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Myosin II Activation and Actin Reorganization Regulate the
Mode of Quantal Exocytosis in Mouse Adrenal Chromaffin
Cells
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Chromaffin cells of the adrenal medulla are innervated by the sympathetic nervous system. Stimulation causes chromaffin cells to fire
action potentials, leading to the exocytosis of various classes of transmitters into the circulation. Low-frequency electrical stimulation
(action potentials delivered at 0.5 Hz) causes adrenal chromaffin cells to selectively release catecholamines through a kiss-and-run fusion
event. Elevated electrical stimulation (action potentials at 15 Hz) evokes fusion pore dilation, full granule collapse, and additional release
of the neuropeptide-containing proteinaceous granule core. Here we apply single-cell electrophysiological, electrochemical, and fluores-
cence measurements to investigate the cellular mechanism for this shift in exocytic behavior. We show that at low-frequency stimulation,
a filamentous-actin cell cortex plays a key role in stabilizing the kiss-and-run fusion event. Increased stimulation disrupts the actin
cortex, driving full granule collapse. We show that pharmacological perturbation of the actin cortex supersedes stimulus frequency in
controlling exocytic mode. Finally, we show that nonmuscle myosin II activation contributes to the cytoskeleton-dependent control of the
fusion event. Inhibition of myosin II or myosin light chain kinase under elevated stimulation frequencies inhibits fusion pore dilation and
maintains the granule in a kiss-and-run mode of exocytosis. These results demonstrate an essential role for activity-evoked cytoskeletal
rearrangement and the action of myosin II in the regulation of catecholamine and neuropeptide exocytosis and represent an essential
element of the sympathetic stress response.
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Introduction
Chromaffin cells of the adrenal medulla are a major output of the
sympathetic nervous system and are innervated by the splanchnic
nerve through a cholinergic synapse. Under basal sympathetic
firing, chromaffin cells selectively release freely soluble cat-
echolamines through an �-form kiss-and-run fusion event (El-
hamdani et al., 2006; Fulop and Smith, 2006). This exocytic mode
is characterized by transient fusion of the granule with the cell
membrane, maintenance of basic granule morphology, and re-
tention of the dense proteinaceous granule core (Fulop et al.,
2005). In contrast, under acute stress, increased splanchnic firing
and subsequent acetylcholine release drive chromaffin cells to
increase their activity level (Brandt et al., 1976; Kidokoro and
Ritchie, 1980), resulting in elevated catecholamine output. Un-
der these conditions, the restricted fusion pore dilates, leading to
a full granule collapse and expulsion of both catecholamine and
the neuropeptide-containing proteinaceous core (Rahamimoff

and Fernandez, 1997; Fulop et al., 2005). Thus, dependent on
stimulation intensity, chromaffin cells use two modes of exocy-
tosis that differentially release catecholamine and neuropeptide
transmitter molecules. The cellular mechanism and regulation of
the transition from kiss-and-run to full granule collapse is not
fully understood. Improper regulation of the acute stress re-
sponse can cause pathological conditions such as hypertension,
diabetes, and depression (Habib et al., 2001).

Many studies have focused on the role played by the cytoskel-
eton in the control of catecholamine release. In resting condi-
tions, chromaffin cells exhibit a subplasmalemmal filamentous
actin (F-actin) cortical network that is thought to act as a physical
barrier to granule recruitment to the plasma membrane and limit
secretory function (Vitale et al., 1995; Barclay et al., 2003). Stim-
ulation leads to a partial dissolution of the F-actin cortex, allow-
ing for granule recruitment to the cell periphery for sustained
transmitter release (Vitale et al., 1991). It has also been shown
that nonmuscle myosin II, associated with the F-actin network,
may play a role in active granule recruitment (Neco et al., 2002).
On the single-granule level, inhibition of myosin II decreases the
catecholamine quantal size of single fusion events (Neco et al.,
2004). However, mechanistic description for how the actin/my-
osin II system regulates quantal size remains to be determined.

The goal of this study was to investigate the role of activity-
mediated actin reorganization and myosin II function in the con-
trol of quantal exocytosis. We used carbon-fiber amperometry,
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capacitance noise analysis, fluorescence microscopy, and peptide
transfection techniques to investigate the mode of exocytosis. We
determined the role of the actin cytoskeleton and myosin II in
regulating the activity-dependent transition from kiss-and-run
to full-collapse exocytosis. Our data demonstrate that the char-
acteristic �-form kiss-and-run exocytosis is stabilized by an in-
tact F-actin cortex. Elevated stimulation resulted in a cooperative
partial disruption of the F-actin cortex and activation of myosin
II to drive collapse of the �-figure to achieve the full-collapse
exocytic mode. Thus, we have identified a role for F-actin and
myosin II in the control and regulation of a proper sympathetic
stress response by controlling the mode of exocytosis at the
single-granule level.

