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Supplementary material 

 

Eqn (6) and its applicationspresented in the main text are entirely original. However, they 

strongly rely on a model that has been progressively elaboratedin a series of previous published 

works that were validated through precise confrontations with experimental amperometric 

spikes [1-3]. However, before the existence of Eqn (6), extracting the fusion pore dynamics after 

its SNAREs-constrained initial stage required delicate and time-consuming auto-adaptive 

numerical procedures that had to be performed under constant control by the operator. This has 

certainly been essential in the progress of our present understanding and for validatingthe 

present analytical approach but prevented any fast and automatic treatment of large series of 

amperometric spikes as is required to accumulate statistically significant. 

So, it is the purpose of sections SM1 and SM2 to recall the main characteristics of this model 

and the assumptions on which it rests. These results are not original andhave been already 

published by elements so they could not be incorporated in the main manuscript. However, we 

believe that it would be helpful to readers to find them summarized in a single document. 

Nonetheless, readers are encouraged to examine our previous reports[1-3] in which the 

elements of thesedetailed analyses were reported and extensively validated. 

Sections SM3reports the experimental conditions and provides a summaryof the main statistical 

features of the amperometric spikes that have been already reported and discussed[4, 5] but 

are used anew in this work based on Eqn (6) in order to extract the fusion pore characteristics 

and dynamics reported and discussed in the main text. Nonetheless, readers are encouraged to 

examine our previous reports[4, 5] in which the original data have been published.  



SM1. Physico-mathematical description of the model leading to Eqn (6) [1-3]. 

We consider that an exocytotic vesicle of radius 𝑅ves  is connected at time 𝑡 = 0to the 

extracellular fluid by a lipidic channel (the fusion pore) of internal radius 𝑅pore  and length 𝐿. 

Catecholamine cations stored in the vesicle dense core matrix may thus be released and diffuse 

extremely fast (i.e., in a few tens of a microsecond) across the artificial synaptic cleft created 

between the cell membrane surface and that of a closely (ca. 100 nm) positioned carbon fibre 

electrode, where they are detected through their two-electron oxidation, hence generating an 

amperometric current 𝑖(𝑡) = −2𝐹(d𝑞ves /d𝑡) [6], where 𝐹 is the Faraday and 𝑞ves  the quantity 

(moles) of releasable catecholamines still contained inside the matrix at time 𝑡. 

Inside the matrix, the transport of the catecholamine cations involves a combination of physical 

diffusion[7-9] (i.e., in the sense of Einstein-Schmoluchowski) through tortuous paths[10] and 

site-hopping[11-21] between occupied and freed sites of the polyanionic chromogranins strands 

as occurs in polymers and gels [15-20]. This second contribution is governed bymicroscopic and 

macroscopic laws that are identical to those of physical diffusion with an equivalent diffusion 

coefficient whose value is given by < 𝜇2 >∙< 𝜈 > where < 𝜇2 > is the mean squared distance 

between two sites and < 𝜈 > the mean frequency of exchange between sites [11-21]. These 

two contributions add. Hence, one may consider that transport occurs by diffusion in an 

extended sense with an equivalent diffusion coefficient 𝐷ves  that integrates all those 

contributions. 

In a general case, the released flux is kinetically regulated by: 

 The intrinsic rate constant 𝜅 = 𝐷ves /𝑅ves
2  within the matrix, 

 The radius of the fusion pore, 𝑅pore , that impose a convergent diffusion within the 

matrix towards the fusion pore entrance, 

 The rate of transport across the length, 𝐿, of the fusion pore channel. 

Let us first consider the last item. Inside the channel, that is assumed to be filled with the 

extracellular fluid, catecholamines cations are transported by a combination of physical 

diffusion (i.e., in the sense of Einstein- Schmoluchowski)[7-9] and of electroosmotic flow. 

Indeed,while the fusion pore retains a nanometric radius, the pH gradient (ca. 5 inside the 

matrix, vs. ca. 7.2 in the extracellular fluid)[22] induces an electroosmotic driving force[23] 

operating in the same direction as diffusion, i.e., towards the extracellular fluid. 

