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I N T R O D U C T I O N

Since the work of Katz, Douglas, and their collaborators 
almost half a century ago (Katz, 1969), a central con-
cept in the physiology of neurosecretion is that a rise in 
cytosolic [Ca2+], resulting from Ca2+ influx, triggers exo-
cytosis. More recently it has become clear that the rise 
in [Ca2+] occurs in a microdomain within the vicinity 
(i.e., at a distance of 200–300 nm in chromaffin cells) of 
plasmalemmal Ca2+ channels (García et al., 2006; Neher 
and Sakaba, 2008). This finding raises the possibility of 
other microdomains where a rise in focal [Ca2+] might 
mediate other processes, allowing Ca2+ to subserve sev-
eral functions without cross talk. This possibility receives 
further support from the study of Ca2+ sparks in smooth 
muscle cells. Ca2+ sparks are focal Ca2+ transients found 
in striated and smooth muscle and mediated by RYRs 
(Cheng and Lederer, 2008). In striated muscle, they are 
the quanta or building blocks that make up a global in-
crease in [Ca2+] to trigger contraction (Csernoch, 2007). 
However, in smooth muscle, Ca2+ sparks have quite a 
different function. They activate large conductance 
Ca2+-activated K+ channels (BK channels) located within 
150–300 nm of the spark site (ZhuGe et al., 2002); the 
resulting K+ efflux and hyperpolarization deactivates 
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voltage-gated Ca2+ channels and thus terminates con-
traction. Hence, in smooth muscle, sparks have quite 
the opposite function from that in striated muscle and 
the opposite of a global [Ca2+] in smooth muscle. In 
smooth muscle, sparks cause a relaxation (Nelson et al., 
1995; ZhuGe et al., 1998).

Ca2+ syntillas are brief (on the order of tens of milli-
seconds), focal cytosolic Ca2+ transients due to release 
from intracellular stores and mediated by RYRs (De 
Crescenzo et al., 2004; Collin et al., 2005). They were 
first found in freshly isolated neurohypophysial termi-
nals of magnocellular neurons (De Crescenzo et al., 2004). 
Because the transients resembled Ca2+ sparks found  
in muscle, we designated them Ca2+ syntillas (scintilla, 
Latin for spark; from a nerve terminal, normally a syn-
aptic structure). In a previous study (ZhuGe et al., 2006), 
we also found such focal transients in freshly isolated 
mouse adrenal chromaffin cells, which resemble in their 
magnitude, time course and spontaneous frequency 
those found in neurohypophysial nerve terminals. That 
study established two main points: (1) syntillas in chro-
maffin cells arise from intracellular stores, as indicated 
by their occurrence in the absence of extracellular Ca2+; 
and (2) syntillas do not trigger exocytotic events, despite 
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M AT E R I A L S  A N D  M E T H O D S

Tight-seal whole cell recordings on chromaffin cells, freshly disso-
ciated from adult male Swiss Webster mice as described previously 
(ZhuGe et al., 2006), were performed with an amplifier (EPC10; 
HEKA) on the same day as isolation. 6–8-wk-old mice were sacri-
ficed by cervical dislocation in accordance with the Institutional 
Animal Care and Use Committee guidelines at the University of 
Massachusetts Medical School. Patch pipette solution was as fol-
lows (in mM): 0.05 K5fluo-3 (Invitrogen), 135 KCl, 2 MgCl2,  
30 HEPES, 4 MgATP, and 0.3 Na-GTP, pH 7.3. The pipette solution 
buffered at 150 nM [Ca2+] was the following (in mM): 0.025 
K5fura-2 (Invitrogen) or 0.05 K5fluo-3, 0.25 EGTA, 0.175 CaCl2, 
135 KCl, 2 MgCl2, 30 HEPES, 4 MgATP, and 0.3 Na-GTP, pH 7.3. 
The pipette solution buffered at 500 nM [Ca2+] was the following 
(in mM): 0.025 K5fura-2 (Invitrogen) or 0.05 K5fluo-3, 0.1 EGTA, 
0.1 CaCl2, 135 KCl, 2 MgCl2, 30 HEPES, 4 MgATP, and 0.3 Na-
GTP, pH 7.3. EGTA, fura-2 or fluo-3, and CaCl2 values were pre-
dicted with the free Ca2+ and Mg2+ program within IGOR Pro 
(WaveMetrics, Inc.) to achieve a free [Ca2+] of 150 or 500 nM, and 
then adjusted based on measurements of global [Ca2+]i with fura-2. 
The bath solution contained (in mM): 135 NaCl, 5 KCl, 10 
HEPES, 10 glucose, 1 MgCl2, and 2.2 CaCl2, pH 7.2. Except when 
otherwise indicated, all reagents came from Sigma-Aldrich.

Fluorescence images using fluo-3 as a Ca2+ indicator were ob-
tained using a custom-built wide-field digital imaging system de-
scribed previously (ZhuGe et al., 2006). To assess the properties 
of individual Ca2+ syntillas quantitatively, the signal mass approach 
was used, as conceptualized by Sun et al. (1998) and developed 
for wide-field microscopy of Ca2+ sparks by ZhuGe et al. (2000). 
The purpose of this approach is to obtain a measure of the total 
amount of Ca2+ (as opposed to concentration of Ca2+) released by 
a focal Ca2+ transient. Global [Ca2+]i was measured by fluores-
cence with cell-impermeant fura-2 (25 µM) that was loaded into 
cells through the patch pipette and measured as described previ-
ously (Grynkiewicz et al., 1985; Becker and Fay, 1987; Drummond 
and Tuft, 1999).

Corrections for buffers in the calculations of signal mass, simu-
lations for Fig. 6, and amperometric measurements are as follows. 
For the syntillas recorded in control and ryanodine experiments, 
where the only exogenous Ca2+ buffers were fluo-3 (50 µM) and 
ATP (4 mM), we corrected the signal mass value, as determined 
from the fluo-3 signal, for competition by endogenous Ca2+ buf-
fer, as described previously (De Crescenzo et al., 2004; ZhuGe et al., 
2006). In brief, a correction factor of 2.15 was calculated from the 
binding ratios at resting Ca2+ of the fluo-3, ATP, and the endoge-
nous buffer. For the syntillas recorded in experiments where the 
resting [Ca2+] was buffered to normal resting values with the addi-
tion of 250 µM EGTA and 175 µM Ca2+, the fluo-3 signal mass was 
multiplied by 4.38 to account for the added competition by the 
EGTA. This number was determined empirically using computer 
simulations of the “typical” chromaffin syntilla (ZhuGe et al., 
2006) with the addition of 250 µM EGTA, Kd = 180 nM, and koff = 
0.45/s (Naraghi and Neher, 1997), and increasing the syntilla 
Ca2+ current magnitude until the fluo-3 signal mass equaled that 
in simulation without the EGTA. Note that this is much less than 
the factor of 17.46 that is predicted by equilibrium buffering, 
where the binding ratio of the EGTA is >600:1. The binding of 
Ca2+ by EGTA is too slow to significantly compete with fluo-3 over 
the few tens of milliseconds duration of a syntilla. Additionally, 
the simulations demonstrate that the effect of this amount of 
EGTA on the free [Ca2+] spatiotemporal profile is negligible in 
the syntilla microdomain where high (>>1 µM) [Ca2+] occurs.