Materials and Methods
Chromaffin cells isolated from the adrenal medullae of adult C57BL/6
mice (The Jackson Laboratory, Bar Harbor, ME; 8 weeks old) were used
in this study. All anesthesia and euthanasia protocols were reviewed and
approved by the institutional animal care and use committee of Case
Western Reserve University, an accredited oversight body (federal ani-
mal welfare assurance #A3145-01). Animals were deeply anesthetized by
isoflurane inhalation and killed by decapitation. All chemicals and re-
agents were obtained from Sigma (St. Louis, MO) unless otherwise noted
in the text.

Cell preparation. Adrenal glands were removed immediately after an-
imals were killed, and placed in an ice-cold dissociation solution contain-
ing (in mM) 80 Na-glutamate, 55 NaCl, 6 KCl, 1 MgCl2, 10 HEPES, and
10 glucose, pH 7.0, and osmolarity was adjusted to 280 mOsm. Glands
were trimmed of fat, and the adrenal cortex was dissected from the me-
dulla. Cells were isolated as previously described (Fulop et al., 2005) and
plated on 25-mm-diameter round cover glasses and cultured in �2 ml of
DMEM growth medium supplemented with ITS-X artificial serum sub-
stitute (1�; Invitrogen, Carlsbad CA) and penicillin/streptomycin (20
U/ml each). The cells were incubated at 35°C in 10% CO2, and the ex-
periments were performed at �25°C 2–3 d after cell preparation.

Electrophysiology and electrochemistry. All electrophysiological record-
ings were performed in the perforated-patch configuration (Korn and
Horn, 1989) as previously described (Chan and Smith, 2001), with some
modifications described here. The electrical stimulus protocols were de-
livered by either an EPC-9 or an EPC-10 amplifier (HEKA Elektronik,
Lambrecht, Germany) controlled by Pulse (HEKA Elektronik; version
8.8). Cell capacitance was measured by imposing a 635 Hz sine wave 25
mV in amplitude on a holding potential of �80 mV. Cell capacitance and
conductance were determined by the sine � DC method (Gillis, 1995)
implemented through the built-in lock-in module in Pulse. Cells were
stimulated with action potential equivalent (APe) waveforms embedded
in the sine wave holding potential at either 0.5 or 15 Hz. The APe was
formed from ramp segments as follows [start potential (in mV), end
potential (in mV), duration (in ms)]: �80, 50, 2.5; 50, �90, 2.5; �90,
�80, 2.5. Voltage-dependent sodium and calcium influx, elicited cate-
cholamine release, and capacitance jumps in response to APe stimulation
have been shown to be statistically identical to native AP waveforms
(Chan and Smith, 2001). The internal pipette solution contained the
following composition (in mM): 135 Cs-glutamate, 10 HEPES-H, 9.5
NaCl, 0.5 TEA-Cl, and 0.53 amphotericin B. During all recordings, the
cells were constantly superfused at a rate of �1 ml/min with a Ringer’s
solution of the following composition (in mM): 150 NaCl, 10 HEPES-H,
10 glucose, 2.8 CaCl2, 2.8 KCl, and 2 MgCl2. The osmolarity was adjusted
to 320 mOsm with mannitol, and the pH was adjusted to 7.2. The junc-
tion potential for this internal/Ringer’s solution set was measured to be
approximately �13 mV, and all potentials were adjusted accordingly.
For elevated potassium stimulation, KCl was increased to either 8 or 30
mM, and NaCl was reduced to maintain osmolarity (Fulop and Smith,
2007). Cell capacitance–noise-analysis detection of �-form kiss-and-run
granule fusion was performed as described previously (Fulop and Smith,
2006).

Amperometric recordings were also performed as described previ-

ously (Fulop et al., 2005). Commercially available 5 �m diameter carbon
fiber electrodes (ALA Scientific, Westbury, NY) were used for catechol-
amine detection. The carbon fiber tip was cut before each recording, and
the fiber was held at �650 mV. The fiber tip was positioned close to the
cell membrane to minimize diffusion distance from the cell membrane.
Amperometric current was recorded using a dedicated amplifier (VA-
10x; ALA Scientific) with a modified head stage containing a 1 G� feed-
back resistor to minimize noise. Recorded signals were passed through a
four-pole analog Bessel filter at a cutoff frequency of 1.3 kHz and sam-
pled at 20 kHz through an ITC-1600 (Instrutech, Port Washington, NY)
into IGOR Pro (WaveMetrics, Lake Oswego, OR).