The intrinsic rate physical diffusion in the channel is 𝜅ch = 𝐷ch /𝐿2 where 𝐷ch  can be taken as 

close to the diffusion coefficient in aqueous media (i.e., 𝐷ch ≈ 5 × 10−6cm2s−1) as soon as the 

channel is wider than ca. 2 nm [24-26]. Hence, 𝜅ch ≈ 108(5/𝑙2) s−1 where 𝑙 is the value of 𝐿 in 

nanometers. This shows that in order 𝜅ch to be kinetically limiting vs. the rate of diffusion inside 

the matrix, i.e., that 𝜅ch ≤ 𝜅, in chromaffin cells for which 𝜅 = 𝐷ves /𝑅ves
2 = 415 s−1 has been 

determined [3], the fusion pore channel should have a length of at least ca 103 nm. Even if 

𝐷ch resulted only one tenth of its value in the bulk, the channel length would still have to be ca. 



100 nm to be limiting. Both figures seem clearly unrealistic. 

Furthermore, this diffusional contribution is superimposed onto the electroosmotic drive, so 

thatthe rate of expulsion of catecholamine cations through the fusion pore channel results even 

largerthan 𝜅ch . 

Hence, one may safely consider that the transport of catecholamines along the fusion pore 

channel is not limiting. It ensues that the released flux is only limited by the convergent 

diffusion of catecholamine cations towards the fusion pore entrance inside the matrix [3]. 

SM2. Achievement of a quasi-steady state concentration regime within the matrix[1-3]. 

The diffusion wave created by the fusion pore opening expands inside the matrix with a rate 

𝜅 = 𝐷ves /𝑅ves
2 = 415 s−1 [3]. This diffusion wave spansover the complete interior of the matrix 

in a few tenths of a millisecond after the fusion pore opening, as is evidenced in Figure SM-1 

that represents the concentration profiles achieved at different times 𝜃 = 𝜅𝑡 along one 

diameter of a spherical matrix, i.e., along the longest diffusional pathway within the matrix. 

 

Figure SM-1.(A) Schematic representation of the geometry of a fused vesicle with 

definition of the diametric axis 𝑥. (B) Concentration profiles established at different 

𝜅𝑡 = 𝐷ves 𝑡/𝑅ves
2  values (as indicated on each curve) assuming that the fusion pore 

opened instantly at its maximal radius of0.87𝑅ves  (i.e., at a 5 degree half-cone 

angle). (C) Same concentration profiles as in (B) but normalized to the concentration 

value at 𝑥/𝑅ves = 1, shown using the same colour code as in (B); note that all curve 

shown in black colour in (B)strictly superimpose in (C). 

Figure SM-1 shows that as soon as the diffusion wave hits the vesicle membrane placed 

diametrically opposite to the pore, the concentration profiles at different times are homothetic 

(compare to panel C) [1, 27-29]. In other words the diffusion pattern reaches a quasi-steady 

state regime as soon as𝜅𝑡 > 0.1even for the most severe condition considered here, viz., 

involving a rather large instant opening of the fusion pore (5 degrees, viz., at a ca. 13.6 nm 

radius for a vesicle of mean radius 𝑅ves = 156 nm).Note that for𝜅𝑡 = 0.4 (red curve), the mean 

deviation from the quasi-steady state regime is ca. 1%, i.e., much less than the precision on the 



amperometric current measurements. Hence, when the fusion pore opens gradually to its 

maximal radius (as observed in Figure 1A in main text) 𝜅𝑡 > 0.1 is sufficient to ensure that the 

quasi-steady state regime is achieved. 

As soon as this quasi-steady state is established, at any time the concentration at any point 

becomes proportional to its average value within the matrix, the local scaling factor depending 

only on the location in the matrix but being independent of time (compare Figure SM-1C). It 

then follows that at any time, 𝑡, the flux of catecholamine cations through the fusion pore (i.e., 

the concentration gradient at the entrance of the pore) is proportional to the average quantity, 

𝑞ves (𝑡), of releasable catecholamines still present at the same time 𝑡. 

