined as the immediately releasable pool (IRP). Furthermore, action potential waveform stimuli applied at low frequencies (0.5 Hz) on chromaffin cells reportedly induce the release of catecholamines through Ω-shape kiss-and-run fusion events (Fulop et al., 2005), a process that probably allows fast local recycling of vesicles (Harata et al., 2006). However, the mechanisms involved in vesicle replenishment during low stimulation frequencies remain unknown. In this work, we investigated the possible mechanisms of vesicle replenishment that operate at low stimulation frequencies. Because, it is expected that action potentials applied at low frequencies would induce the exocytosis of vesicles tightly coupled to VDCC (Neher, 1998; Oré and Artalejo, 2005), we particularly analyzed the replenishment of vesicles included in the IRP.

As aforementioned, the IRP is a group of ready releasable vesicles sensitive to short depolarizations because of their proximity to VDCC (Horrigan and Bookman, 1994; Voets et al., 1999; Marengo, 2005; Alvarez and Marengo, 2011). The sustained participation of IRP in chromaffin cell exocytosis during repetitive action potential stimulation depends on the refilling rate of this pool. A previous study indicates that the refilling of IRP is very slow (Moser and Neher, 1997b), making difficult the participation of this pool even at low stimulation frequencies. In this work, we analyzed this subject by comparing the refilling of IRP after total depletion versus the replenishment of the group of vesicles released by a stimulus that approximates the shape of a chromaffin cell action potential (APls) (Chan et al., 2005b). While the whole IRP was refilled with a time constant of 7.5 s, the small group of vesicles released by APls (ETAP) was replenished with a time constant of 0.7–1 s. This fast replenishment could account for the maintenance of synchronous exocytosis during repetitive stimulation at frequencies below 0.5 Hz. Finally, our results support the idea that the rapid ETAP replenishment relies in both the transfer of vesicles from the RRP and a dynamin-dependent fast endocytosis mechanism.

MATERIALS AND METHODS

Mouse Adrenal Chromaffin Cell Preparation

All animal procedures were performed under protocols approved by the Consejo Nacional de Investigaciones Científicas y Técnicas (Argentina), and are in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publication 80-23/96), USA, and local regulations.

Adrenal glands from two 13–18 days old female/male 129/sv mice were used in each culture. Chromaffin cells were isolated and cultured following the procedures described by Perez Bay et al. (2012). Briefly, mechanically isolated adrenal medullas were digested for 25 min in Hanks with papain (0.5–1 mg/ml) at 37°C, and disrupted with a yellow tip in Dulbecco’s modified Eagle’s medium low glucose, supplemented with 5% fetal calf serum, 5 μl/ml penicillin/estreptomicina, 1.3 μl/ml gentamicin, 1 mg/ml bovine seroalbumin, and 10 μM citosine-1-β-D-arabinofuranoside. The cell suspension was filtered through 200 and 50 μm pore meshes, and cultured on poly-L-lysine pretreated coverslips at 37°C, 95% O2 – 5% CO2.

Whole Cell Patch-Clamp and Membrane Capacitance Measurements

The patch-clamp set up comprised an inverted microscope (Olympus IX71, Olympus, Japan), a patch-clamp amplifier (EPC10 double patch clamp amplifier, Heka Elektronik, Lambrecht, Germany) and a personal computer. The application of the stimulation protocols and the data acquisition were controlled by the Patchmaster software (Heka, Lambrecht, Germany). Chromaffin cells were washed in extracellular solution composed of (mM) 120 NaCl, 20 Hepes, 4 MgCl2, 5 CaCl2, 5 mg/ml glucose and 1 μM tetrodotoxin (pH 7.3), and mounted on an inverted microscope (Olympus IX71). The standard internal solution used in the patch-clamp pipettes (3–5 MΩ) contained (in mM) 95 Cs d-glutamate, 23 Hepes, 30 CsCl, 8 NaCl, 1 MgCl2, 2 Mg-ATP, 0.3 Li-GTP, and 0.5 Cs- EGTA (pH 7.2). These solutions were designed to selectively measure voltage dependent Ca2+ currents (ICa2+), and to maximize the exocytosis of vesicles tightly coupled to voltage-dependent Ca2+ channels (Alvarez et al., 2008). We have used these solutions previously to study the exocytosis of IRP (Marengo, 2005; Alvarez et al., 2008, 2013). In order to mimic a more physiological condition, in another group of experiments, we reduced the extracellular Ca2+ to 1.8 mM and the intracellular EGTA to 70 μM. The holding potentials were not corrected for junction potentials. We considered that the recorded cells were “leaky,” and discarded, when the leak current measured at the holding potential of -80 mV was bigger than -30 pA. We also discarded cells with series resistance bigger than 12 MΩ. The average series resistance in our control experiments was 9.7 ± 0.3 MΩ (n = 35). The cell Cm was determined by the sine + dc method (Gillis, 1995) implemented through the lock-in extension of Patchmaster. The command voltage applied to the cell was composed of the sum of a sinusoidal voltage (800 Hz, 60 mV peak to peak) and a holding potential of -80 mV. The data were filtered at 3 kHz. Patch pipettes were coated with dental wax to minimize their stray capacitance and to achieve a better C-fast compensation. The experiments were carried out at room temperature (22–24°C).

Experimental Protocols

We used the voltage-clamp mode of patch-clamp/whole-cell configuration. To induce the exocytosis of IRP, we employed single 50 ms squared depolarizations from the holding potential of -80 to +10 mV. We also stimulated the cells with APls composed by a 2.5 ms ascendant voltage ramp from -80 to +50 mV, followed by a 2.5 ms descendant ramp that returns to holding potential.

To study the replenishment of IRP or ETAP, we applied a pair of identical stimuli (squared 50 ms depolarizations or APls, respectively) separated by variable time periods, and expressed the degree of replenishment as the ratio between the exocytosis evoked by the second stimulus (Cm2) and the exocytosis evoked by the first stimulus (Cm1). The ratio Cm2/Cm1 was then plotted against the period between first and second stimuli.

The concentration of the anti-dynamin (anti-Dyn) or anti-GFP antibody in the internal solution was 7 nM, or 14 nM when was indicated. We wait a minimum of 5 min after whole cell establishment before to start the measurements, to allow the diffusion of antibodies to cytosol. Considering a series resistance of 9.7 and MW = 150 kD, anti-Dyn would reach in this period a 63% of steady state final cytosolic concentration, what was enough to block completely endocytosis (see Figure 8). Similarly, the GST fusion protein GST-Dyn829-842 (MW: 27.7 kD; see below) would reach approximately 82% of final concentration (Pusch and Neher, 1988). The effectiveness of anti-Dyn in inhibiting endocytosis was previously validated in mouse chromaffin cells microinjected with 7 nM of the antibody and tested for internalization of a transferrin-conjugate and an anti-dopamine-β hydroxylase antibody (Supplementary Figure S1).