Pharmacological agents. Cells were treated with 2 �M cytochalasin D
(Sigma), 2 �M jasplakinolide (Invitrogen), 10 �M ML7 (EMD Bio-
sciences, San Diego, CA), 2 �M MLCK inhibitor peptide 18 (M18; EMD
Biosciences), or 25 �M blebbistatin (Biomol, Plymouth Meeting, PA) as
indicated in the text. All preincubations were performed by addition of
the agent to the culture medium and incubation at 35°C to facilitate
reagent uptake. This preincubation was 10 min in duration for all re-
agents except the cell-permeant M18 MLCK inhibitory peptide. Because
of its larger size, the M18 peptide was preincubated in the culture me-
dium for 20 min. After pretreatment, cells were immediately transferred
to the recording chamber, superfused with the appropriate reagent-
containing recording Ringer’s solution, and used for experimentation.

Imaging and fluorometry. Fluorescence images were acquired on an
Olympus (Tokyo, Japan) IX-81 inverted microscope with a 100� oil-
immersion objective (numerical aperture, 1.3). Excitation illumination
was provided by a TILL Polychrometer IV (TILL Photonics, Pleasanton,
CA) under the control of SlideBook image acquisition software (Slide-
Book 4.1; Intelligent Imaging, Denver, CO). Images were collected with a
cooled CCD camera (Retiga EXi; QImaging, Burnaby, British Columbia,
Canada) at a set exposure time of 5 ms to standardize image intensity and
to minimize photobleach during the illumination. Dextran staining and
quantification were performed as previously described (Fulop et al.,
2005). Actin labeling and quantification of F-actin were performed as
follows: cells were pretreated with 2 �M cytochalasin D or 2 �M jas-
plakinolide by bath application. Cells were then patch clamped and stim-
ulated at 0.5 or 15 Hz (as indicated in text) or with external potassium
matched to provide identical stimulation intensity and secretory behav-
ior (Fulop and Smith, 2007). Immediately after stimulation, cells were
fixed at the pipette tip by bath application of 4% paraformaldehyde for 25
min (Fulop et al., 2005). After being washed three times with 1� PBS,
cells were bathed in 1� PBS for 5 min. At this point, the patch pipette was
gently lifted from the cell. Next, 1.5 ml of 0.15% Triton X-100 was super-
fused into the dish and left for 30 min to permeabilize the cell membrane.
Triton X-100 was then removed by three washes in 1� PBS, and cells
were incubated with 5 �l (200 U/1.5 ml; Invitrogen) rhodamine-
conjugated phalloidin in 1.5 ml of 1� PBS. Cells were then imaged as
above.

Data analysis. Image and data analysis of fluorescence images were
performed using custom-written macros in IGOR Pro (WaveMetrics).
Single amperometric spikes were analyzed in IGOR Pro with a macro
modified from the original “Spike” package (Gomez et al., 2002). Non-
parametric Mann–Whitney statistical analysis of medians was performed
using Minitab (version 15; Minitab, State College, PA). Statistical signif-
icance was tested at 99.99% ( p � 0.001) confidence level. Statistical
significance for each category plot of each mean parameter was deter-
mined by Student’s t test. Statistical significance was tested at 95% ( p �
0.05) confidence level. Data are expressed as mean � SEM.

Results
Recent work has demonstrated a mechanistic shift in the mode of
exocytosis under different stimulation conditions in chromaffin
as well as other secretory cell types (Aravanis et al., 2003; Fulop et
al., 2005; Richards et al., 2005; Elhamdani et al., 2006). Work
from our group and others has shown that chromaffin cells ex-
hibit a rapid and transient kiss-and-run mode of exocytosis when
challenged with modest stimulation conditions. Increased elec-
trical or chemical stimulation shifts the mode of exocytosis to a
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more complete full-collapse secretory mode. We initiated a series
of experiments designed to test whether activity-dependent my-
osin II activation and reorganization of the actin cortex play roles
in this shift in exocytic mechanism. We used pharmacological
tools to manipulate the balance between depolymerized and po-
lymerized actin, as well as the function of myosin light chain
kinase (MLCK) and myosin II. To quantify their effect, we as-
sayed granule fusion, catecholamine release, and subsequent
membrane trafficking under low-frequency and high-frequency
action potential stimulation, which elicit kiss-and-run and full-
collapse exocytosis, respectively.

Disrupting the actin cortex increases amperometric
spike amplitude
Carbon fiber amperometry is a high-resolution method for re-
cording the kinetics of catecholamine release from single secre-
tory granules (Wightman et al., 1991; Chow et al., 1992). This
technique is capable of resolving the kinetics of both the initial
opening and dilation of the granule-plasmalemma fusion pore as
well as total quantal size of the fusion event (Alvarez de Toledo et
al., 1993; Albillos et al., 1997; Artalejo et al., 2002). Increasing cell
stimulation has been shown to increase quantal size (Elhamdani
et al., 2001) as well as the rate of catecholamine release through an
activity-mediated shift from kiss-and-run to full granule collapse
(Fulop and Smith, 2006). We used amperometry to quantify the
kinetics of catecholamine release from cells stimulated with APe
voltage templates delivered at 0.5 or 15 Hz in perforated-patch
voltage clamp. These conditions mimic splanchnic input under
sympathetic tone or acute stress, respectively (Kidokoro and
Ritchie, 1980; Chan and Smith, 2001; Wilson et al., 2002).