Finally, whenthe quasi steady-state convergent diffusion regime is achieved, and the pore radius 

small as compared to that of the vesicle, the laws of diffusion establish that the flux exiting 

through the pore is proportional to the pore radius perimeter, 2π𝑅pore , rather than its surface 

area, the diffusion coefficient, 𝐷ves , and to the difference of concentrations valuesbetween the 

matrix and the pore entrance [30]. Since transport through the channel length and across the 

artificial electrode-cell cleft are extremely fast vs. that within the matrix, the concentration at 

the pore entrance is negligible vs that in the matrix up to the very end of release. Finally, since 

the volume of the matrix may be considered constant owing to its constriction by its membrane, 

the concentration inside the matrix is proportional to 𝑞ves (𝑡), which validates Eqn (1) in the 

main text. 

SM3. Experimental conditions and characteristics of amperometric spikes observed under 

controls, hyper- and hypotonic, AA- and LPC-modified conditions [4, 5]. 

The amperometric spikes used in this work and analysed using Eqn (6) were recordedat carbon 

fibre microelectrodes from chromaffin cells under normal conditions or after their membranes 

were briefly submitted to different perturbations with the purpose of changing their tensions 

and viscosities. These data have already been the subject of two previous reports [4, 5],though 

at the time of their publication they could only be characterized and discussed in a classical 

mode, i.e., based on the values of their maximum current intensity (Imax), charge (Q) and half-life 

times (t1/2). These published data are summarized in Table SM-1 to facilitate the reader’s task. 

Note that under each condition the numbers of spikes analysedin the present study (Figures 2 

and 3 of the main text) are smaller than in the previous reports because only the spikes 

displaying perfect single-exponential decay branches were retained and treated through Eqn 

(6), while those analysed in references [4, 5] encompassed spikes with single-, double- and 

mixed exponential modes of decay. 

Main experimental conditions[4, 5] 

Vesicular release was elicited from bovine chromaffin cells by 2mM Ba2+ (in Locke buffer 

supplemented with 0.7 mM MgCl2, without carbonates) injection during 2s. Amperometric 

spikes were recorded at 7 µm diameter carbon fiber microelectrodes held at 0.65 V vs. Ag/AgCl.  



Controls spikes (311 spikes from 5 cells) were measured under isotonic conditions (315 mOsm: 

154 mMNaCl, 4.2 mMKCl, 0.7 mM MgCl2, 11.2 mM glucose, 10 mM HEPES, pH 7.4). For 

measurements under hypertonic conditions the cells were submitted to a brief pulse of the 

same solution in which NaCl concentration was adjusted at a 750 mOsm osmotic pressure (42 

spikes from 6 cells). For measurements under hypotonic conditions the cells were submitted to 

a brief pulse of the same solution in which NaCl concentration was adjusted at a 200 mOsm 

osmotic pressure (100 spikes from 5 cells). 

To investigate the effect of AA or LPC, the cells were incubated during 3 min before monitoring 

release with 20 µM AA in isotonic buffer (145 spikes from 5 cells) or 2 µM LPC in isotonic buffer 

(229 spikes from 6 cells). 

Table SM-1. Summary of the main characteristics of the amperometric spikes already 

reported in references [4, 5]. Carbon fibre electrodes (7 µm diameter); see original 

publications for more detailed experimental conditions. Not all these spikes were 

analysed in the present work since only spikes exhibiting perfect single-exponential 

decay branches were retained. 

Conditions Imax / pA Q / fC t1/2 / ms 

Controls-2 (532 spikes, 5 cells) 24.3±1.8 975±65 40.2±1.5 

Hypertonic (750 mOsm; 380 spikes, 6 cells)[4] n.d. 395±40 n.d. 

Hypotonic (200 mOsm; 457 spikes, 5 cells)[4] 30.8±1.7 1420±80 43.0±1.1 

AA-modified (380 spikes, 6 cells)[5] 10±1 590±50 53.5±1.5 

LPC-modified (590 spikes, 5 cells)[5] 43.7±2.1 1600±70 32.1±0.6 

 

 

 

Figure SM-2. Micrographs of chromaffin cells under isotonic (control) conditions 

(a) or immediately after being submitted to a brief hypotonic (b) or hypertonic 

(c) shock (see Table SM-1). The bar in each panel represents 10 µm. Adapted 

from Reference [4].  
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