Materials

Bovine serum albumin, poly-L-lysine, cytosine-1-β-D-arabinofuranoside, and papain were obtained from Sigma (St. Louis, MO, USA); Dulbecco’s modified Eagle’s medium, fetal calf serum, gentamicin and penicillin/streptomicin from Gibco (Carlsbad, CA, USA); tetrodotoxin from Alomone Labs (Jerusalem, Israel); the monoclonal antibody against dynamin (it binds dynamin 1 and 2) from BD Biosciences (San Jose, CA, USA). The GST fusion protein GST-Dyn829-842, which contains the amino-acids 829 to 842 of human dynamin (PPQVPSRPNRAPPG) was obtained as described before (Gonzalez-Gutierrez et al., 2007). As a negative control of GST-Dyn829-842, we used a GST fusion protein containing mutations at positions 835 (arginine to aspartic acid) and 836 (proline to alanine), which reportedly does not disrupt the binding to the amphiphysin SH3 domain (Grabs et al., 1997).

Data Analysis and Statistics

In some cells, immediately after the application of a depolarization pulse, we noted the presence of a brief transient capacitance change, probably associated to sodium channels gating (Horrigan and Bookman, 1994; Chow et al., 1996). This transient became negligible 50 ms after the end of depolarization (exponential time constant = 14 ± 2 ms; 14 measurements in 9 cells; for examples see Supplementary Figure S2). A capacitive artifact with similar kinetics was reported before in bovine and embryonic mouse chromaffin cells (Chow et al., 1996; Gong et al., 2005). To avoid any influence of this fast capacitance transient, we measured the capacitance increase caused by each stimulus as the difference between the mean capacitance measured in a 100 ms window starting 60 ms after the end of the depolarization minus the mean pre-stimulus capacitance also measured in a 100 ms window.

Data are expressed as mean values ± standard error. We used a Student’s “t” test for comparisons between two groups of independent data samples. One way ANOVA was used for multiple independent data samples, and Bonferroni test for comparisons between groups. If samples did not pass normality test we used Kruskal–Wallis one way analysis of variance on ranks. To fit the replenishment curves, we used the non-linear curve-fitting option in Origin (Microcal Software).

RESULTS

Replenishment of IRP after Depletion

The exocytosis of IRP was induced by application of a 50 ms square depolarization pulse (from -80 to +10 mV). The change in whole cell Cm (ΔCm) induced by this stimulus was synchronous with the depolarization pulse, and averaged 27 ± 2 fF (n = 53). We previously demonstrated that this stimulus induces the complete release of IRP in our chromaffin cell preparation (Alvarez et al., 2013). Moreover, the application of this stimulus in the presence of 15 mM Ca2+ in the external solution increased the ICa2+ in approximately 60%, but the exocytosis of IRP was not affected (25 ± 2, n = 9). This estimation of IRP is similar to previous reports (Horrigan and Bookman, 1994; Voets et al., 1999; Alvarez et al., 2008; Alvarez and Marengo, 2011).

In order to evaluate the kinetics of IRP refilling after depletion, we first applied a 50 ms square depolarization pulse to deplete IRP, and after a variable period (between 2 and 40 s), we applied a second 50 ms pulse to assess the replenishment of the pool (Figure 1Ai). There was no difference between the amplitude of the ICa2+ evoked by the first and the second depolarization pulse (157 ± 10 and 150 ± 11 pA, respectively; n = 109). Figures 1Aii,iii illustrate typical records of ICa2+ and ΔCm obtained by the application of this protocol with 5 and 20 s intervals, respectively. After 5 s, only a fraction of the ΔCm associated to IRP was recovered, but 20 s was enough to recover almost completely the exocytosis of this pool. Figure 1B shows the average results of this type of experiments, where the relative replenishment (R) of IRP is represented by the ratio between the capacitance increase induced by the second pulse (ΔCm2) over the capacitance increase induced by the first pulse (ΔCm1). The exocytosis induced by the first pulse was similar among the different intervals tested (Figure 1B, inset). The experimental points of Figure 1B were fitted to a single exponential growing function (R > 0.9957), obtaining a time constant τ of 7.5 ± 1.1 s and an intercept value at time zero of 0.22 ± 0.05. These parameters are very similar to those previously reported (Moser and Neher, 1997b). This time constant predicts the replenishment of 90% of IRP in approximately 20 s.
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FIGURE 1. Immediately releasable pool refilling after depletion. (A) (i) Scheme of the stimulation protocol. In order to determine the kinetics of IRP replenishment, a pair of 50 ms depolarizations (from -80 to +10 mV) with a variable time interval between them was applied. (ii) and (iii) ICa2+ (top) and changes in cellular capacitance (bottom) obtained during typical experiments when 5 and 20 s intervals between stimuli were, respectively, applied. (B) The relative replenishment of IRP after depletion (expressed as ΔCm2/ΔCm1; where ΔCm1 and ΔCm2 represents the change in capacitance induced by the first and the second depolarization, respectively) was plotted against the time interval between 50 ms depolarizations. Each point represents the average of measurements obtained in at least 11 independent cells. The averaged values were fitted to a monoexponential growing function (R = R0 + A.(1 - e[image: image])), obtaining a value at time zero R0 of 0.22 ± 0.05, an asymptote A of 0.73 ± 0.05, a time constant τ of 7.5 ± 1.1 s, and a correlation coefficient R > 0.9957. The graph in the inset represents the averaged changes in capacitance induced by the first depolarization of the paired pulse protocol described above, and the continuous line represents the general average for these measurements.



