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Introduction

Exocytosis is one of the main cellular processes which enables the cell to infl u-
ence its environment. Th is mechanism underlies the intercellular communica-
tion in the nervous system via neurotransmitter release in synapses and thus is a 
basis for integrative function of the brain. Th e involvement of numerous intracel-
lular molecules in secretory pathway has been already shown. However, a major 
intracellular stimulus for exocytotic proceeding in excitable cells is a rise of intra-
cellular Ca2+ concentration (Cai). It has been previously shown that Ca2+-depen-
dence of secretion has a two-step character, which can be explained by several 
models, viz. a "pools" model in chromaffi  n cells (1, 2) or a "prepared stage" model 
of secretion in nerve terminals (3). Recently the involvement of a protein kinase 
C mechanism into biphasic phenomenon has also been proposed (4). Th e "pools" 
model assumes the existence of three vesicular pools and vesicle "migration" from 
large reserve to a release-ready and then to secreted pools. Th e existence of large 
reserve and releaseready pools determines a two-step secretion with the third-
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power Ca2+-dependence of the fi nal secretory response. Th e "prepared stage" 
model describes two steps, namely a threshold phase being a preparative stage for 
secretion and a secretory phase itself. Th e preparative stage serves as Ca2+-depen-
dent "priming" step of secretion. Th e "PKC model" explains the two phases of 
secretion by PKC-dependent and -independent processes depending on Cai. In 
this paper we propose a ‘vesicular’ mechanism which describes experimental data 
and implies signifi cance of this phenomenon in the function of secretory cells.

Materials and methods

Cell culture. Chromaffi  n cells were prepared by enzymatic dissociation of bovine 
adrenal glands and maintained in tissue culture for 2-5 days. Th en they were plat-
ed on poly-L-lysine-coated glass coverslips and maintained in Medium 199 sup-
plemented with 10% fetal calf serum, 1% bovine serum albumin and 2 mM glu-
tamine for cell culture; see (5) for more details. We did not separate adrenalineand 
noradrenaline-secreted cells. 

Electrophysiological measurements. Cells were voltage clamped using the whole-
cell patch-clamp technique (6). Whole-cell Ca21 currents were recorded at high 
time resolution with a computer-controlled patch-clamp amplifi er EPC-9 and 
"Pulse" soft ware (HEKA Electronic, Lambrecht, Germany). Standard bath solu-
tion contained in mM: NaCl, 140; KCl, 2.8; CaCl2, 2; MgCl2, 2, Hepes, 10; TEACl, 
10; tetrodotoxin, 0.01; pH 7.2; bath solutions with high Ca21 concentration con-
tained: NaCl, 40; CaCl2, 60; MgCl2, 2, Hepes, 10; TEACl, 40; tetrodotoxin, 0.01; 
pH 7.2. Protocol of experiments was as described previously (5). Th e intracellular 
solution contained in mM: CsCl, 64; Cs2SO4, 28; ATP, 2; MgCl2, 2; EGTA, 0.5; 
Hepes, 10; N-methyl-D-glucamin, 10; GTP, 0.3; pH 7.4. Th e osmolarity of the so-
lu tions was adjusted to 320 mOsM with glucose. All compounds were obtained 
from Sigma. All experiments were performed at room temperature (21-24 °C).

Capacitance measurements. To measure the secretion, we used a high-reso-
lution measurement of membrane capacitance (Cm) (7). Th e measurements were 
realized in whole-cell experiments by applying a sine wave stimulus of a DC hold-
ing potential 270 mV with a soft ware "Lock-in". A 1-kHz, 10 mV peak-to-peak 
sine wave was generated by an ITC-16 multichannel interface (Instrutech, Inc., 
NY) controlled by Mac computer. Th e sine generation as well as phase sensitive 
detection of Cm were fulfi lled with the soft ware ‘Lock-in amplifi er’ controlled by 
"Pulse" soft ware and EPC-9 amplifi er (HEKA Electronics). Diff erences in Cm ( 
ΔCm ) before and aft er a depolarizing pulse were estimated off -line (5, 8). Data 
were analyzed statistically using Origin 5.0, Microcal Inc. (U.S.A.). Data are given 
as mean 6 SE unless indicated otherwise. 

Fluorescence measurements. Patch-clamp and capacitance records were com-
bined with Fura-2 fl uorescence measurements to allow simultaneous on-line mo-
ni toring of Ca21 currents, exocytosis and Fura-2 fl uorescence signals to measure 
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Cai. 100 mM Fura-2 was loaded into the cells via patch pipets. Ca21 concentra-
tion calculated from the ratios of light emission produced by 360 and 390 nm 
wavelengths according to Grynkiewicz et al. (9) was displayed on-line using a 
system by Luigs and Neumann (Ratingen, Germany); see for more details (10). 