Representative amperometric recordings from single cells
stimulated with either 0.5 or 15 Hz APe trains are shown (Fig. 1a).
From such experiments, we analyzed single-spike parameters
(Fig. 1bi) that correlate to fusion pore dilation and thus overall
exocytic mode. Spike amplitude and spike charge (an index of
total catecholamine content) have been shown to increase with
dilation of the fusion pore (Alvarez de Toledo et al., 1993; Albillos
et al., 1997; Lindau and Alvarez de Toledo, 2003; Fulop and
Smith, 2006). An initial analysis of these parameters showed that
they followed, not a normal, but rather a skewed distribution
(Neco et al., 2004). Cumulative probability plots for each param-
eter are provided (Fig. 1bii). Insets in each subpanel show box-
and-whisker plots for each distribution. Nonparametric Mann–
Whitney median tests indicate that both parameters, spike
amplitude and spike charge, are significantly smaller under 0.5
Hz versus 15 Hz APe stimulation. We also analyzed population
means that also showed statistical significance in each parameter
(supplemental table S1, available at www.jneurosci.org as supple-
mental material). Thus, by either median or more conventional
mean-based statistical analyses, catecholamine secretion kinetics
evoked by 15 Hz electrical APe stimulation are more rapid than
those under 0.5 Hz stimulation and indicate a dilated fusion pore
under higher stimulation intensity.

Previous studies have shown that the distinct actin cortex nor-
mally observed in chromaffin cells is disrupted by cell stimulation
(Vitale et al., 1995; Trifaró et al., 2000; Giner et al., 2007). We set
out to test whether pharmacological perturbation of the actin
cortex could mimic the difference in stimulation intensity by
regulating the kinetics of catecholamine secretion. Cells were pre-
treated (see Materials and Methods) with pharmacological agents
that either disrupt or stabilize the actin cortex (2 �M cytochalasin
D or 2 �M jasplakinolide, respectively) and stimulated at 0.5 or 15
Hz. The actin cortex was then visualized with rhodamine-

Figure 1. Amperometric analysis of catecholamine release under 0.5 versus 15 Hz electrical
stimulation. Chromaffin cells were held at �80 mV in the perforated-patch configuration and
stimulated with action potential equivalent waveforms. a, Representative traces from cells
continuously stimulated with action potential equivalent voltage templates at 0.5 or 15 Hz are
provided (note the difference in scale). Equivalent time windows are shown for better compar-
ison. Individual spikes were identified using an automated detection algorithm and then man-
ually confirmed. bi, Two kinetic parameters, maximum spike amplitude (in picoamperes) and
total spike charge (in picocoulombs), were measured for each individual spike. bii, Pooled
cumulative probability plots for spike amplitude (top) and charge (bottom) are provided. Insets
show box-and-whisker plots for their respective datasets. Parameters for the box-and-whisker plots
are as follows: smallest nonoutlier, first quartile, median, third quartile, and largest nonoutlier obser-
vation. Statistical significance for medians was determined by a Mann–Whitney nonparametric me-
diananalysis,andasterisks ineachbox-and-whiskerplot indicatestatisticalsignificance( p�0.001).
Icons next to each box-and-whisker category provide interpretation of the mode of fusion. n � 12
cells from 7 preparations for 0.5 and 10 cells from 7 preparations for 15 Hz.
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conjugated phalloidin (6 �M), a compound that binds to filamen-
tous but not monomeric actin (Wieland, 1986). We took advan-
tage of this polymerization-specific staining to estimate the
relative disruption of the actin cortex under different stimulation
conditions. Single-cell images (Fig. 2, left column) as well as
quantified phalloidin staining (Fig. 2, right column) show that
0.5 Hz stimulation had no effect on the actin cortex when com-
pared with unstimulated control cells. However, pretreatment
with cytochalasin D significantly decreased the amount of poly-
merized F-actin at the cell periphery. Stimulation at 15 Hz re-
sulted in a punctate phalloidin staining at the cell periphery and a
decreased amount of cortical F-actin compared with unstimu-
lated control cells. This stimulus-dependent cortical disruption
was blocked by pretreatment with jasplakinolide under 15 Hz
stimulation.