Replenishment of the Group of Vesicles Released by an APls

The replenishment of IRP, as represented in Figure 1, is too slow to sustain a significant participation of IRP during repetitive stimulation, even at low frequencies. On the other hand, it is important to note that chromaffin cell exocytosis in physiological conditions is induced by action potentials. A chromaffin cell action potential is much shorter than a square 50 ms pulse, and therefore it is expected to release a smaller amount of vesicles. To approximate the amplitude, shape and duration of a chromaffin cell action potential, we applied a voltage pulse composed by an ascending and a descending ramp (see methods and Figure 2Ai). The application of an APls induced a ICa2+ of 488 ± 34 pA (n = 35) and a capacitance jump of 11 ± 1 fF (n = 35) (see Figures 2Aii,iii for individual examples). We used this type of stimulus along the work because it allowed us to build in our software a variety of stimulation protocols, fixing precisely the frequency of stimuli, and maintaining their amplitude constant along paired or train simulation. However, since the shape of action potential may affect calcium current (Duan et al., 2003), we first compared the ICa2+, the Ca2+ entry measured as the time integral of ICa2+ (Int-Ica) and ΔCm induced by APls with those induced by native action potentials. To obtain native action potentials, chromaffin cells were held in whole cell current clamp configuration and injected with squared current pulses of 120 pA and 2 ms duration. The resulting action potential (Figures 3Aii,Bii, top) was used as a stimulus template in voltage clamp experiments (Chan and Smith, 2001). These experiments were performed in 5 mM external Ca2+/0.5 mM internal EGTA, as well as in 1.8 mM external Ca2+/70 μM internal EGTA, then they were compared with separate sets of independent measurements obtained by application of APls. Int-Ica and ΔCm induced by native action potentials or APls were similar for both external Ca2+ concentrations (Figures 3A,B). However, the ICa2+ induced by native action potentials at 5 mM external Ca2+/0.5 μM EGTA showed a small, but significant, reduction with respect to APls (Figures 3Bi–iii).
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FIGURE 2. The application of an APls releases a subgroup of vesicles from IRP. (A) (i) The APls was composed by an ascending ramp lasting 2.5 ms from the holding potential (-80 mV) to +50 mV, and a descending ramp of equal duration that returns to the holding potential. (ii) and (iii) Examples of the ICa2+ and the capacitance jump induced by this type of stimulus. The capacitance record is in a different time scale. (B) (i) Stimulation protocol consisting in the sequential application of a 50 ms square depolarization pulse (P1) to evaluate the size of IRP in control conditions, then after 20 s an APls was applied, and almost immediately (200 ms) the cell was stimulated with another 50 ms pulse (P2) to evaluate the effect of the previous APls on IRP size. (ii) Typical record and (iii) bar diagram of averaged results (n = 9) obtained from this type of experiments. APls+P2 represents the sum of the capacitance changes induced by APls and P2, obtained in each experiment. The four conditions represented in the bar diagram were compared by ANOVA (p < 0.001), and APls, P2 and APls+P2 were compare against P1 (∗p < 0.003 and ∗∗p < 0.001) by Bonferroni test.
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FIGURE 3. The application of an APls induces similar Ca2+ entry and exocytosis than a native action potential. The Ca2+ current and the exocytosis induced by voltage-clamp application of previously obtained native action potentials (APn) (n = 10) were measured, and the results compared with independent measurements obtained in cells stimulated with APls (n = 10) at either 1.8 mM external Ca2+/70 μM internal EGTA (A), or at 5 mM external Ca2+/0.5 mM internal EGTA (B). (A) (i) and (B) (i) represents APls (top), while (A) (ii) and (B) (ii) represents the action potential templates obtained in current clamp experiments (top), and typical examples of Ca2+ current records (bottom) are represented for all the conditions. The bar graphs in (iii), (iv) and (v) summarizes the ICa2+, the ICa2+ integral (Int-Ica), and the ΔCm, respectively. ∗p < 0.05.



We also tested whether the holding potential of -80 mV might overestimate ICa2+ and consequently exocytosis, because of the recruitment of additional VDCC. Thus, we performed paired measurements of ICa2+ and ΔCm in response to the application of APls at -80 mV plus ± 30 mV vs. a more physiologic holding (-65 mV) plus ± 15 mV sinusoidal voltage. The results, represented in Figure 4, show that there was no significant difference in ICa2+ between both conditions. The exocytosis, reported by ΔCm, was too noisy for the experiments performed at -65 mV (see Figure 4Ai, bottom), probably because of the shorter amplitude of the sinusoidal voltage. Therefore, although our estimations of exocytosis were very similar between -65 and -80 mV holding potentials, we decided not include these data in the figure. Conversely, the measurements obtained at -80 mV holding potential, which uses ±30 mV sinusoidal voltage, had an acceptable signal/noise relationship (see Figure 4Aii, bottom). We must note in addition, that we also failed to find differences between ICa2+, Int-Ica or ΔCm induced by native action potentials applied at -65 and -80 mV holding potentials (data not shown). Therefore, considering that the -80 mV holding potential and the application of APls did not modified substantially the ICa2+, Ca2+ entry and exocitosis in comparison with more physiological -65 mV and native action potentials, we used the first conditions to design our stimulation protocols along the work. Finally, the decrease of external Ca2+ from 5 to 1.8 mM significantly reduced (p < 0.05) the sizes of ICa2+ and exocytosis (Figures 3 and 4). As APls induces the exocytosis of a small amount of vesicles, the next experiments were performed with the higher Ca2+ concentration to improve our signal resolution. Thereafter, only when it is indicated, we did experiments using the more physiological 1.8 mM external Ca2+ and 70 μM internal EGTA.
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FIGURE 4. The application of an APls induces similar ICa2+ at -65 or -80 mV holding potentials. The ICa2+ and the ΔCm induced by APls applied at -65 and -80 mV holding potentials were measured in paired experiments. (A) (i) and (ii) represents typical records of ICa2+ (top) and ΔCm (bottom) obtained at -65 and -80 mV holding potential, respectively, at 5 mM external Ca2+/0.5 mM internal EGTA. The bar graphs in (B) and (C) summarizes the ICa2 +measurements for 1.8 mM external Ca2+/70 μM internal EGTA, and for 5 mM external Ca2+/0.5 mM internal EGTA, respectively (n = 10 for both conditions).



Because APls is a very short stimulus, it should release only vesicles from IRP. To evaluate this prediction, we sequentially applied a square 50 ms depolarization pulse (P1) to obtain a control estimation of IRP for each particular experiment, and 20 s later a single APls followed almost immediately (200 ms) by a second 50 ms depolarization pulse (P2) (Figure 2Bi). As expected, the results show that APls induced an exocytotic response markedly smaller than IRP. More important, the second 50 ms pulse (P2) also triggered a significantly smaller response than control IRP estimation (p < 0.003), and the addition of the exocytosis induced by both the APls and the contiguous 50 ms pulse (APls+P2) gives a value almost identical to control IRP (Figures 2Bii,iii). These results indicate that the group of vesicles released by a single APls (ETAP) is a fraction of that we define as IRP.