Materials. Th ermanox and Aklar were obtained from Nunc Inc. (U.S.A.); 
Araldite was from Fluka AG, Germany. All other chemicals were purchased from 
Sigma.

Results

Efficiency of Ca21 entry toiInduce
the exocytosis depends on esting Cai

In our experiments, we used a high bath Ca2+ concentration (60 mM) to induce 
secretion by single depolarizations of 50 or 200 ms durations. At such concentra-
tion a maximum of current–voltage curve was located at 140 mV. Chromaffi  n 
cells were depolarized with the trains of depolarizing pulses to induce a wide 
range of secretory responses evoked by Ca2+ current (ICa). Th e membrane poten-
tial was held at 270 mV and the trains of depolarizations were started at a refer-
ence potential (140 mV) corresponding to the maximum of current-voltage rela-
tionship (I-V) for ICa followed by a series of depolarizations to diff erent mem-
brane potentials which activated ICa (210 to 160 mV). Th e reference potential 
was randomly repeated several times in the series the same protocol as described 
previously (5). Th e amount of Ca2+ ions entering into the cell during membrane 
depolarization was estimated as a Ca2+ charge (Q), the integral of ICa and Cai was 
directly measured by fura-2. Fig. 1 demonstrates typical records of Cai transients, 
membrane capacitance, Cm as well as ICa traces evoked by reference potential 
(VRef 5 140 mV) in the same chromaffi  n cell. Series conductance remained con-
stant for all presented recordings.

As seen in Fig. 1, membrane depolarizations induced a rapid increase of Cm 
with a subsequent decline, which we attributed to endocytosis. Such ‘reversible’ 
Cm responses were observed in most of our experiments. As we described in our 
recent investigations, in the case of stable prepulse resting level of Cai, similar Q 
values induced similar changes in the membrane capacitance, ΔCm (Fig. 2, b 
from (5)). On the contrary, an increase of resting Cai aff ected the secretory re-
sponses of the cell. Fig. 1 presents evidence that the value of DCm changes strong-
ly depends on the resting level of Cai. Th us, despite even smaller values of the ICa 
peak due to its run-down (Fig. 1, Ca current traces 4-6), at higher resting Cai 
(right part of the Ca2+ trace), the Q-induced changes in Cm (ΔCm) were signifi -
cantly larger (right part of the Cm trace). Fig. 2, a presents an example of the de-
pendence of ΔCm changes evoked by reference potential (140 mV) on resting Cai 
measured in one of the cells. In these experiments, Q values induced by the refer-
ence potential were in the range of 30-70 pC.



170

E.A. Lukyanetz

Th e experimental points can be well approximated by the third-power calcium 
dependence curve (Fig. 2, a, solid line) as was supposed previously (1). Such a de-
pendence was characteristic for all the tested cells (n = 47). Since the data recorded 
from diff erent cells were scattered in absolute values, we analyzed one of the tested 
cells in detail. However, Fig. 2, a shows that the dependence of secretory response 
of the cell on Cai is composed of two parts. Th e fi rst one represents slight depen-
dence of DCm on Cai (similar to previously described ‘preparative’ step (3)). Th is 
step was observed when Cai changes were in the range below a critical level of Cai 
(Ca*), which in our experiments was about 200÷300 nM for diff erent tested cells. 
When Cai reached Ca*, ΔCm evoked by the same Q was dramatically increased. 
Similar critical point (at Cai ~300 nM) was also observed by the cited authors (3). 
Fig. 2, b demonstrates diff erences in mean values of ΔCm induced by VRef mea-
sured at two diff erent levels of resting Cai in the same cell. Th us, at low Cai ≤Ca*, the 
mean value of ΔCm induced by Qref accounted for 72.78 ± 18.97 fF (n = 6), and at 
high Ca* < Cai ≤ 600 nM it was equal to 276.54 ± 134.8 fF, n = 5 in the same cell. We 
calculated these values as averaged within the corresponding range of Cai. Since in 
the range of high Cai the ΔCm growth is considerable, signifi cant deviations of 
ΔCm values and low statistical signifi cance (P < 0.2) were due to essential diff erence 
in ΔCm laying in the poles of the range, see Fig. 2, a.