Next we tested the direct effects of cytochalasin D and jas-

plakinolide on catecholamine release. We
measured single amperometric spike am-
plitude and charge as previously (Fig. 1).
Cells were pretreated with cytochalasin D
as above and then stimulated with trains of
APe waveforms at 0.5 Hz (Fig. 3ai). The
cumulative probability plot for spike am-
plitude is presented along with paired con-
trol data for comparison (Fig. 3aii). The
inset box-and-whisker plot indicates that
the median spike amplitude was signifi-
cantly enhanced with cytochalasin D treat-
ment when compared with untreated con-
trol cells. Cytochalasin D also significantly
increased spike charge. Furthermore, cy-
tochalasin D treatment had no effect under
15 Hz stimulation, consistent with the al-
ready disrupted actin cortex observed at
this activity level in Figure 2 (for complete
dataset, see supplemental table S1, avail-
able at www.jneurosci.org as supplemental
material). We then treated cells with jas-
plakinolide to stabilize the actin cortex,
and stimulated with 15 Hz APe trains. A
representative single recording is provided
(Fig. 3bi). Single spikes were again quanti-
fied for each secretory event, and the cu-
mulative probability plot for their ampli-
tude and the corresponding box-and-
whisker median analysis plot are provided
(Fig. 3bii). These data show that actin sta-
bilization with jasplakinolide acted to sig-
nificantly decrease spike amplitude when
compared with untreated cells stimulated
in the same manner (Fig. 3bii). Again, a
significant decrease was also observed for
spike charge with jasplakinolide treatment
under 15 Hz stimulation, whereas jas-
plakinolide had no effect on amperometric
parameters acquired under 0.5 Hz stimu-
lation (supplemental table S1, available at
www.jneurosci.org as supplemental mate-
rial). Thus, pharmacological manipulation
of the actin cortex controls normal
activity-specific secretory behavior.
Whether achieved in an activity-
dependent manner or by pharmacological

perturbation, disruption of F-actin favors large, rapid spikes as-
sociated with full granule collapse. An intact actin cortex, as
present under light electrical stimulation or as a result of phar-
macological stabilization even under elevated stimulation, favors
smaller and slower spikes that are characteristic of kiss-and-run
exocytosis (Fulop and Smith, 2006).

Myosin II activity is required for the activity-dependent
increase in amperometric spike amplitude
Stabilizing networked actin partially, but not completely, con-
verted the spike parameters measured under 15 Hz to those mea-
sured under 0.5 Hz stimulation. We considered other potential
contributors that may regulate the activity-dependent and
F-actin-dependent shift in exocytic mode. A number of studies
have suggested that myosin II may play a role in regulating the
exocytic mode. For example, it was shown that potassium stim-

Figure 2. Rhodamine–phalloidin imaging of the actin cortex. Chromaffin cells were stimulated as in Figure 1, but immediately
fixed after stimulation by perfusion with a paraformaldehyde-containing Ringer’s solution. After fixation, cells were permeabil-
ized by Triton X-100 perfusion and stained with rhodamine-conjugated phalloidin to provide a fluorescence-based index of
filamentous actin. Each cell was imaged as a stack with 0.25 �m z-steps. All cells in the dataset were imaged with identical
illumination, exposure, and camera gain settings to enable quantitative cross-comparison of intensity levels. Equatorial images of
representative cells for each condition are provided (left column), and quantified mean cortical staining (cell periphery and 1 �m
under periphery) is provided in the bar-graph format (right column). Abbreviations CytoD and Jas represent cells treated with
cytochalasin D and jasplakinolide, respectively, in this and other figures. An icon at the bottom of the right column represents the
status of the cortical actin as a function of fluorescence intensity. n � 15 cells from 3 preparations for all conditions. Statistical
significance for each mean parameter was determined by Student’s t test, and an asterisk in each category indicates statistical
significance with respect to control ( p � 0.05). Error bars represent SEM.
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ulation induces a calcium-dependent phosphorylation of the reg-
ulatory subunit of myosin light chain (Gutierrez et al., 1989),
which serves to regulate the interaction of myosin with F-actin.
Additionally, myosin II has been shown to be localized to the cell
cortex, suggesting that its role is close to the plasma membrane
(Rosé et al., 2002). Last, previous studies have shown that myosin
II plays a role in the regulation of amperometric spike amplitude
and total spike charge (Neco et al., 2004). Given these results, and
that actin and myosin II represent a functional pairing, we inves-
tigated the role of myosin II activation and activity under 0.5 and
15 Hz APe stimulation.