To study the replenishment of ETAP, we applied the protocol represented in Figure 5Ai. Basically, it consists in a pair of APls separated by a variable period, between 0.2 and 10 s. Figures 5Aii,iii illustrate examples of the measurements obtained by the application of this protocol for 0.2 and 2 s intervals, respectively. The Figure 5B summarizes the results obtained from this type of experiments. The relative replenishment R was defined by the ratio between the exocytosis induced by the second APls over the exocytosis induced by the first APls. The experimental points were well fitted to a single exponential function, showing an average time constant of 0.73 ± 0.1 s, which is ten times faster than that observed for the total IRP refilling (p < 0.01). In experiments performed with more prolonged intervals between stimuli (20, 30, and 40 s) (Supplementary Figure S3), the final plateau remained stable, so the fast replenishment kinetics of ETAP is not the consequence of a transitory overfilling process as was described previously for RRP (Smith et al., 1998).
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FIGURE 5. Exocytosis triggered by action potential like stimulus replenishment after depletion. (A) (i) Scheme of the stimulation protocol. We applied two APls separated by a variable time interval to evaluate the ETAP replenishment. (ii) and (iii) ICa2+ (top) and changes in cellular capacitance (bottom) obtained during typical experiments where 0.2 and 2 s intervals between stimuli were, respectively, applied. Capacitance records are shown in a different time scale. (B) The relative replenishment of ETAP (expressed as ΔCm2/ΔCm1; where ΔCm1 and ΔCm2 represents the change in capacitance induced by the first and the second APls, respectively) was plotted against the time interval between APls. Each point represents the average of measurements obtained in at least 11 independent cells. The averaged values were fitted to a monoexponential growing function (R = R0 + A.(1 - e[image: image])), obtaining a value at time zero R0 of 0.24 ± 0.05, an asymptote A of 0.75 ± 0.05, a time constant τ of 0.73 ± 0.11 s, and a correlation coefficient R > 0.9886. The graph in the inset represents the averaged changes in capacitance induced by the first APls of the paired pulse protocol described above, and the dotted line represents the general average for these measurements.



We also studied the influence of the cytosolic Ca+2 concentrations on ETAP replenishment. Therefore, we increased the cytosolic Ca2+ concentration by adding 383 and 417 μM of Ca2+ to the internal solution. Considering that the internal solution already has 0.5 and 2 mM ATP, the cytosolic free Ca2+ concentration approximately increased to 600 and 900 nM, respectively. We found that the increase of cytosolic Ca2+ did not significantly change ETAP replenishment (Figures 6A,B) in comparison with the experiments where Ca2+ was not added to the internal solution (Figure 5B).
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FIGURE 6. Replenishment of ETAP after increasing cytosolic Ca2+ concentration by Ca2+ dialysis from the patch pipette. The cytosolic Ca2+ concentration was increased by addition of 383 and 417 μM of Ca2+ to the internal solution, what results in approximately 600 nM (A) and 900 nM (B) free Ca2+ concentrations, respectively. In these experiments the extracellular Ca2+ concentration was kept at 5 mM. The averaged values were fitted to a monoexponential growing function (R = R0 + A.(1 - e[image: image])). In (A) the fitting parameters were, Ro = 0.24 ± 0.14, A = 0.69 ± 0.14, τ = 0.55 ± 0.19 s, and R > 0.9722; and in (B) they were, Ro = 0.30 ± 0.03, A = 0.67 ± 0.03, τ = 0.70 ± 0.06 s, and R > 0.9975. Each point represents the average of measurements obtained in at least 7 independent cells.



ETAP Replenishment Is Dependent on RRP Vesicle Content

Classical work in chromaffin cells, as well as in other preparations, has described the refilling of releasable pools by transfer of vesicles through different pools organized in series (von Gersdorff and Matthews, 1997; Smith et al., 1998; Voets et al., 1999). On the other hand, it was also proposed that APls applied at low frequencies in chromaffin cells induce a type of kiss-and-run exocytotic/endocytotic process (Fulop et al., 2005), in where the vesicles can be locally recycled. In order to determine which one of these mechanisms operate under the rapid ETAP replenishment, we first depleted vesicles pools that are expected to be located upstream of ETAP. Because ETAP is a subgroup of vesicles included in IRP (Figure 2B), it is possible that the rest of vesicles of IRP feeds ETAP in a sequential way. Therefore, we depleted IRP as a first intent to interfere with ETAP replenishment. Figure 7Ai shows the protocol used for this type of experiment. First, a single APls was applied to have a control value for ETAP, then after 15 s the depletion of IRP was induced by a 50 ms depolarization pulse (ΔCm = 24 ± 5 fF, n = 7), and finally the replenishment of ETAP was tested by application of a second APls after variable periods. The replenishment of ETAP under this experimental condition is represented in Figure 7B by the filled circles. For comparison, we plotted in the same graph the normal ETAP replenishment taken from Figure 5B (dotted line) and the first part of the normal IRP replenishment taken from Figure 1B (dashed line). It is clear that when IRP was depleted, the replenishment of ETAP still followed a fast kinetics. This result indicates that ETAP is replenished by a mechanism independent of IRP vesicle content.
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FIGURE 7. ETAP replenishment depends on RRP vesicle content. (A) Scheme of stimulation protocols. First, an APls was applied to evaluate ETAP at control condition; then after 15 s a 50 ms square depolarization pulse was applied to deplete IRP (i), or a pair of 100 ms pulses separated by 300 ms were applied to deplete RRP (ii); and finally a second APls was applied after a variable time interval to evaluate the replenishment of ETAP. (B) Summary of the results obtained in both types of experiments. The ETAP replenishment after IRP depletion is represented by filled circles (each point represents the average of at least six independent cells), and after RRP depletion is represented by open circles (each point represents the average of at least five independent cells). For comparison, we plotted the control ETAP replenishment taken from Figure 5B (dotted line) and the replenishment of IRP taken from Figure 1B (dashed line). The statistics of these experiments are represented in Table 1.



Alternatively, ETAP might be replenished directly from RRP. To test this possibility, we depleted the RRP using the protocol represented in Figure 7Aii (Voets et al., 1999), and then analyzed how this protocol affects the ETAP replenishment. The double 100 ms pulse provoked capacitance increases of 42 ± 5 and 21 ± 3 fF (n = 6), respectively. The replenishment of ETAP (Figure 7B) under this experimental condition is represented by the opened circles. The shortest time intervals (0.2 and 0.5 s) were not considered because the double 100 ms depolarization pulse produced a significant inactivation of Ica2+ that persisted for 500 ms. In this condition, the relative values of replenishment after 0.7, 1, and 2 s intervals were significantly decreased in comparison with control ETAP replenishment (dotted line, see Table 1 for statistical analysis). These results indicate that ETAP replenishment depends on the mobilization of vesicles from RRP.

TABLE 1. Summary of ETAP Recovery.
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ETAP Replenishment Correlates with a Fast Endocytotic Process