Experimental protocols
Fluo-3 Ca2+ imaging and amperometry. After the patch is rup-
tured to provide the whole cell configuration, we waited at least  

their releasing sufficient Ca2+ to do so if the release were 
to occur within several hundred nanometers of a docked, 
primed dense core vesicle (DCV). Hence, we proposed 
that Ca2+ syntillas arise in a different microdomain from 
that of the docked, primed vesicle. However, we did not 
uncover the function of Ca2+ syntillas, the topic ad-
dressed here.

Here, we examine the effects of Ca2+ syntillas on exo-
cytosis in mouse adrenal chromaffin cells. We have be-
gun by studying spontaneous exocytosis in the form  
of individual exocytotic events as measured ampero
metrically. (We use the term “spontaneous” rather than 
“basal” exocytosis because a low level of stimulation is 
sometimes designated “basal” stimulation; e.g., Fulop et al., 
2005.) There are three reasons for studying spontane-
ous exocytosis. First, elicited exocytosis demands Ca2+ 
influx through voltage-gated Ca2+ channels, and so 
there are two sources of cytosolic Ca2+: that from influx 
and that from intracellular stores. The examination of 
spontaneous exocytosis allows us to examine the latter 
without activating the former, and hence circumvents 
the complication of two Ca2+ sources. Second, the study 
of spontaneous exocytosis has, since the time of Katz 
(1969), contributed valuable insights into the general 
process, most notably establishing the quantal or vesicu-
lar nature of exocytosis. Third, in neurons it is increas-
ingly apparent that spontaneous exocytosis is not simply 
a byproduct of synaptic transmission but has a physio-
logical role and is worth studying in its own right (see 
Glitsch, 2008) for the following reasons. In hippo-
campal CA1 pyramidal cells, spontaneous glutamate  
release maintains dendritic spines via AMPA receptor 
activation (McKinney et al., 1999). Moreover, spontane-
ous neurotransmitter release may regulate dendritic 
protein synthesis and thus influence expression of re-
ceptors on postsynaptic cells (Sutton and Carew, 2000). 
Furthermore, spontaneous neurotransmitter release 
can influence the processing of synaptic inputs in small 
interneurons and affect the interneuron’s ability to fire 
action potentials (Carter and Regehr, 2002). Finally, 
short-term potentiation of miniature excitatory postsyn-
aptic currents regulates excitability of postsynaptic su-
praoptic neurons in the hypothalamus (Kombian et al., 
2000). Hence, in several neurons, spontaneous exocyto-
sis has its own function.

Here, we find that preventing Ca2+ release from intracel-
lular stores in the form of Ca2+ syntillas, in two different 
and independent ways, results in an increase in frequency 
and magnitude of spontaneous exocytotic events as mea-
sured by amperometry. The syntillas were monitored by 
using a unique high temporal and spatial resolution opti-
cal imaging system that permits monitoring of the entire 
cell and a “signal mass” analysis that measures the total 
amount of Ca2+ released per individual syntilla (see Materi-
als and methods). Contrary to expectation, we conclude 
that Ca2+ syntillas inhibit spontaneous exocytosis of DCVs.
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[Ca2+] generated by a syntilla was >10 µM. The two-state model is 
represented as:

	 R I
β

α

←
→

, 	

where  is the rate of inhibition due to syntillas and  is reverse 
rate to the releasable state. (We note that the syntilla microdo-
main could be set for any level of free [Ca2+], but 10 µM was chosen 
because it gave a slightly better fit to the data in Fig. 6 B and for sev-
eral other reasons enumerated in Results. However, in Fig. 6 A  
we show the contour lines delimiting volumes corresponding to 
values of free [Ca2+] for 1, 3, 10, and 30 µM.) The number of re-
leasable vesicles R, and therefore the observed frequency of am-
perometric events in this case, is:

	 f
+amp ∝







β
β α

. 	  (1)

We modeled  as proportional to the product of the syntilla fre-
quency and the volume of the syntilla microdomain, which we call 
the syntilla index (SI):

	 SI = f Vsyn syn⋅ ,
	  (2)

where fsyn is the syntilla frequency, and Vsyn is the volume of the 
syntilla microdomain exceeding 10 µM of free [Ca2+]. The units 
of SI are µm3/s. Each of the four experimental conditions shown 
in Fig. 6 A (control, ryanodine, buffered control, and buffered  
Tg plus caffeine) has a corresponding SI value.

We can simplify by combining Eqs. 1 and 2 to obtain:

	 f
+ k SIamp ∝

∗






1
1

, 	  (3)

where k*SI is equal to the ratio /.
The equation describing the frequency of amperometric events 

in vesicles/s at equilibrium is:

	 f = F
+ k SIamp 0

1
1

∗
∗





 , 	  (4)

where F0 is the frequency of events when syntillas are completely 
abolished (SI = 0). Assuming that the carbon fiber monitors 10% 
of the cell surface (Haller et al., 1998; Grabner et al., 2005), whole 
cell amperometric frequencies were plotted against their corre-
sponding SIs as seen in Fig. 6 B.

Determining syntilla microdomain volume
To determine the SI, it was first necessary to find the volume of 
the syntilla microdomain as defined above. To do this, we used 
the same approach as in ZhuGe et al. (2006), where we deter-
mined the spatiotemporal profile of free [Ca2+] using as input the 
ICa of the average chromaffin cell syntilla as derived from the first 
derivative of the average signal mass over time. We determined ICa 
from the average peak signal mass for each experimental condi-
tion in Fig. 6 (control, ryanodine, buffered control, and buffered 
Tg plus caffeine) using the time course found in ZhuGe et al. 
(2006). A computer simulation with the ICa for each condition as 
input was performed, and the resulting spatiotemporal profile of 
free [Ca2+] was established (Fig. 6 A). (The ordinate in Fig. 6 A 
represents one spatial dimension, with the other two being iden-
tical to the first. Together, they make up a hemisphere rather 
than a sphere because the RYR2s and hence the syntillas are in a 

2 min for the fluo-3 to reach equilibrium in the cell. In a typical 
experiment, when the fluorescence was stable, we began to re-
cord two 4-s image sequences in a row (200 images separated by 
20 ms, with an exposure time of 10 ms). Then, we started to re-
cord the amperometry for 4–6 min (two to three segments of  
2 min each). After the amperometric recording, two more 4-s im-
age sequences of fluo-3 fluorescence were recorded. These two 
image sequences and the ones recorded earlier were used to es-
tablish the syntilla frequency for that cell. These data show no dif-
ference between the frequency at the beginning and the frequency 
at the end of the experiments. So in a typical cell, both amperom-
etry and fluo-3 fluorescence were recorded.