We treated cells with either MLCK- or myosin II-specific in-
hibitors and analyzed amperometric events evoked under 0.5 and
15 Hz stimulation. Chromaffin cells were pretreated with either
of the MLCK inhibitors ML7 (10 �M) or M18 peptide (2 �M).
ML7 is a cell-permeant molecule that binds to the ATP-binding
pocket of the enzyme, blocking MLCK-mediated phosphoryla-
tion of myosin, a necessary requisite to myosin motor function
(Saitoh et al., 1987). M18 is a cell-permeant peptide fragment that
competitively competes for binding to the substrate-binding
pocket of the MLCK enzyme (Lukas et al., 1999; Neco et al.,
2002). Additionally, we directly targeted myosin II by pretreat-
ment with blebbistatin (25 �M), a specific myosin II inhibitor that
blocks ATP hydrolysis and thus motor activity. Chromaffin cells
pretreated with the MLCK inhibitors ML7 or M18 showed a clear
reduction in spike amplitude evoked under 15 Hz stimulation
(Fig. 4a,b). ML7 and M18 decreased spike charge at 15 Hz, but
had no effect at 0.5 Hz (supplemental table S1, available at
www.jneurosci.org as supplemental material). Direct targeting of
myosin II by pretreatment with blebbistatin mirrored these re-
sults; spike amplitude was decreased at 15 Hz (Fig. 4c), with no
effect at 0.5 Hz (supplemental table S1, available at www.
jneurosci.org as supplemental material). Furthermore, a com-
bined treatment with an actin stabilizer and a MLCK inhibitor,
followed by stimulation at 15 Hz, completely converted catechol-
amine release kinetics; spike amplitude was statistically identical
to that measured from untreated cells stimulated at 0.5 Hz (Fig.
4d). A similar negative result was obtained for spike charge (sup-
plemental table S1, available at www.jneurosci.org as supplemen-
tal material). Thus, in addition to the reorganization of the actin
cortex, elevated cell firing leads to activation of myosin II through
MLCK. This series of events contributes to the transition in exo-
cytic mode for activity-dependent catecholamine release.

Variance analysis indicates actin and myosin II regulate
fusion pore dilation
Cell capacitance measurements have long been used to measure
granule fusion and provide an index of exocytosis in chromaffin
cells (Neher and Marty, 1982). Recently, cell capacitance variance
analysis has proven useful for detecting the accumulation of
�-figures during kiss-and-run exocytosis (Fulop and Smith,
2006). Briefly, during kiss-and-run exocytosis, the �-form fusion
intermediate adds an element to the normally simple equivalent
circuit of a voltage-clamped chromaffin cell. In frequency-
domain capacitance recordings, the additional circuit element
includes the fusion pore conductance, which contributes to the
Johnson noise of the circuit and increases the variance of the
capacitance signal (Chen and Gillis, 2000). Thus, accumulation
of �-figures during kiss-and-run exocytosis increases capaci-
tance variance by an amount proportional to the total number of
fusion events. During activity-dependent transition to full-
collapse exocytosis, electrical conductance through the �-figure
fusion pore increases as it dilates to the point that the �-figure

Figure 3. Actin-modifying reagents affect the kinetics of catecholamine release under 0.5 Hz
stimulation. Chromaffin cells were voltage clamped and stimulated as in previous figures. Cells
were pretreated with CytoD (2 �M for 10 min) and stimulated with trains of action potentials at
0.5 Hz. ai, A sample raw record is plotted. Single amperometric spikes were analyzed as in
Figure 1. aii, Cumulative probability plots for spike amplitude are provided for both control and
CytoD datasets (n � 10 and 12 cells from 7 preparations for cytochalasin D and control condi-
tions, respectively). The inset box-and-whisker plot shows that CytoD treatment acted to in-
crease the median spike amplitude compared with control ( p � 0.001). To test the role of actin
stabilization under elevated firing, cells were treated with Jas (2 �M for 10 min) and stimulated
at 15 Hz. bi, A representative raw data record is provided. bii, Spike amplitude was measured for
jasplakinolide-treated cells and is coplotted with control data collected from untreated cells
stimulated at the same frequency. The inset box-and-whisker plot shows that jasplakinolide
treatment acted to decrease the median spike amplitude compared with control ( p � 0.001;
n � 10 and 15 cells from 7 preparations for jasplakinolide and control conditions, respectively).
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becomes indistinguishable from the cell surface, removing its
contribution to the total capacitance variance. In this manner,
kiss-and-run exocytosis stably elevates capacitance variance,
whereas full-collapse exocytosis does not (Fulop and Smith,
2006).

We took advantage of this technique to determine whether
disrupting the actin cortex affected the accumulation of
�-figures normally observed in kiss-and-run exocytosis under
0.5 Hz stimulation. The standard deviation of the capacitance
signal was measured in response to stimulation (Fig. 5a, �). Vari-
ance is then determined simply as the square of the standard
deviation [� 2 (in femtofarads squared)]. In addition to control
recordings, chromaffin cells were again treated with either cy-
tochalasin D or jasplakinolide as described above and stimulated
at 0.5 or 15 Hz. Data were pooled for each condition, and mean
variance values are plotted (Fig. 5b). As expected, action potential
stimulation at 0.5 Hz resulted in relatively high capacitance vari-
ance, indicating the accumulation of �-figures. Despite eliciting
robust granule fusion and catecholamine release, 15 Hz stimula-
tion did not increase capacitance variance above unstimulated
control values, indicative of full-collapse exocytosis (Fig. 5b). Cy-
tochalasin D treatment and stimulation at 0.5 Hz resulted in low
capacitance variance, indicating fusion pore dilation to drive full-
collapse exocytosis while having no effect under 15 Hz stimula-
tion, where variance is low in control conditions (supplemental
Table S2, available at www.jneurosci.org as supplemental mate-
rial). Conversely, jasplakinolide treatment kept variance at an
elevated level even under 15 Hz stimulation, which normally re-
sults in low variance, but did not affect variance under conditions
that normally exhibit high values (0.5 Hz stimulation) (supple-
mental Table S2, available at www.jneurosci.org as supplemental
material). This result indicates that jasplakinolide blocks the
transition from kiss-and-run exocytosis to full granule collapse
that normally accompanies increased cell firing. These data are
consistent with results obtained with the independent ampero-
metric technique (Fig. 3) and indicate that at 0.5 Hz stimulation,
filamentous actin plays a role in maintaining the restricted fusion
pore associated with �-form exocytosis. Disruption of filamen-
tous actin affects the transition to full-collapse exocytosis.