Fig. 1. Depolarization-induced exocytosis in bovine chromaffi  n cells. Changes in the intracel-
lular Ca2+ concentration, Cai, membrane capacitance, Cm and Ca2+ current (ICa) traces in-
duced by 50 ms depolarizations from a holding potential of 270 mV to diff erent test poten-
tials. Numbers pointed near Ca2+ current traces and Cai transients represent responses to 
reference potential (+40) which corresponds to a maximum of the current-voltage curve
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Two components
of Ca2+-dependent secretion

Taking into account the observation described above, we estimated the infl uence of 
resting level of Cai on depolarization-induced secretion. DCm changes induced by 
Q were calculated separately for two levels of resting Cai, below and above the crit-
ical level Ca* = 250 nM. Fig. 2, c shows an example of ΔCm dependence on Q re-
corded at low resting Cai ≤ Ca* in the same cell. As seen, the experimental points 
can be well approximated by a linear graph with a slope of B1 = 4.43. Fig. 2, d dem-
onstrates the dependence obtained for the same cell but at high level of resting, Cai 

Fig. 2. Dependence of exocytosis on resting Cai level (a). Calcium concentration was mea-
sured using Fura-2 loaded into the cell by diff usion from the patch pipet solution (for more 
details see (5)). Experimental points represent DCm plotted against calcium concentration 
Cai recorded just before every depolarization in the same cell. ΔCm changes were induced by 
ICa with a Ca2+ charge lying in the range of 30-70 pQ. Th e equation DCm 5 aCai 3, where a is 
a proportionality constant (solid line), was fi tted to the plot of DCm versus Cai; b — Repre-
sentation of comparison of changes in DCm against the resting level of Cai for the same cell 
at low (Cai # 200 nM, black bar) and high (Cai > 200 nM, gray bar) resting Cai preceding 
depolarizing pulses. Error bars represent SD and numbers of tested values are presented near 
the bars. (c-d) Two components of exocytosis recorded at diff erent resting Cai in bovine chro-
maffi  n cells; c — Linear increase in the value of ΔCm depending on Q value observed at low 
resting Cai ≤ 200 nM was well approximated by linear function with a slope B 5 4.43; d —  
Similar linear function with the slope B = 31.63 approximated data points obtained at Cai 
higher than 200 nM in the same cell
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> Ca*. In this case, the experimental points can also be approximated by a linear 
function, but the slope is obviously steeper (B2* = 31.63).

Vesicular model
of two-step Ca21-dependent secretion

Suppose two steps of secretion are triggered by diff erent levels of resting Cai, then 
the simplest explanation for this could be the participation of two types of vesicles 
in the fusion process. If assume that at low level of Cai only small vesicles (SV) 
fused with the cell membrane, then this fusion would induce an insignifi cant in-
crease in the cell membrane area proportionally to the vesicular surface area (S1) 
and the number (n1) of fused vesicles. It is generally accepted that the cell mem-
brane capacitance, refl ecting the cell membrane area, is usually calculated from 
the equation for a parallel plate capacitor. Th e changes in Cm (ΔCm) produced by 
vesicle fusion are
 εε0 ⋅ S1                                                 ΔСm(n1) = n1             , (1)
 d
where ε0 = 8.9 ⋅ 10–12 F/m is the dielectric permeability in the vacuum, ε = 3, rela-
tive dielectric permeability, and d = 3 nm is the membrane thickness. If one takes 
into account that εεoπ/d is a constant which equals to about 0.03 F/m2 (30 fF/
mm2), Eq. [1] can be easily transformed to a simpler expression

 ΔСm(n1) = 30n1D1
2, (2)

where D1 is the diameter of SV taken in micrometers. Th e linear graph construct-
ed from Eq. [2] is presented in Fig. 3, a (curve D1) and looks like that describing 
the experimental points obtained at low Cai, Fig. 2, c.

(Ca*) large vesicles (LVs) start fusing with the membrane, then the function 
describing the fusion also will be linear but with a steeper slope (Fig. 3, a, line D2) 
similar to the linear function describing experimental data (Fig. 2, d). For this 
case, the equation is as follows:

 ΔСm(n2) = 30n2D2
2, (3)

where n2 is the number of fused LVs and D2 is their diameter.
Obviously, due to the linearity of DCm(Q) obtained from experimental 

data (Fig. 2, c and d), it is reasonable to consider that the number of fused 
vesicles depends linearly on Q. Taking into account the fact that an increase of 
Cai due to Ca21 entering the cell during depolarization is proportional to Q 
(Fig. 2, a from (5)) and also considering Eqs. [2] and [3], the overall process of 
DCm dependen ce on Cai induced by similar Q will not be linear and will be 
described by con di tional equation presented in Fig. 3, b (curves D1 and D2) 
where Ca* = 200 nM, k1 and k2 are the proportionality coeffi  cients. Th us, sup-
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pose the rate of fusion is constant, then the slope of linear functions will refl ect 
the sizes of vesicles.