Exocytosis triggered by action potential like stimulus was regularly followed by a fast decay in capacitance (Figure 8Ai). The amplitude of this decay was almost identical to the preceding exocytosis (Figure 8Aii). A very similar process was described previously by Chan and Smith (2001, 2003), and was associated to fast compensatory endocytosis. The average decrease in Cm (n = 35) associated to this endocytosis was fitted to a single exponential function with a time constant of 0.53 ± 0.01 s (R > 0.9446, white line in Figure 8Ai). Since this endocytosis rate was similar to ETAP replenishment rate, it is possible to hypothesize that both processes might be linked.
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FIGURE 8. ETAP replenishment depends on a rapid endocytosis process. (A) (i) After ETAP, the membrane surface is recovered by a fast endocytosis. The figure represents the average of 35 records obtained in independent cells. The decay in the Cm was fitted to a single exponential equation (τ = 0.53 ± 0.01 s; R > 0.9446). (ii) The bar diagram represents the amplitudes of the exocytosis (Exo) and the following endocytosis (Endo) estimated from these experiments (n = 35). The ΔCm values associated to these processes were no significantly different. (B) (i) This figure represents the average of the endocytosis records measured in 13 individual cells where the measurements started at least 5 min after whole cell establishment. The decay in Cm was fitted to a single exponential equation (τ = 1.65 ± 0.02 s, R = 0.9883). (ii) Average (in red) of 11 records of endocytosis obtained in an identical number of cells where a monoclonal antibody (7 nM) against dynamin (anti-dyn) was dialyzed for at least 5 min from the patch pipette. The average (in light gray) of five cells treated with a previously heat-inactivated antibody (anti-dyn-HI) is also represented. (iii) Replenishment of ETAP in three experimental conditions: when measurements were initiated 5 min after whole cell establishment (black filled circles), when an anti-dynamin antibody was added to the internal solution (red open circles), or when the anti-dynamin antibody was added to the internal solution and RRP was depleted by the protocol represented in Figure 7A (ii) (green diamonds). For comparison, the fitted curve obtained in control conditions (taken from Figure 5B) is shown as dotted line. (C) (i) This figure represents the average (in red) of the endocytosis records measured in 11 individual cells where the peptide GST-Dyn829-842 (30 nM) was dialyzed for 5 min from the patch pipette. This endocytotic process did not compensate previous exocytosis (the exocytosis was 10.3 ± 0.9 fF while endocytosis measured at 4 s after the end of the stimulus was 2.43 ± 0.87 fF, p < 0.05). The gray line represents the average of six cells dialyzed with the mutated peptide GST-Dyn-mut. (ii) Replenishment of ETAP in presence of GST-Dyn829-842 (red circles). The dotted line represents the fitted curve obtained in control conditions. The statistics for ETAP replenishment for all the conditions represented in this figure are included in Table 1.



To analyze whether ETAP replenishment kinetics might be rate-limited by vesicle endocytosis, we applied various experimental approaches to interfere with fast endocytosis in our cells. It was described that fast compensatory endocytosis runs down in approximately 4 min after the whole cell configuration is established (Smith and Neher, 1997). It is important to note that our results are clearly consistent with a compensatory type of endocytosis, and not with other types, like excess retrieval, that does not washout in whole cell configuration (Smith and Neher, 1997; Burgoyne, 1998). We decided to take advantage of this feature as a way to inhibit fast endocytosis. Hence, we waited 5 min after the establishment of the whole cell configuration and started the typical protocol (Figure 5Ai) to determine the kinetics of ETAP replenishment. This 5 min period did not affect ETAP exocytosis (11 ± 1 fF). Figure 8Bi represents the average endocytosis obtained from 13 cells under these experimental conditions, which was fitted to a single-exponential decay function (white line) with a time constant of 1.65 ± 0.02 s. This time constant is quite larger than control (p < 0.01), resulting in a moderate inhibition of fast endocytosis. Interestingly, ETAP replenishment in this condition was also moderately delayed respect to the control condition [black filled circles in Figure 8Biii, and RnDn (for rundown of endocytosis) column in Table 1]. To further study this mechanism, we inhibited the fast endocytosis using a mouse monoclonal antibody against dynamin (anti-Dyn) (Gonzalez-Jamett et al., 2010) (see “Materials and Methods,” “Experimental Protocols”). Anti-Dyn (7 nM) was dialyzed through the patch pipette during 5 min after whole cell establishment. The ICa2+ induced by APls in these conditions was 352 ± 23 pA (n = 14). In this condition, the fast endocytosis after ETAP was completely inhibited (Figure 8Bii, red line). Such inhibition was totally suppressed when the antibody was previously heat-inactivated at 95°C during 5 min (Figure 8Bii, gray line), or replaced by an anti-GFP antibody (see Supplementary Figure S4A). Importantly, the application of anti-Dyn induced a pronounced delay in ETAP replenishment (Figure 8Biii, red open circles; Table 1). No additional effect on ETAP replenishment was observed when the antibody concentration was incremented to 14 nM (Supplementary Figure S4B). Finally, to additionally confirm the contribution of dynamin-dependent fast endocytosis on ETAP replenishment, we dialyzed the cells through the patch pipette with a 14-oligomer peptide GST-Dyn829-842 (see “Materials” in “Materials and Methods” section) containing the recognition motif for SH3 domain-containing proteins in the dynamin-1 proline-rich domain. It was previously demonstrated that this peptide inhibits dynamin recruitment to endocytotic sites (Shupliakov et al., 1997), as well as the endocytosis under low frequency stimulation in chromaffin cells (Fulop et al., 2008). The ICa2+ induced by APls in these conditions was 335 ± 49 pA (n = 15). The application of 30 μM of GST-Dyn829-842 to the internal solution almost completely abolished the fast endocytosis (Figure 8Ci, red line), compared to control conditions (Figure 8Ai) and to the application of a mutated version of the peptide defective in binding the SH3 domain of amphiphysin (see “Materials and Methods”) (Figure 8Ci, gray line). Furthermore, the application of GST-Dyn829-842 also significantly delayed ETAP recovery (Figure 8Cii; Table 1).

The experiments presented in this section support that ETAP replenishment is preceded by a dynamin-dependent fast endocytotic mechanism that contribute to replenish vesicles in a short time after they fused to the plasma membrane. In addition, the experiments of the previous section indicated that ETAP replenishment is also affected by depletion of RRP. Consequently, ETAP replenishment seems to be dependent on two different mechanisms: a dynamin-dependent fast endocytosis and vesicle transference from upstream pools. Therefore, we analyzed the effect of blocking RRP replenishment and fast endocytosis together. We applied the protocol represented in Figure 7Aii after 5 min of dialysis with anti-Dyn. This treatment provoked a dramatic inhibition of ETAP replenishment (Figure 8Biii, green diamonds. For statistical comparison please see Table 1). It is necessary to mention here that, we decided to compare the values of replenishment at individual times by ANOVA instead to compare the time constants between different conditions because some experimental treatments (see green diamonds and red open circles in Figure 8Biii) suggest that ETAP replenishment did not really behave as a single exponential process.