Ryanodine protocol. Ryanodine stock was first prepared in DMSO 
at 100 mM. Just before the experiments, ryanodine was dissolved 
in the physiological solution at 1/1,000 to reach the 100-µM con-
centration used. The cells were bathed in the 100-µM ryanodine 
solution in the dark for 30 min before recordings started.

In control, a caffeine pulse increased the basal [Ca2+]i on av-
erage by 316 ± 91% (n = 3). [Ca2+]i always returned to basal lev-
els after the pulse. We found that after 30 min in ryanodine, the 
response to caffeine was minimal, inducing a mean increase of 
only 10 ± 2% above baseline (n = 3). Increasing the incubating 
time to 60 min in ryanodine in two cells did not further de-
crease the caffeine response (11 and 18% above baseline in re-
sponse to caffeine).

Reserpine protocol. The cells were bathed in the 100-µM ryano-
dine solution (for control) or in 100 µM ryanodine plus 1 µM re-
serpine in the dark for 30 min before the experiments commenced 
(Mundorf et al., 2000; Gong et al., 2003). Preliminary experi-
ments show that 1 µM reserpine alone compared with control 
(normal saline solution, in the absence of ryanodine) gave a sig-
nificant decrease in the mean charge of amperometric spikes 
(0.21 ± 0.04 pC and n = 6 in control solution vs. 0.10 ± 0.01 pC and 
n = 17 in the presence of reserpine; P = 0.012). This 50% decrease 
is comparable to the reserpine effects (30% decrease) reported 
previously in adrenal chromaffin cells (Mundorf et al., 2000; 
Gong et al., 2003).

Thapsigargin (Tg) and caffeine protocols. See legend of Fig. 4 
and Results.

Data analysis
Statistical analyses and plots were performed in OriginPro 8.0 
(OriginLab). In all cases except for syntilla frequency and signal 
mass, data were first averaged per cell and are reported as mean ± 
SE of all cells. Data from syntilla frequency and signal mass are re-
ported, as previously (ZhuGe et al., 2006), as mean ± SE of indi-
vidual records and mean ± SE of individual syntillas, respectively. 
Statistical analysis of difference was made with a Student’s t test 
(log-transformed for charge data) or a Mann-Whitney test (for 
syntilla frequencies), and the p-values are presented in the figure 
captions, as appropriate. A p-value <0.05 is significant except in 
multiple comparisons, where the Bonferroni-corrected p-values 
must be <0.02 (significance is indicated by an asterisk). n indi-
cates the number of cells, except for syntilla frequency and signal 
mass, where n = number of records or syntillas, respectively.

Modeling the relationship between syntillas and exocytosis
We modeled the relationship between syntillas and the frequency 
of amperometric events in Fig. 6 B as a simple two-state system: 
vesicles that are able to release their catecholamines, and vesicles 
that are inhibited from releasing them by a process caused by a 
rise in [Ca2+] in a Ca2+ microdomain, which for purposes of fitting 
the data as seen in Fig. 6 B we define as a volume where free 
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another cell bathed for 30 min in ryanodine (right) 
with syntillas decreased in frequency and amplitude 
(De Crescenzo et al., 2004; ZhuGe et al., 2006). This is 
due to block of RYRs, the Ca2+ channels embedded in 

subplasmalemmal space where diffusion can only occur in a hemi-
spherical volume.) The free [Ca2+] used to compute the volumes 
were 30, 10, 3, and 1 µM at their maximum spatial extent. For the 
SI, we used the 10 µM of free [Ca2+]. The volumes were 0.02895, 
0.00045, 0.0194, and 0.01435 µm3 for control, ryanodine, buff-
ered control, and buffered Tg plus caffeine, respectively. The cor-
responding syntilla frequencies were 0.81, 0.28, 0.78, and 0.42 s1, 
as shown in the bottom panel of Fig. 6 A. By Eq. 2, these gave SI 
values of 0.0235, 0.000126, 0.015, and 0.006 µm3/s.

Amperometric measurements
Quantal release of catecholamine from single chromaffin cells 
was monitored electrochemically using carbon fiber electrodes 
with a tip diameter of 5.8 µm (ALA Scientific Instruments), as de-
scribed previously (ZhuGe et al., 2006). Amperometric signals, 
i.e., oxidation currents, were monitored with a VA-10 amplifier 
(npi electronic GmbH), filtered at 0.5 kHz, digitized at 1 kHz with 
a Digidata 1200B acquisition system, and acquired with Patchmas-
ter software from HEKA. Amperometric spikes were identified 
and analyzed using the Mini Analysis program (Synaptosoft, Inc.). 
Each event was visually inspected so that artifacts could be re-
jected from the analysis. The root mean square noise in acquired 
traces was typically <0.25 pA as determined by the Mini Analysis 
program. The detection threshold for an event was set to 2.5 times 
the baseline root mean square. Overlapping events were rare and 
were excluded from analysis. To minimize errors due to possible 
variation in exocytosis among cells from different animals, cells 
from each animal were divided into two groups: one as control, 
and the other treated with agents such as ryanodine. Stand-alone 
feet (SAFs) were separated from spikes based on criteria some-
what similar to Wang et al. (2006), where an index of event shape 
was used to evaluate the “rectangularity” of a putative SAF. In the 
present study, to qualify as an SAF, an event had to meet the crite-
ria of an amplitude <2.5 pA and a ratio of full-width at half-height 
to event duration >0.25. Event durations for spikes and SAFs are 
defined as the duration between the time when the event signal 
exceeds and the time when it returns to the detection threshold 
amplitude as defined above.

R E S U LT S

For all experiments reported here, except for those of 
Fig. 3, freshly dissociated mouse adrenal chromaffin 
cells were studied in whole cell voltage clamp mode 
with the membrane potential held at 80 mV. Calcium 
indicator dyes were introduced through the patch pi-
pette in the salt form, favoring its confinement to the 
cytosol and ensuring the same concentration from cell 
to cell; fluo-3 was used for detection of Ca2+ syntillas 
and fura-2 for measurement of global cytosolic [Ca2+]. 
Amperometry was used to monitor individual exocy-
totic events.