Next, we tested the role of myosin II under 15 Hz stimulation.
Treatment with the MLCK inhibitors ML7 or M18, or myosin II
inhibitor blebbistatin, maintained high capacitance variance, in-
dicating a persistence of kiss-and-run exocytosis (Fig. 5b). Fur-
thermore, cotreatment with both jasplakinolide and M18, to sta-
bilize actin and inhibit MLCK, did not produce an additive effect
(Fig. 5b); measured variance was not greater than that measured
in cells treated with jasplakinolide or M18 separately. This result
indicates that jasplakinolide and M18 share a common mode of
action, linking the role of actin and myosin II in the regulation of
fusion pore dilation. Furthermore, none of these reagents altered
variance under 0.5 Hz stimulation (see supplemental Table S2,
available at www.jneurosci.org as supplemental material), indi-
cating that MLCK and myosin II play a role only under stimula-
tion conditions leading to full granule collapse.

Endocytic uptake of fluorescent dextran is dependent on actin
and myosin II
We further tested the hypothesis that filamentous actin stabilizes
a restricted fusion pore under kiss-and-run exocytosis. We used a
fluorescence-based approach to probe for the diameter of the
fusion/fission pore between cell membrane and newly forming
endosomes under conditions with intact versus disrupted actin
cortex. Seventy kilodalton dextran (1 �M) has a molecular diam-

Figure 4. Myosin II-modifying reagents affect the kinetics of catecholamine release under
15 Hz stimulation. Chromaffin cells were voltage clamped and stimulated as in previous figures.
a, b, Cells were pretreated with agents that block MLCK activity (10 �M ML7 in a; n � 11 cells
from 5 preparations; 2 �M M18 in b; n � 8 cells from 5 preparations) and stimulated with trains
of action potentials at 15 Hz. Single amperometric spikes were analyzed and plotted as in
previous figures. The inset box-and-whisker plots show that disruption of normal MLCK activity
decreased median spike amplitude compared with control cells ( p values �0.001). c, Likewise,
cells pretreated with blebbistatin (Bleb; 25 �M; n � 8 cells from 6 preparations), an agent that
directly blocks myosin II activity, resulted in decreased spike amplitude under 15 Hz stimulation
by median analysis ( p values �0.001). d, Cotreatment with M18 and Jas, to block MLCK and
stabilize the actin cortex, resulted in less than an additive effect as determined by median
analysis ( p values �0.001; n � 10 and 8 cells, respectively, from 6 preparations).
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eter of �12 nm (Ioan et al., 2000) and has been shown to be
excluded from endosomes as they pinch from the cell surface
under kiss-and-run exocytosis in both chromaffin cells and pan-
creatic � cells (Takahashi et al., 2002; Fulop et al., 2005). Under
0.5 Hz stimulation, despite significant exocytic catecholamine
release (Fig. 1), cells exhibited no accumulated intracellular flu-
orescence [Fig. 6a (left image), bi (E)], presumably because of
exclusion of dextran uptake by the restricted fusion pore of the
�-figure. However, stimulation at the same 0.5 Hz frequency in
cytochalasin D-treated cells resulted in significant internalization
of dextran signal (Fig. 6bi, F). This result was not because of an
enhanced secretory activity under cytochalasin D treatment; in-
tegrated amperometric currents showed that there was no differ-
ence in total catecholamine secretion after cytochalasin D treat-
ment (assayed as total integrated amperometric current
measured during the stimulation trains; control, 354 � 18 pC;
cytochalasin D, 353 � 29 pC). Thus disruption of filamentous
actin led to dilation of the fusion pore to a size greater than the
diameter of 70 kDa dextran. Conversely, stimulation at 15 Hz
resulted in a robust dextran fluorescence uptake [Fig. 6a (right
image), bii (E)]. Stabilization of filamentous actin (Fig. 6b, Jas,
F) or blocking MLCK activity (Fig. 6b, ML7, �) blocked dextran
uptake under 15 Hz stimulation, despite levels of catecholamine
release identical to that seen in control cells (assayed as above;
control, 365 � 19 pC; jasplakinolide, 366 � 30 pC; ML7, 366 �
39 pC).