                                                30k1D1
2 Ca1,                  for  Ca1 ≤ Ca*                          

(4)
                     

 ΔСm(Ca1) =
 { 30(k1D1

2 + k1D2
2)Ca1,   for  Ca1 > Ca*,

Assuming that at higher Cai the SVs continue to fuse with the membrane 
until their pool is emptied, the B*2 slope will refl ect the sum of two processes, the 
fusion of SVs and LVs (B*2 = B1 + B2). From our experimental electrophysiolog-
ical data (in accordance with the slopes), it can be as follows: (B1 + B2)/B1 = 7.14; 
consequently, the ratio of vesicular diameters is
                                                        D2 = 2.48 ⋅ 

    k1

                                                        D1               √ k2  
.
                                                   (5)

Th is means that the diameters of secretory vesicles participating in depolar-
ization-induced exocytosis diff er by about 2.5 times.

Discussion

We used electrophysiological measurements of calcium currents and membrane 
capacitance in combination with microfl uorimetric measuring intracellular Ca2+ 
concentration to investigate the fi ne mechanisms of Ca2+-dependent secretion. 
Our experiments have shown two components of Ca2+-dependent exocytosis that 

Fig. 3. Calculated dependence of exocytosis on the fusion of two types of vesicles: a — Simu-
lation of changes in cell secretory response depending on the number (n) of fusing vesicles of 
two diff erent diameters. Curve D1 represents an increase of DCm due to fusion of small vesi-
cles and curve D2 describes fusion of large vesicles with the cell membrane; b — Summary 
solid line (D1 1 D2) describing the fusion of small (D1) and large (D2) vesicles in conditions 
when large vesicles start fusing aft er some delay determined by level of resting Cai. Corre-
sponding separate graphs for D1 and D2 are presented by dotted straight lines. Start point of 
large vesicles fusion is determined by Cai level; 200 nM
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coincide with the data reported previously 
on chromaffi  n and other secretory cells (1-4, 
11). We have established a linear dependen-
ce of both stages of exocytosis on Ca2+ infl ux 
during depolarization. Similar linear depen-
dencies were also observed earlier, when the 
authors used EGTA buff ers to fi x Cai at two 
diff erent levels (12). Here the data allow us 
to explain why a discrepancy between data 
describing DCm(Cai) dependence (linear 
or nonlinear was reported) does exist in the 
literature (1-3, 12). Linear dependence will 
be observed in the case if resting Cai level is 

stable during the experiment. If it is changed only in the range below a critical 
level (about 200-300 nM), then a linear function with a low grade slope can be 
observed. If stable Cai is above the critical level, the function will be represented 
also by a linear graph with a sharper slope. Linear dependence will also be ob-
served when resting Cai level passes both ranges, but if DCm is normalized to the 
reference values of the series. On the other hand, if resting level of Cai passes both 
ranges during experiment, then DCm(Cai) will correspond to the sum of two 
linear graphs and will look like an exponential-like dependence (Figs 2, a and 3, b).

Finally, we have presented a simple explanation of a two-step relationship 
between Cai and exocytosis, which is schematically presented in Fig. 4. Th e pro-
posed ‘vesicular’ model consists in assumption that every phase of two-step se-
cretion linearly depends on Cai and is provided by fusion of two diff erent sized 
vesicles. According to presented data, the level of basal Cai determines which of 
the vesicular types starts to fuse. At slight increase of Cai which does not exceed 
the critical resting level (Cai < 200÷300 nM), fusion of small vesicles starts. Vesi-
cles that have been fi lled with neurotransmitter translocate to the active zone by 
diff usion or by a cytoskeleton-based transport process where they dock and fuse 
with the plasma membrane. When Cai reaches the critical point, the larger vesi-
cles start to fuse with plasmatic membrane. Th is process can provide very impor-
tant physiological process — to trigger a release of diff erent neurotransmitters 
which can be diff erently distributed among diverse secretory vesicles. For exam-
ple, classical neurotransmitters located in synaptic-like microvesicles and peptide 
transmitters located in large dense core vesicles. Taking into account the fact that 

Fig. 4. Schematic representation of vesicular model. 
Small and large secretory vesicles are shown near 
the membrane. Abbreviations: Cai, cytoplasmic 
Ca2+ concentration; Cai*, critical point; CaiP, phys-
iological normal Ca2+ concentration
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chromaffi  n cells contain several types of secretory vesicles which are quite hetero-
geneous in their diameters (13-15), it is important to fi nd types participating in 
exocytosis evoked by depolarization-induced increase of Cai.
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