Blocking RYRs
To examine the effect of Ca2+ stores on spontaneous 
exocytosis, we first used 100 µM ryanodine (see Mate-
rials and methods for protocol), which, as we have 
shown previously, blocks Ca2+ syntillas in mouse adrenal 
chromaffin cells (ZhuGe et al., 2006). Fig. 1 illustrates 
the fundamental findings of this first set of experiments. 
In Fig. 1 A, a cell is shown from a single image under 
control conditions (left) with a typical Ca2+ syntilla and 

Figure 1.  Effect of 100 µM ryanodine. (A) Changes in cytosolic 
[Ca2+] measured with the Ca2+-indicator dye, fluo-3, and expressed 
on a pseudo-color scale as the change in fluorescence over the  
baseline fluorescence (F/F0). Image threshold is 15% of F/F0. 
Syntillas are larger and more frequent under normal condi-
tions (left), and they are smaller and less frequent or completely 
blocked in the presence of ryanodine (right). (B) Representative 
amperometric trace from a cell in the absence (left) and pres-
ence (right) of ryanodine. In the presence of syntillas (left; con-
trol), amperometric events are smaller and less frequent. When 
syntillas are blocked or decreased (right; 100 µM ryanodine),  
amperometric events are larger and more frequent. (C; left) 100 µM  
ryanodine decreases syntilla frequency (left bar graph) from 
0.81 ± 0.12 (n = 4) to 0.28 ± 0.09 s1 (n = 18; P < 0.02). Conversely, 
ryanodine increases exocytotic frequency (right bar graph) from 
0.16 ± 0.03 (n = 12) to 0.73 ± 0.15 s1 (n = 13; P < 0.002). Error 
bars ± SEM. (Right) 100 µM ryanodine also decreases the mean 
signal mass of the individual syntilla from 28.5 ± 3.9 (n = 13) to  
6.2 ± 0.9 × 1020 moles (n = 18; P < 0.00001) and increases the 
mean charge per amperometric event from 0.08 ± 0.01 (n = 12) 
to 0.28 ± 0.03 pC (n = 13; P < 0.0003).
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effect of syntillas on the vesicular monoamine trans-
porter. Nevertheless, we examined the exocytotic events 
in the presence of reserpine to block the vesicular 
monoamine transporter with and without ryanodine.  
1 µM reserpine was applied for at least 30 min (Mundorf 
et al., 2000; Gong et al., 2003) before recording, a standard 

the ER membrane that are responsible for Ca2+ syntillas 
(De Crescenzo et al., 2004; ZhuGe et al., 2006) as well as 
Ca2+ sparks (Cheng and Lederer, 2008). In Fig. 1 B, typical 
amperometric traces are shown from a control (left) and 
ryanodine-treated (right) cell where individual events are 
more frequent and of larger amplitude. The Ca2+ syntillas 
decreased in frequency, whereas, quite surprisingly, the 
amperometric events increased in frequency upon treat-
ment with ryanodine (Fig. 1 C, left). Moreover, the aver-
age magnitude of the individual Ca2+ syntilla as measured 
by its signal mass was decreased, whereas the mean charge 
per amperometric event increased (Fig. 1 C, right). (Sim-
ply put, the signal mass is a measure of the total amount of 
Ca2+ released per individual syntilla and hence it is given 
in units of moles of Ca2+. See Materials and methods.)

The total charge per single spontaneous amperometric 
event (i.e., its magnitude) in the presence and absence  
of ryanodine is given in the distribution of Fig. 2 A, with 
the inset showing the difference between the two dis
tributions; i.e., the additional events in the presence of 
ryanodine. These distributions count all events and show 
an increase in both their frequency and magnitude in  
the presence of ryanodine. When the events are separated 
into spikes and SAFs (Fig. 2, B and C), the frequency of 
the spikes, but not of the SAFs, is increased by ryanodine. 
Thus, the increase in frequency of spikes is not due to  
a shift from SAFs to spikes. SAFs are taken to represent 
partial vesicle emptying or “kiss and run” events, whereas 
spikes may represent either full fusion or “kiss and run” 
events (Wang et al., 2003; Gong et al., 2007). What ac-
counts for the increase in the magnitude of the SAFs and 
spikes in the presence of ryanodine? In the case of the 
SAFs, which are approximated by a square wave, the am-
plitude alone is increased and not the duration. In the 
case of the spikes, the amplitude, rise time, and duration 
are all increased (Table I).

A change in global cytosolic Ca2+ concentration might 
be invoked to explain these results. However, global cyto-
solic Ca2+ concentration, as determined ratiometrically 
with fura-2, did not change in the presence of ryanodine 
(133.0 ± 28.4 nM [n = 11] vs. 140.0 ± 35.0 nM in control 
[n = 5]; P = 0.89). Furthermore, 100 µM ryanodine caused 
a decrease in the global calcium transient evoked by  
20 mM caffeine (see ryanodine protocol in Materials and 
methods) as expected, showing that ryanodine was in-
deed blocking Ca2+ release via RYRs. Hence, there was no 
increase in global cytosolic [Ca2+] to explain the increase 
in amplitude and frequency of the spontaneous ampero-
metric events. In sum, both the frequency and the mag
nitude of the amperometric spikes increased upon a 
decrease in the frequency and signal mass of the Ca2+ syn-
tillas in the presence of ryanodine.

Blocking RYRs in the presence of reserpine
The ryanodine-induced increase in the frequency of exo
cytotic events is not readily explained by an inhibitory 

Figure 2.  Population of DCVs blocked by ryanodine. (A) Fre-
quency distribution of individual amperometric events according 
to charge (pC) in control (white; 918 events) and ryanodine-
treated cells (stripes; 2,536 events). The difference between the 
two distributions is shown on an expanded x axis in the inset.  
(B) Examples of amperometric events recorded from mouse chro-
maffin cells. The first two traces show a spike, the second one with 
a pre-spike foot. The third one represents an SAF. (A includes all 
events, both SAFs and spikes. The criteria for classifying an event 
as an SAF are given in Materials and methods.) (C; left) The fre-
quency of the spikes and the SAFs in control solution (0.08 ± 0.01 s1 
for both; n = 12). Spike frequency increases in the presence of 
ryanodine (0.67 ± 0.14 s1; P < 0.0008; n = 13). (Right) Ryanodine 
increases the mean charge of spikes (0.14 ± 0.03 to 0.31 ± 0.03 
pC; P < 0.0003; n = 12 for control and n = 13 for treated cells) and 
SAFs (0.02 ± 0.00 to 0.04 ± 0.01 pC; P < 0.01; n = 12 for control and 
n = 13 for treated cells).
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Decreasing Ca2+ levels in ryanodine-sensitive  
internal stores
To examine the effect of Ca2+ stores in a way that did not 
depend on ryanodine blockade and that would provide 
another, independent line of evidence, we used Tg to 
deplete the Ca2+ stores. Tg, which blocks the sarco-ER 
Ca2+ ATPase (SERCA) pump that returns Ca2+ to the 
ER, by itself did not appear to cause substantial store 
depletion in the chromaffin cells because syntilla fre-
quency did not decrease under this condition compared 
with its control (0.37 ± 0.11 vs. 0.46 ± 0.06 s1). This is to 
be expected when the stores have a minimal leak, as 
found, for example, in smooth muscle (ZhuGe et al., 
1999). In that situation, not only is it necessary to pre-
vent reuptake of Ca2+ into stores by blocking the SERCA 
pump, but caffeine also has to be used transiently to 
elicit release from the stores. Therefore, we treated the 
cells with Tg and then delivered a brief pulse of caf-
feine. Subsequently, after a 1-min pause to allow the 
cells to recover from the transient Ca2+ release, syntillas 

protocol that was sufficient to exert the expected effects 
(see Materials and methods). However, reserpine did 
not block the effects of ryanodine on the frequency of 
amperometric events (0.12 ± 0.03 [n = 17] and 0.40 ± 
0.13 s1 [n = 12; P < 0.02] for reserpine and reserpine 
plus ryanodine, respectively) nor the mean charge in-
crease (0.09 ± 0.01 [n = 17] and 0.26 ± 0.03 pC [n = 12; 
P < 0.00001] for reserpine and reserpine plus ryano-
dine, respectively).