We also studied the replenishment of ETAP in 1.8 mM external Ca2+/70 μM internal EGTA, which better represent the physiological extracellular Ca2+ concentration and intracellular Ca2+ buffering conditions, respectively (Neher and Augustine, 1992). As indicated previously (Figures 3 and 4), in this experimental condition ICa2+ and ΔCm were smaller (247 ± 21 pA; 8 ± 1 fF; n = 21) than in the previous standard situation with 5 mM external Ca2+/0.5 mM internal EGTA. However, the fast endocytotic process still showed similar kinetics than our previous condition, and compensated completely the previous exocytosis (Figures 9Ai,ii). Additionally, ETAP was replenished rapidly (Figure 9Biii, black filled circles), with kinetics comparable with the one obtained at higher Ca2+ and EGTA concentrations. The effect of inhibition of dynamin was also tested. Since anti-Dyn and GST-Dyn reduce ICa2+ in approximately 30% (see above), we dialyzed our cells with an internal solution containing 70 μM EGTA and either anti-Dyn or GST-Dyn, in presence of 5 mM external Ca2+. We decided to do the experiments in these conditions with the aim to reach similar ICa2+ in the three experimental groups (control, anti-Dyn, and GST-Dyn). Indeed, we obtained ICa2+ values of 269 ± 43 and 248 ± 24 pA for anti-Dyn and GST-Dyn, respectively; such values were comparable to the control condition (1.8 mM external Ca2+ and 70 μM internal EGTA), whereas in cells bathed in 1.8 or 3 mM external Ca2+, the application of anti-Dyn reduced ICa2+ to 143,2 ± 17.3 pA (n = 5) or 206.6 ± 43.2 pA (n = 5), respectively. The exocytosis in presence of 5 mM external Ca2+ was also comparable with the control condition, with ΔCm values of 7.1 ± 0.3 and 7.7 ± 1.8 fF (n = 11), for anti-Dyn and GST-Dyn, respectively. Importantly, the application of anti-Dyn or GST-Dyn inhibited significantly the endocytosis and delayed ETAP replenishment (Figures 9Bi–iii, red filled circles and green opened circles, respectively). These experiments reaffirm our previous conclusions about the presence of a rapid replenishment mechanism in chromaffin cells and its dependence on a dynamin dependent endocytosis.
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FIGURE 9. ETAP replenishment at physiological Ca2+. (A) The experiments of Figure 5 were repeated using 1.8 mM external Ca2+/70 μM internal EGTA, which better represents physiological extracellular Ca2+ and cytosolic buffer capacity. (i) The figure represents the average of 14 records obtained in independent cells. The decay in the Cm was fitted to a single exponential equation (τ = 0.77 ± 0.06 s; R > 0.9783). (ii) The bar diagram represents the amplitudes of the exocytosis (Exo) and the following endocytosis (Endo) estimated from these experiments, which are not significantly different. (B) (i) and (ii) Average of representative endocytosis records obtained after the dialysis of anti-dyn (n = 8 cells) or GST-Dyn829-842 (n = 5 cells). (iii) Replenishment of ETAP control conditions with 1.8 mM Ca2+/70 μM EGTA (black filled circles), when an anti-dynamin antibody was added to the internal solution (red filled circles), and in presence of GST-Dyn829-842 (green open circles). The averaged control values were fitted (dotted line) to a monoexponential growing function (R = R0 + A.(1 - e[image: image])), obtaining a value at time zero R0 of 0.15 ± 0.07, an asymptote A of 0.87 ± 0.07, a time constant τ of 1.04 ± 0.20 s, and a correlation coefficient R > 0.9867. ∗p < 0.05; ∗∗p < 0.001; ∗∗∗p < 0.0002.



Synchronous Exocytosis during Repetitive APls Stimulation

The replenishment rate of a vesicular pool is critical for its exocytotic performance during maintained stimulation (Voets et al., 1999; Van Hook et al., 2014). The experiments of the previous sections indicate that ETAP is replenished in a very short period. From the estimated time constant (τ = 0.73 s), we can predict that the exocytosis induced by each APls will be kept approximately constant along the train if chromaffin cells are stimulated with frequencies lower than 0.5 Hz (interval between stimuli >3 τ). To evaluate this prediction, we applied trains of 10 APls at 0.2, 0.5, and 2 Hz, and analyzed the synchronous exocytosis, defined as the difference between the mean Cm measured in a 100 ms window starting 60 ms after the end of each APls minus the mean pre-stimulus capacitance also measured in a 100 ms window. Data represented in Figure 10 clearly show that synchronous exocytosis did not decrease noticeably during the application of a short train of APls at 0.2 Hz (Figure 10Ai, and black circles in Figure 10Bi). Synchronous exocytosis during 0.5 Hz trains showed a small (approximately 20%) decrease (p < 0.05) in the second APls, and then remained stable for the rest of the train (ANOVA between 2, 3, 4, 5, 6, and 7 stimuli was not significant, p > 0.85; black circles in Figure 10Ci). In contrast, the application of trains at 2 Hz provoked more than 50% decrease in synchronous exocytosis (p < 0.0001) (black circles, Figure 10Di), These results are in agreement with the kinetics of ETAP replenishment described above, suggesting that this replenishment process can maintain by itself synchronous exocytosis at low frequencies.
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FIGURE 10. Effect of the stimulation rate and the inhibition of dynamin on synchronous exocytosis during short APls trains. (A) Original recordings of capacitance changes during trains of APls at 0.2 (i) and 2 Hz (ii). (B–D) (i) Synchronous capacitance changes obtained between the 1st and the 7th APls of trains applied in control conditions (black circles) and in presence of the anti-dynamin antibody (red circles) for 0.2, 0.5, and 2 Hz, respectively (∗p < 0.05; ∗∗p < 0.02; and ∗∗∗p < 0.005 represent the statistical significance between control and Anti-Dyn for each stimulus number). The measurements obtained in each individual experiment were normalized respect to the exocytosis induced by the 1st APls of the train. (ii) The bar diagrams represent the absolute values of the synchronous exocytosis induced by the 1st APls of the trains, in control condition and in presence of the antibody. The number of experiments in each condition is represented between parentheses at the base of the bar diagrams.



To investigate the effect of blocking the fast endocytosis on the maintenance of synchronous exocytosis during brief train stimulation, we introduced anti-Dyn in the internal solution, wait 5 min for diffusion, and started with train stimulation protocols. It is important to mention that the application of the antibody did not affect the absolute values of exocytosis recorded during the first APls of the trains at every frequency (bar diagrams in Figures 10Bii,Cii,Dii). In contrast, the considerable inhibition of the rapid ETAP replenishment induced by this treatment (Figure 8Biii, red opened circles) interfered in the exocytotic performance of chromaffin cells during train stimulation. The red circles in Figures 10Bi,Ci,Di represent the synchronous exocytosis associated to these experiments. The results show that anti-Dyn provoked a significant decrease of synchronous exocytosis at 0.2, 0.5, and 2 Hz stimulation frequencies in comparison with control experiments (see Figure 10 legend for statistics).

Finally, we also analyzed the maintenance of synchronous exocytosis during APls train stimulation in presence of 1.8 mM external Ca2+/70 μM internal EGTA. Synchronous exocytosis was maintained stable during the application of APls train stimulation at 0.2 Hz, and suffered a moderate decrease at 0.5 Hz. Conversely, at 2 Hz, we observed a notorious decrease in synchronous exocytosis to approximately 35% of initial value. The application of anti-Dyn affected significantly the maintenance of synchronous exocytosis at 0.2 and 0.5 Hz stimulation frequencies (Figure 11).
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FIGURE 11. Effect of the stimulation rate during short APls trains applied at physiological Ca2+. (A–C) (i) Synchronous capacitance changes obtained between the 1st and the 7th APls of trains applied in control conditions using 1.8 mM external Ca2+/70 μM internal EGTA (black circles), and in presence of the anti-dynamin antibody (red circles) for 0.2, 0.5, and 2 Hz, respectively (∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001 represent the statistical significance between control and Anti-Dyn for each stimulus number). The measurements obtained in each individual experiment were normalized respect to the exocytosis induced by the 1st APls of the train. (ii) The bar diagrams represent the absolute values of the synchronous exocytosis induced by the 1st APls of the trains, in control condition and in presence of the antibody. The number of experiments in each condition is represented between parentheses at the base of the bar diagrams.



DISCUSSION

Immediately releasable pool is a pool of vesicles highly coupled to VDCC (Voets et al., 1999; Alvarez et al., 2013), which is selectively released by the application of short depolarizations (Horrigan and Bookman, 1994). The relative contribution of this pool of vesicles to the exocytosis at high stimulation frequencies or prolonged depolarizations, which mainly promote the exocytosis of vesicles poorly coupled to VDCC, is negligible (Chow et al., 1992; Zhou and Misler, 1995; Voets et al., 1999). Conversely, IRP importantly contributes to the exocytosis induced by isolated action potentials (Figure 2B). Nevertheless, an efficient vesicle replenishment mechanism is required to maintain the catecholamine release during repeated action potentials, even at low frequency, like in basal sympathetic tone. In the present work, we analyzed the rate of replenishment of immediately releasable vesicles in different conditions of stimulation. We found that when IRP was depleted completely by a 50 ms depolarization, the refilling rate of this pool was slow and non-compatible with physiological firing frequencies. However, stimulation of chromaffin cells with single APls allows rapid replenishment of vesicles (Figures 5 and 9), consistent with the maintenance of synchronous exocytosis during applications of short trains of APls at low frequencies (0.2 or 0.5 Hz) (Figures 10 and 11). We identified two processes participating in such rapid vesicle replenishment: (i) the transfer of vesicles from RRP and (ii) a dynamin-dependent fast endocytosis.

It is important to note that the degree of coupling between vesicles and channels, and therefore synchronicity of exocytosis with stimulus, in chromaffin cells is lower than in neurons, even for IRP. While neurons can present a latency of release lower than 2 ms, chromaffin cells stimulated at low action potential frequencies presents a latency of more than 10 ms (Zhou and Misler, 1995).

The refilling of IRP was successfully fitted to a single exponential growing function with a time constant of 7.5 s (Figure 1). This refilling rate is consistent with previous reports of IRP replenishment in mouse adrenal slices (Moser and Neher, 1997b) and of RRP refilling in chromaffin cells and synaptic terminals (von Gersdorff and Matthews, 1997; Smith et al., 1998; Voets et al., 1999). This time constant indicates that the replenishment of IRP cannot be completed in less than 20 s, and therefore firing frequencies higher than 0.05 Hz will provoke the depletion of this pool. However, it must be considered that several factors have been reported to affect RRP or IRP replenishment, for example temperature (Dinkelacker et al., 2000), cytosolic Ca2+ concentration (Smith et al., 1998), PKC activity (Gillis et al., 1996), Doc2b (Pinheiro et al., 2013), CAPS (Liu et al., 2008), and NCAM (Chan et al., 2005a), and probably some of them may contribute to tune the IRP replenishment according to physiological requirements.

According to our data, ETAP (approximately 11 fF) is a part of what we define as IRP (see Figure 4). Since the average capacitance of one vesicle was estimated to be 1.3 fF (Moser and Neher, 1997a), ETAP would be equivalent to approximately eight vesicles, corresponding roughly to a 40% of the total IRP. However, when we studied the replenishment of ETAP, our results indicated that this group of vesicles does not behave like total IRP. ETAP was replenished very rapidly (τ [image: image] 0.75 s), approximately one order faster than total IRP refilling (Figures 5 and 9). In summary, ETAP would represent a small and fast component of release, which can be replenished quickly, as it was proposed in some synapse preparations (Cho et al., 2011).

The replenishment kinetics of ETAP is fast enough to replenish completely ETAP during the intervals between APls applied at low frequencies, which are in the range of frequencies of native action potentials in basal physiological conditions (Kidokoro and Ritchie, 1980; Chan and Smith, 2001). Moreover, this replenishment kinetics is consistent with the behavior of synchronous exocytosis during trains of APls at different frequencies (Figures 10 and 11). Frequencies below 0.5 Hz, which have an inter-stimulus period larger than three time constants, did not provoke a significant decrease in synchronous exocytosis. On the other hand, the application of APls at 2 Hz decreased synchronous exocytosis to approximately 40% of the initial values. These results indicate that ETAP by itself can maintain exocytosis during low stimulation frequencies. In a recent paper, using amperometry, Lefkowitz et al. (2014) proposed a mechanism by which spontaneous asynchronous exocytosis may contribute importantly to secretion during action potential waveforms applied at 0.5 Hz. We did not observe evident signs of asynchronous exocytosis during several seconds after the application of APls (see Figure 8). The noise in our measurements would not allow the detection of single vesicle fusion, but important asynchronous exocytosis, as the one detected by Lefkowitz et al. (2014), should interfere in the monotonic decrease in capacitance, which is characteristic of our measurements. However, we cannot discard that asynchronous exocytosis may have a more significant contribution during prolonged trains of action potentials at low frequencies. Furthermore, it is possible that both mechanisms contribute to the maintenance of secretion during basal firing frequencies in chromaffin cells.