Blocking RYRs in unpatched intact cells
In unpatched cells, we observed much the same  
spontaneous exocytotic activity as in whole cell re-
cording. Furthermore, the same effects of ryanodine 
on amperometric events observed under conditions 
of whole cell recording are also seen in unpatched 
cells where the cytosol is not disturbed (Fig. 3 and 
Table II). Thus, the effect on spontaneous exocytosis 
extends beyond conditions of whole cell recording to 
intact cells.

Table     I

Spike and SAF parameters: control versus 100 µM ryanodine

Parameter Control  
mean ± SEM

100 µM ryanodine  
mean ± SEM

p-value

Spikes

  Amplitude (pA) 9.20 ± 2.3 15.90 ± 1.6 *0.026

  Rise timea (ms) 6.78 ± 0.65 10.83 ± 0.95 *0.002

  Half-width (ms) 11.79 ± 0.89 15.23 ± 1.5 0.068

  b (ms) 11.45 ± 0.87 14.23 ± 1.38 0.099

  Duration (ms) 62.99 ± 4.86 84.49 ± 7.56 *0.027

SAFs

  Amplitude (pA) 1.09 ± 0.03 1.84 ± 0.06 *0.000

  Duration (ms) 32.68 ± 3.6 33.55 ± 4.3 0.877

p-values are from two sample Student’s t tests.
aRise time is 10–90%.
b is 67% decay.

Table     I I

Spike and SAF parameters: control versus 100 µM ryanodine in unpatched mouse chromaffin cells

Parameter Control  
mean ± SEM

100 µM ryanodine  
mean ± SEM

p-value

Spikes

  Amplitude (pA) 6.9 ± 2.0 14.2 ± 2.1 *0.019

  Rise timea (ms) 19.8 ± 1.3 12.1 ± 0.9 *0.00005

  Half-width (ms) 21.2 ± 1.5 19.8 ± 1.2 0.47

  b (ms) 23.2 ± 1.5 18.3 ± 0.9 *0.008

  Duration (ms) 119.9 ± 11.0 89.2 ± 5.6 *0.018

SAFs

  Amplitude (pA) 1.7 ± 0.11 1.8 ± 0.08 0.53

  Duration (ms) 68.5 ± 11.8 59.7 ± 8.79 0.56

p-values are from two sample Student’s t tests.
aRise time is 10–90%.
b is 67% decay.
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[Ca2+] was a confounding condition because it has been 
reported that elevation of global calcium can facilitate 
the spontaneous release of granules in cultured bovine 
adrenal chromaffin cells (Augustine and Neher, 1992) 
over a range of [Ca2+]i levels above 200 nM and saturat-
ing at 10 µM.

To distinguish the possible effect of the elevated glo-
bal [Ca2+] from that of syntillas, we experimentally sepa-
rated them in two ways. First, we buffered the internal 
solution to 500 nM to study only the effect of a higher 
global [Ca2+]. Second, we buffered the internal solution 
to 150 nM, the approximate resting level (see below), 
and applied Tg plus caffeine to study the effect of lower 
Ca2+ syntilla frequency alone without a global increase.

To do this, we first buffered the internal solution with 
Ca2+ and EGTA to mimic the increased global Ca2+ lev-
els in the Tg plus caffeine experiments and monitored 
both syntillas and amperometric events. The results are 
shown in Fig. 4, in the rightmost columns in green. We 
detected no difference in the frequency of syntillas 
when global Ca2+ was elevated to 500 nM (Fig. 4 B). Nor 
did we find an increase in the frequency or charge of 
amperometric events when the resting global Ca2+ was 
raised from 135 to 500 nM (Fig. 4, C and D). This was to 
be expected, however, because significant facilitation of 
granule release was not achieved until [Ca2+]i reached 
levels near 1 µM in Augustine and Neher (1992).

Next, we buffered the internal cytosolic [Ca2+] to 150 nM  
with EGTA introduced through the patch pipette 
(Fig. 5). With this buffering, the global [Ca2+] in con-
trol cells versus Tg alone or Tg plus caffeine–treated 
cells was not different (P > 0.025), as determined with 
ratiometric fura-2 measurements (control: 106 ± 9 nM 
[n = 4] vs. Tg alone: 127 ± 30 [n = 6; P = 0.53l]; and con-
trol vs. Tg plus caffeine: 176.4 ± 38 nM [n = 5; P = 0.14]). 
Moreover, these levels were well below the 500-nM con-
centration, which itself was without detectable effect 
on the amperometric events (see previous paragraph.) 
Upon Tg plus caffeine treatment in the buffered condi-
tion, we again saw a decrease in the syntilla frequency 
and an increase in frequency and magnitude of am-
perometric events as we did when RYRs were blocked 
with ryanodine (Fig. 5 A). The distribution of the total 
charge per amperometric event in control and treated 
cells is shown in Fig. 5 B. The distribution of the am-
perometric events suppressed by release of Ca2+ from 
stores is shown in the inset of Fig. 5 B. As with the ex-
periments using ryanodine, there was an increase in spike 
frequency without change in SAF frequency (Fig. 5 C). 
There was an increase in the mean magnitude of all  
the amperometric events, which was evident when the 
spikes and SAFs were grouped together (Fig. 5 A), al-
though this was not as marked as that observed with ry-
anodine (Fig. 1 C). However, there was no increase in 
the rise time of spikes nor in SAF amplitude (Table III), 
in contrast to the experiments with ryanodine. (Hence, 

and exocytosis were monitored over 4–6 min (Fig. 4 A). 
Neither Tg alone nor caffeine alone had an effect on 
syntillas or amperometric events as compared with the 
data under control conditions as shown in Figs. 1 and 2. 
Tg plus caffeine decreased the frequency of syntillas 
compared with Tg alone or caffeine alone (Fig. 4 B). In 
the second case, that is, when caffeine was puffed in the 
absence of Tg, syntillas were recorded after 1 min. Only 
with the Tg plus caffeine protocol did we find a corre-
sponding increase in the frequency of both spikes and 
SAFs (Fig. 4 C). The charge of amperometric events was 
not significantly altered (Fig. 4 D). However, when we 
measured global [Ca2+] in each condition, we found 
that Tg plus caffeine caused a rise in mean global cyto-
solic [Ca2+] to 500 nM (Fig. 4 E). This rise in global 

Figure 3.  Effect of 100 µM ryanodine in unpatched cells. In the 
results shown here, the same protocol was used as in Figs. 1 and 2,  
except that the cells were not patched and hence the cytosol 
was left undisturbed. (A) All amperometric events. (Left) The 
frequency of all events in control (0.09 ± 0.02 s1; n = 28) ver-
sus ryanodine (0.49 ± 0.14 s1; n = 9; P < 0.0002). (Right) The 
magnitude of all events for control (0.18 ± 0.2 pC; n = 28) versus 
ryanodine (0.26 ± 0.03 pC; n = 9; P < 0.02). (B) Amperometric 
events separated into spikes and SAFs. (Left) Control frequency 
of spikes (0.08 ± 0.02 s1; n = 28) and SAFs (0.01 ± 0.00 s1; n = 28) 
versus ryanodine for spikes (0.42 ± 0.13 s1; n = 9; P < 0.03) and 
for SAFs (0.05 ± 0.02 s1; n = 9; P < 0.02). (Right) The magnitude 
of spikes (0.20 ± 0.03 pC; n = 28) and SAFs (0.07 ± 0.01 pC; n = 21)  
in control versus ryanodine for spikes (0.30 ± 0.04 pC; n = 9;  
P < 0.02) and for SAFs (0.06 ± 0.01 pC; n = 9; P = 0.6).
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the change in amplitude of amperometric events seen 
in Fig. 5 A appears to simply be a consequence of an in-
crease in spike frequency without a change in SAF fre-
quency (Fig. 5 C).) Finally, the amplitude of the syntillas 
in these experiments did not change (Fig. 5 A), again in 
contrast to the experiments with ryanodine (Fig. 1 C). 
The mean signal mass of the syntillas as given in Fig. 5 A 
has been corrected for the EGTA buffering as outlined 
in Materials and methods. With this correction, the sig-
nal mass does not differ from the signal mass in un
buffered solution (Fig. 1 C), whereas the frequency of 
syntillas has decreased. This is reminiscent of the find-
ing with Ca2+ sparks in smooth muscle, where a partial 
depletion of the ER results in a decrease in spark fre-
quency without a change in amplitude. The reason ap-
pears to be that a small reduction of [Ca2+] in the ER 
regulates spark frequency even when that reduction is 
not sufficient to result in a substantially smaller driving 
force on the Ca2+ (ZhuGe et al., 1999). The results from 
the experiments using buffered internal solutions show 
that the global [Ca2+] in the range of 150 to 500 nM has 
no detectable effect on spontaneous exocytosis.

The results with Tg and caffeine, collectively with 
those of ryanodine above, argue against an effect medi-
ated by the level of the [Ca2+] in the ER, for example, an 
effect on the store-operated channels, because in one 
case the stores are depleted while in the other they are 
not. The results with Tg and caffeine also indicate that 
the effect on release is an acute effect. The effect occurs 
within minutes after the application of caffeine, a time 
too short for vesicle synthesis or recycling (Wakade  
et al., 1988; von Grafenstein and Knight, 1992).

Relationship between exocytotic events and syntillas
The data from the experiments reported here were 
used to construct a plot of the relationship between Ca2+ 
syntillas and the frequency of spontaneous amperomet-
ric events (Fig. 6 B). We devised an SI, which is the 
product of the syntilla rate and the volume of the syn-
tilla microdomain, as defined in Materials and methods 
and shown in Fig. 6 A. We show four spatiotemporal 
contour lines delimiting volumes of four [Ca2+]’s within 
the syntilla microdomain (from 1 to 30 µM) (Fig. 6 A). 
We do not provide a contour line for lower [Ca2+] be-
cause buffering the global [Ca2+] to 500 nM was without 
effect on spontaneous amperometric events. Similarly, a 
target that can only be affected by a [Ca2+] an order of 

Figure 4.  Effect of 2 µM Tg plus 20 mM caffeine and buffering 
free [Ca2+]i at 500 nM with EGTA and CaCl2. (A) Diagram repre-
senting the protocol to decrease the stores with Tg and caffeine. 
(B) Tg and caffeine decrease syntilla frequency to 0.09 ± 0.04 s1 
(n = 8) compared with Tg alone (0.33 ± 0.09 s1; n = 15; P < 0.04), 
caffeine alone (0.57 ± 0.14 s1; n = 12; P < 0.01), and with the free 
[Ca2+]i buffered at 500 nM (0.49 ± 0.08 s1; n = 23; P < 0.001). 
(C) Tg and caffeine increase the frequency of all amperometric 
events to 0.44 ± 0.09 s1 (n = 8), SAFs to 0.15 ± 0.02 s1 (n = 8), 
and spikes to 0.33 ± 0.09 s1 (n = 8) when compared with Tg alone 
(0.13 ± 0.05 s1; n = 9; P < 0.01) for all events: 0.08 ± 0.02 s1  
(n = 7; P < 0.02) for SAFs, 0.07 ± 0.03 s1 (n = 9; P < 0.02) for spikes, 
and caffeine alone (0.10 ± 0.04 s1; n = 10; P < 0.01) for all events; 
0.04 ± 0.02 s1 (n = 10; P < 0.001) for SAFs, 0.07 ± 0.03 s1 (n = 10; 
P < 0.02) for spikes, and when the free [Ca2+]i is buffered at 500 
nM (0.10 ± 0.03 s1; n = 10; P < 0.01) for all events: 0.04 ± 0.01 s1 
(n = 9; P < 0.001) for SAFs and 0.07 ± 0.02 s1 (n = 10; P < 0.02) 
for spikes. (D) Tg and caffeine do not alter the quantal charge of 

amperometric events, compared with Tg alone, caffeine alone, or 
when the free [Ca2+]i is buffered at 500 nM. (E) Tg and caffeine 
increase global [Ca2+]i to 505.3 ± 172 nM (n = 5) compared with 
typical basal global [Ca2+]i in Tg alone (130.0 ± 23 nM; n = 7;  
P < 0.03) and caffeine alone (71.4 ± 16 nM; n = 7; P < 0.02). When 
free [Ca2+]i is buffered at 500 nM, the mean basal global [Ca2+]i 
(397.8 ± 69 nM; n = 6) is not significantly different compared with 
Tg and caffeine (P = 0.59). Error bars, ±SEM.
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does not. Finally, the same effects on amperometric 
events are found when ryanodine is applied to intact, 
unpatched cells.

A second Ca2+ microdomain
The increase in exocytotic frequency and magnitude 
upon blocking syntillas is quite unexpected, given the 
usual role attributed to Ca2+ in the exocytotic process. 
Nevertheless, at least one precedent exists for such a re-
sult, and that is the effect of the analogue of syntillas, 
Ca2+ sparks, in smooth muscle. In that case, sparks, by 
activating Ca2+-sensitive, large conductance K+ channels 
within the spark microdomain, elicit current that hyper-
polarizes the membrane, thus turning off voltage-acti-
vated Ca2+ channels and causing relaxation. This effect 
is precisely the opposite of what might be expected of 
cytosolic Ca2+ in muscle (Nelson et al., 1995). This 
mechanism of relaxation depends on the action of Ca2+ 
in a distinct microdomain, calculated to be within a ra-
dius of 150–300 nm from the Ca2+ release site (ZhuGe  
et al., 2002). We suggest that in adrenal chromaffin cells, 
the syntillas act in a different microdomain from that 
where the final exocytotic step occurs. This conclusion 
is borne out by a previous study, as well as the present 
one, in which Ca2+ syntillas, despite their ability to raise 
[Ca2+] to super-micromolar levels within their micro
domain, do not elicit exocytosis (ZhuGe et al., 2006). One 
microdomain might be termed the exocytotic domain 
where the voltage-gated Ca2+ channels responsible for 
elicited exocytosis are found and the final exocytotic 
steps are triggered by Ca2+, and the other, the syntilla 
microdomain, where RYR2s are present and Ca2+ has an 
inhibitory effect on spontaneous exocytosis.