We considered three alternative hypotheses that might explain the fast ETAP replenishment. The first one assumed that ETAP was refilled directly from IRP. The second one, that ETAP was replenished by transfer of vesicles from RRP. Finally, a third possibility considered that a fast endocytotic process, directly coupled to exocytosis, is the first step of vesicle replenishment. The results obtained in this work show that when IRP was severely depleted by a 50 ms depolarization pulse, ETAP was still replenished very rapidly, rejecting the first hypothesis. In contrast, the depletion of RRP significantly delayed ETAP replenishment (Figure 7). Therefore, the fast replenishment of ETAP can be at least partially explained by transfer of vesicles from RRP [pathway (1) in Figure 12]. In a previous work, Chan et al. (2005a) demonstrated in mouse adrenal medulla slices that IRP vesicles can be refilled rapidly from RRP. Since ETAP is a subpopulation of IRP, it is probable that in our preparation this fast mechanism of refilling operates only on this subpopulation. It is well known from previous classical papers that the size of RRP depends on the basal cytosolic Ca2+ concentration, reaching a maximum size between 400 and 600 nM Ca2+, and decreasing at higher Ca2+ concentrations, probably because of spontaneous exocytosis (von Ruden and Neher, 1993; Voets, 2000). In agreement with this behavior of RRP, the time constant of ETAP replenishment showed a tendency to increase at 600 nM and to decrease at 900 nM Ca2+. Therefore, it is possible that the steady size of RRP might affect the speed of ETAP replenishment.
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FIGURE 12. We proposed that in chromaffin cells, the exocytosis of a subpopulation of vesicles of the IRP is triggered by single action potential (ETAP). This group of vesicles is replenished rapidly via two mechanisms: (1) by transferring vesicles from the RRP and (2) by a dynamin-dependent fast endocytosis. Fast endocytosis could allow the direct vesicle recovery via a kiss-and-run like mechanism (Fulop et al., 2005), or alternatively, it might restore the structure of the release sites (Hosoi et al., 2009). These mechanisms would explain the sustained exocytosis at physiological basal action potential frequency in these cells. The RRP can also supply vesicles, with a slow kinetics (3), to the rest of IRP. The relative sizes in this cartoon do not have relationship with the real magnitude of the pools.



ETAP replenishment after RRP depletion is still faster than total IRP refilling (compare open circles with the dashed line in Figure 7B), making possible the participation of an additional mechanism in fast vesicle replenishment. We observed that ETAP was consistently followed by a fast endocytosis that completely compensated the preceding exocytosis (Figures 8 and 9). This endocytotic process has a kinetics similar to that described by Smith et al. (1998) in chromaffin cells (Chan and Smith, 2001). In contrast, the application of a 50 ms pulse, which promotes total IRP exocytosis, did not result in a fast endocytotic process, being consistent with the results of Engisch and Nowycky (1998). We hypothesized that the fast endocytosis developed after ETAP contributes to the rapid vesicle replenishment process. To address this possibility, we applied two treatments that resulted in a strong inhibition of fast endocytosis: (1) the cellular dialysis of a monoclonal antibody against dynamin (Artalejo et al., 2002), and (2) the intracellular application of the peptide GST-Dyn829-842 that disrupts dynamin-dependent endocytosis (Shupliakov et al., 1997; Fulop et al., 2008). Remarkably, these treatments severely delayed the ETAP replenishment (Figures 8 and 9). These results lead us to conclude that the replenishment of ETAP is tightly coupled to a dynamin-dependent fast endocytotic process [pathway (2) in Figure 12]. Various authors have proposed the existence of local vesicle recycling mechanisms, in where the vesicles are recovered after partial fusion (Cardenas and Marengo, 2010). The presence of kiss-and–run and cavicapture exocytosis mechanisms in chromaffin cells has been postulated by different authors (Ales et al., 1999; Taraska et al., 2003; Perrais et al., 2004; Elhamdani et al., 2006; Gonzalez-Jamett et al., 2010), and it was proposed that kiss-and-run correlates with a dynamin-dependent rapid endocytosis (Elhamdani et al., 2006; Wu et al., 2014). Fulop et al. (2005) and Fulop and Smith (2006) postulated that basal firing rates of action potentials result in an Ω-shape kiss-and-run like fusion event, while high frequencies promotes full granule collapse. Therefore, it is possible that the application of APls individually or at low frequencies promotes a kiss-and-run like process, which results in rapid ETAP replenishment. On the other hand, inhibition of dynamin would interrupt the fission of partially fused vesicles, blocking fast endocytosis and delaying ETAP replenishment. Although the kiss-and–run mechanism is an attractive hypothesis, from our results, we cannot rule out the possibility that rapid endocytosis recovers membrane to an intermediate, non-releasable compartment, from where mature releasable vesicles are produced. In this direction, an alternative hypothesis was proposed by the groups of Takeshi Sakaba and Ling-Gang Wu in the calyx of Held (Hosoi et al., 2009; Wu and Wu, 2009; Wu et al., 2014). According with that hypothesis, after exocytosis, a fast endocytotic mechanism may facilitate vesicle replenishment by clearance of exocytotic materials from active zones, restoring the structure of the release sites. Simultaneously, the vesicles retrieved by fast endocytosis would recycle to a large recycling pool to prevent vesicle exhaustion, and from where mature releasable vesicles can be produced.

If the rapid replenishment of ETAP is coupled with fast endocytosis, the inhibition of vesicle fission process, by blocking dynamin, should affect the maintenance of synchronous exocytosis during trains of APls applied at low frequencies. In agreement with this assumption, the application of the anti-dynamin antibody provoked a significant decrease in synchronous exocytosis during repetitive APls stimulation at low frequencies (0.2 and 0.5 Hz, in Figures 10B,C, respectively, and Figures 11A,B, respectively).

In summary, we found that both the transfer of vesicles from RRP and fast endocytosis contribute to the replenishment of ETAP. It is possible that these two mechanisms represent steps of two independent pathways of vesicle replenishment. In agreement with this hypothesis, there was an additive effect on the inhibition of ETAP replenishment when these two processes were blocked together (Figure 8Biii, green diamonds). The residual refilling obtained in this condition might be explained by a not complete depletion of RRP with the double 100 ms depolarization protocol, or a slower replenishment process from upstream pools. However, we cannot rule out the possibility that fast endocytosis and transfer of vesicles from RRP are both single steps of the same path. Future investigations will be necessary to discriminate between these two alternatives.

In stress conditions chromaffin cells fire action potentials at high frequencies, promoting accumulation of cytosolic residual Ca2+ and massive exocytosis irrespective of the location of secretory vesicles respect to VDCC (Duan et al., 2003). Such high frequencies favors asynchronous over synchronous exocytosis (Zhou and Misler, 1995). On the opposite side, in rest conditions the firing frequency is low, Ca2+ does not accumulate between stimuli, and exocytosis would be limited to vesicles closely coupled to VDCC (Voets et al., 1999; Alvarez and Marengo, 2011). So, it is likely that the physiological importance of IRP resides in its highly efficient stimulus-exocytosis coupling, which allows secretion during action potentials at low rate (Oré and Artalejo, 2005; Cardenas and Marengo, 2016). If this is the case, IRP would need a rapid replenishment mechanism compatible with physiological basal action potential frequencies. The rapid replenishment of ETAP might be the solution of this problem. According to our results, secretory vesicles are replenished rapidly after ETAP depletion (τ < 1 s), increasing the probability of release of the cell in response to a new APls. In our experimental conditions the replenishment of ETAP is fast enough to account for an APls frequency of 0.2–0.5 Hz, which is approximately the physiological basal frequency in chromaffin cells. However, in chromaffin cells in situ, physiological variables, such as hormones, cytokines, and other released transmitters, might modify this process. The understanding of the regulatory mechanisms and variables that control this fast vesicle replenishment process should be the subject of next investigations in the field.
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