Physiological role of spontaneous exocytosis and its 
regulation by syntillas
Is the spontaneous exocytosis examined here of physio-
logical significance? And is the regulation exerted by 
the syntillas on catecholamine release of quantitative 

magnitude higher than 30 µM has no precedent so far 
as we know. The syntilla rate for each experimental con-
dition is summarized directly underneath the contour 
lines in Fig. 6 A. The relationship between Ca2+ syntillas 
and amperometric event frequency (Fig. 6 B) was fitted 
by assuming that the vesicles reached a state where they 
could be exocytosed, and the action of a syntilla, directly 
or indirectly, resulted in the inhibition of that state.

D I S C U S S I O N

The central finding of this study is that decreasing the 
frequency of Ca2+ syntillas leads to an increase in the 
frequency and magnitude of spontaneous exocytosis. 
We therefore propose, as the simplest explanation, that 
syntillas exert an inhibitory influence over spontaneous 
exocytosis. The result cannot easily be explained by 
hitherto unknown effects of the agents used to produce 
the decrease in syntilla frequency because we used two 
quite different sets of agents in separate experiments, 
whose effects have been studied in considerable detail 
over decades. Our results also rule out two explanations 
for the findings. First, the increase in magnitude of the 
amperometric events observed upon blocking syntillas 
does not seem to be due to a change in vesicle filling 
because it is not affected by reserpine (see Results). Sec-
ond, a trivial explanation for the increase in frequency 
of amperometric events might be that an increase in 
magnitude improves detection, thus making it appear 
that the frequency has risen. For this to be the case, 
there would need to be smaller undetected events in 
the control condition. But when we lowered the thresh-
old for inclusion in the data from 0.5 to 0.2 pA, we 
found only 21 more events in addition to the 918 in  
Fig. 2 A, which would increase the frequency by 2.3%. 
This is far from sufficient to account for the 450% in-
crease observed in the presence of ryanodine (Fig. 2 C). 
Moreover, in the experiments with Tg plus caffeine, the 
frequency of spikes increases but the charge apparently 

Table     I I I

Spike and SAF parameters: control versus Tg plus Caff buffered

Parameter Control  
mean ± SEM

Tg plus Caff  
mean ± SEM

p-value

Spikes

  Amplitude (pA) 8.56 ± 1.9 9.71 ± 2.6 0.726

  Rise timea (ms) 9.41 ± 0.93 8.63 ± 0.88 0.552

  Half-width (ms) 12.72 ± 0.84 12.1 ± 0.89 0.615

  Taub (ms) 13.22 ± 1.2 12.0 ± 1.2 0.462

  Duration (ms) 69.79 ± 4.0 65.00 ± 4.3 0.424

SAFs

  Amplitude (pA) 1.15 ± 0.06 1.31 ± 0.13 0.306

  Duration (ms) 38.81 ± 4.0 33.10 ± 5.5 0.414

p-values are from two sample Student’s t tests.
aRise time is 10–90%.
b is 67% decay.
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importance? We can gain some insight into these ques-
tions by comparing our results with recent work from 
the Smith laboratory (Fulop et al., 2005; Doreian et al., 
2008, 2009) on physiological levels of stimulation of 
mouse chromaffin cells. These investigators call atten-
tion to two different physiological types of stimulation: 
a low frequency (0.5 Hz) and a high frequency (15 Hz) 
corresponding, respectively, to resting sympathetic tone 
and “stress-associated” sympathetic activation (Brandt 
et al., 1976; Kidokoro and Ritchie, 1980).

Fulop et al. (2005) found a rate of 0.93 amperomet-
ric events per second per amperometric site per cell for 
both stimulus paradigms, the difference in the two con-
ditions being primarily the magnitude of the individual 
events. In our study, the rate was 0.16 ± 0.03 s1 in con-
trol conditions and 0.73 ± 0.15 s1 in the presence of ry-
anodine when virtually all syntillas were blocked. Thus, 
the rate when syntillas are suppressed is 66% of that at 
physiological levels of stimulation. (If the plot in Fig. 6 
is extrapolated to zero syntilla rate, the rate of ampero-
metric events achieved by a physiological stimulation 
level [0.93 s1] and the rate achieved by syntilla suppres-
sion [0.78 s1] are of the same magnitude.)

Physiologically, in terms of relevance to the whole 
organism, it is of some interest to examine the rate of 
catecholamine release, i.e., moles s1 of catecholamines. 
At the lower physiological stimulation rate of 0.5 Hz, 
Fulop et al. (2005) measured 200 pC of catecholamines 
for a mean rate of 1.73 aM s1 of catecholamine per am-
perometric site per cell. (At their higher rate of 15 Hz, 
Fulop et al. [2005] found that the amount of catechol-
amine released per second [M s1] approximately dou-
bled.) We measured 0.06 aM s1 of catecholamine per 
amperometric site per cell under control conditions 
and 1.06 aM s1 of catecholamine in the presence of ry-
anodine, which almost completely suppressed the syn-
tillas. Several points deserve mention. First, the effect of 
suppressing syntillas on the rate of spontaneous cate-
cholamine release is not trivial, amounting to more 
than a 10-fold increase. In fact, it is greater than that of 
increasing the stimulation from 0.5 to 15 Hz, which re-
sults in an approximate twofold increase in the rate of 
catecholamine release. Second, the rate of catechol-
amine release when syntillas are almost completely sup-
pressed (1.06 aM s1) is 62% of that at 0.5 Hz (1.73 aM s1). 
That is, the two values are of the same order of mag-
nitude, the intriguing implications of which have not 
eluded our notice. From these considerations, we 

Figure 5.  Effect of 2 µM Tg with caffeine. Chromaffin cells were 
treated with 2 µM of the SERCA inhibitor Tg for 20 min or longer 
and briefly exposed (1 min) to 20 mM caffeine by picospritzer to 
reduce internal Ca2+ stores. (A; left) When Ca2+ stores are reduced 
and cytosolic Ca2+ is buffered with EGTA as described in Materi-
als and methods, the mean frequency of syntillas is reduced from 
0.78 ± 0.15 (n = 15) to 0.42 ± 0.01 s1 (n = 23; P < 0.03), and the 
amperometric event frequency is increased from 0.17 ± 0.02 (n = 
20) to 0.39 ± 0.06 s1 (n = 10; P < 0.0003). (Right) When the stores 
are reduced, there is no detectable change in the mean syntilla 
signal mass (25.9 ± 2.3 [n = 47] and 22.1 ± 3.4 [n = 36], control 
and treated, respectively), but the mean charge of amperometric 
events increases (0.083 ± 0.014 [n = 20] and 0.143 ± 0.023 pC  
[n = 10; P < 0.026]). A and B include both spikes and SAFs. (B) Fre-
quency distribution of individual amperometric events according 
to charge (pC) in control (white; 731 events) and when stores are 
reduced by Tg and caffeine treatment (stripes; 908 events). The 
difference between the two distributions is shown on an expanded 
x axis in the inset in blue. (C; left) The frequency in control solu-
tion with buffer (0.09 ± 0.01 s1 for spikes and 0.08 ± 0.01 s1 

for SAFs) is the same as in control solution without buffer as given 
in Fig. 2 C. After treatment with Tg and caffeine, the spike fre-
quency increases to 0.30 ± 0.05 s1 (P < 0.00002; n = 10). (Right) 
The mean charge of spikes (0.13 ± 0.02 vs. 0.17 ± 0.02 pC) or SAFs 
(0.02 ± 0.00 pC for control and treatment) in control and after Tg 
plus caffeine treatment.
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nisms affecting spontaneous release for understanding 
elicited release at physiological levels of stimulation.

Dual effect of syntillas on spontaneous exocytosis
The two effects of suppressing syntillas on spontaneous 
exocytosis, increasing the frequency and increasing the 
magnitude, might be linked or independent. If the in-
crease in frequency and the increase in charge are in-
deed distinct effects, how might this happen? We propose 
that some DCVs exposed to the syntilla microdomain 
are simply removed temporarily from the releasable 
pool, and so the frequency of spontaneous exocytosis 
goes down. Other vesicles exposed to Ca2+ in the syntilla 
microdomain would have their pore machinery modi-
fied, resulting in less catecholamine release. This effect 
is reminiscent of the findings of Alés et al. (1999), where 
greater Ca2+ influx caused a shift away from full fusion 
and toward kiss and run events. The larger Ca2+ influx in 
that study, resulting from extracellular Ca2+ concentra-
tions as high as 90 mM, might have impinged on the 
Ca2+ syntilla microdomain and thus mimicked the ef-
fects of syntillas.

suggest that syntillas may well be a potent physiological 
regulator of catecholamine release.

The parameters of individual exocytotic events at the 
two levels of physiological stimulation have also been 
measured (supplemental data in Doreian et al., 2008, 
2009) and can be compared with spontaneous events in 
the present study. First, the mean amperometric ampli-
tude and magnitude with basal stimulation at 0.5 Hz 
(4.0 ± 0.43 pA and 0.08 ± 0.01 pC) are the same as spon-
taneous release (5.4 ± 1.3 pA and 0.08 ± 0.01 pC). More-
over, when spontaneous syntillas are suppressed with 
ryanodine, the mean amplitude and charge (14.5 pA 
and 0.28 pC) are the same as reported for stimulation at 
15 Hz (16.3 pA and 0.31 pC). In sum, when the ampli-
tude and magnitude of individual amperometric events 
are considered, suppression of syntillas with ryanodine 
yields the same increase as stimulation at 15 Hz. There-
fore, Ca2+ store modulation of spontaneous release may 
involve the mechanisms invoked by the Smith group to 
describe differences in 0.5- versus 15-Hz stimulation, i.e, 
a change in mode of release from kiss and run to full fu-
sion. This points to the possible relevance of the mecha-

Figure 6.  Relationship between Ca2+ released into the 
syntilla microdomain and exocytotic events. (A; top) 
Spatiotemporal profiles of the Ca2+ syntilla arising 
from RYR2s near the plasma membrane for each ex-
perimental condition. Concentric curves represent 
different [Ca2+]’s within the syntilla microdomain. 
Note that the ordinate presents one of the spatial 
axes; the other two are the same as the one shown and 
together constitute a hemisphere (see Materials and 
methods). (Bottom) Syntilla frequency for each of 
the four experimental conditions listed above the top 
panel. (B) Relationship of the SI for the entire cell 
versus frequency of exocytotic events from the entire 
cell surface. The plot shows that the frequency of am-
perometric events declines to a baseline level as the SI 
increases. The relationship drawn here is based on a 
10-µM syntilla microdomain (A, green line). The 
equation of the curve to which the data are fit:  

f = F
+ k SIamp 0

1
1

∗
∗







 
(4)

  

is based on a two-state model as described in Materials 
and methods, where DCVs are either in an inhibited 
or releasable state. A least-squares fit of Eq. 4 to the 
data points in B was performed, resulting in F0 = 7.75 
and k = 104.10. The correlation coefficient (R2) of the 
fit is 0.993.
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dered less competent to undergo complete emptying, 
resulting in smaller magnitude of the fusion events.

Another attractive hypothesis involves the subplasma-
lemmal filamentous actin (F-actin) mesh. It is well doc-
umented in chromaffin cells that dissolution of the 
dense actin cortex is necessary to sustain recruitment of 
DCVs to the membrane during stimulation (Nakata and 
Hirokawa, 1992; Vitale et al., 1995; Tchakarov et al., 
1998; Giner et al., 2007). Therefore, syntillas could play 
a role in maintaining the actin mesh under spontane-
ous conditions. If the actin network breaks down in the 
absence of syntillas, this could explain the increase in 
frequency of amperometric events observed in the pres-
ence of ryanodine. But it could also explain the increase 
in quantal size of events. Doreian et al. (2008, 2009) 
have shown that disruption of F-actin favors the full 
fusion mode of exocytosis over kiss and run. That is, one 
role of the intact dense F-actin mesh in mouse chromaf-
fin cells is to stabilize the fusion pore during exocytosis 
and keep it from expanding to full fusion. If syntillas 
help stabilize the F-actin mesh, their absence would 
actually have two effects: (1) more DCVs recruited to the 
membrane (actin mesh as the barrier); and (2) DCVs at 
the membrane would primarily undergo full fusion exo-
cytosis. In support of this idea, it is interesting that Doreian 
et al. (2009) find a mean amplitude and charge of 4.0 ± 
0.43 pA and 0.08 ± 0.01 pC for events that undergo kiss 
and run exocytosis that is similar to the mean amplitude 
and charge of amperometric events we record under 
spontaneous control conditions (5.4 ± 1. 3 pA and 0.08 ± 
0.01pC, respectively). Moreover, the same study finds a 
mean amplitude and charge of 16.3 pA and 0.31 pC for 
full fusion events, when the actin network is broken 
down during high frequency stimulation, which com-
pares well with our mean amplitude and charge of 
events recorded in ryanodine (14.5 pA and 0.28 pC).

In conclusion, it is clear that the Ca2+ syntilla adds to 
the diversity of tasks for which Ca2+ can be used in the 
process of exocytosis.
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