Together, the data presented here demonstrate that activity-
dependent disruption of the filamentous actin cortex and activa-
tion of myosin II play a critical role in the conversion from kiss-
and-run to full-collapse exocytosis in adrenal chromaffin cells
(Fig. 6c).

Discussion
Previous evidence demonstrated a correlation between stimula-
tion and actin cytoskeleton dynamics in chromaffin cells. Bath
application of potent chemical secretagogues established a
stimulation-dependent dissolution of the dense actin cortex,
concluding that this disruption was necessary for the sustained
recruitment of granules from the cell interior to the membrane,
where fusion and transmitter release occur (Nakata and Hiro-
kawa, 1992; Trifaró et al., 1992; Vitale et al., 1995; Giner et al.,
2005). Our data allow for a refinement of this interpretation.
Using physiological stimulation designed to mimic basal electri-
cal splanchnic firing under sympathetic tone (action potential
equivalent waveforms delivered at 0.5 Hz), we show that sus-
tained catecholamine release occurs without significant gross re-
organization of the actin cortex. Previous work from our lab has
shown that these stimulation conditions correlate to specific cat-
echolamine release but retention of the neuropeptide-containing
granule core (Fulop et al., 2005). Amperometric, capacitance
variance, and dye uptake data presented here (Figs. 1, 5, 6) col-
lectively support the conclusion that exocytosis under low-
frequency stimulation conditions occurs through an �-form fu-
sion transient. Thus, specific catecholamine release under low-
frequency stimulation occurs through kiss-and-run exocytosis
with an intact actin cortex and inactive myosin II. Stimulation
mimicking splanchnic firing under the sympathetic stress re-
sponse (action potential waveforms delivered at 15 Hz) is then
consistent with previous studies and shows disruption of the ac-
tin cortex and elevated catecholamine output. Again, collective
data presented here obtained from amperometric spike analysis,
capacitance variance measurements, and large fluid-phase dye
uptake show that exocytosis under 15 Hz stimulation occurs pre-

dominantly through a full-collapse exocytic mode. This shift in
exocytic mode is associated with an activity-dependent disrup-
tion of the actin cortex (Fig. 2). Indeed, pharmacological pertur-
bation of the actin cortex establishes a causative relationship be-
tween cortex organization and the mode of exocytosis.
Disruption of the F-actin cortex with cytochalasin D and stimu-
lation at 0.5 Hz resulted in a shift away from kiss-and-run toward
full-collapse exocytosis by all parameters measured (amperomet-
ric spike analysis, capacitance variance analysis, and fluid-phase
dye uptake). Conversely jasplakinolide, an F-actin stabilizer, had
the opposite result. Under 15 Hz stimulation, which normally
results in full-collapse exocytosis, jasplakinolide pretreatment fa-
vored maintenance of kiss-and-run exocytosis. An immediate
interpretation of these data is that the actin cortex acts as a sup-
port scaffold to stabilize the �-figure fusion transient in kiss-and-
run exocytosis. Disruption of F-actin favors the collapse of the
�-figure intermediate to transition to full collapse.

We further show that myosin II also plays a complementary
role in this process. Previous studies have shown that different
myosin isoforms play an important role in regulating exocytosis
(Trifaró et al., 2007). Indeed, chemical stimulation causes the

Figure 5. Variance analysis predicts actin and myosin II as regulators of kiss-and-run exocy-
tosis. Capacitance variance was used to probe the roles of actin and myosin II in regulation of the
�-figure. a, Cells held in the perforated-patch configuration were stimulated with 0.5 or 15 Hz
APe. Evoked membrane current (top) and measured cell capacitance (bottom) are shown for an
example single APe stimulus. In response to Ca 2� influx, cell capacitance increases by �15 fF,
indicating the fusion of eight or nine granules with the cell surface. Solid lines indicate linear fits
to prepulse and postpulse capacitance. Dotted lines indicate the standard deviation (�) of these
segments, and variance (� 2) is calculated after each stimulation. b, Variance was calculated
throughout stimulus trains of APe delivered at 0.5 Hz or 15 Hz in control and cells treated with
agents that perturb filamentous actin, MLCK, or myosin II function. Concentrations for each
agent were as in previous figures. Data are grouped according to pharmacological perturbation.
Numbers of cells in each condition are indicated numerically above each category. Statistical
significance was determined by Student’s t test with a significance barrier ( p) of 0.05. Error bars
represent SEM. Significance with respect to the untreated control group at the same stimulus
frequency is indicated as an asterisk. For comparison across conditions, dotted lines are drawn
to indicate the control values for 0.5 and 15 Hz stimulation. Icons to the right of the plot indicate
the mode of fusion at each control variance level.
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regulatory subunit of MLCK to become phosphorylated in a
calcium-dependent manner proportional to the magnitude of
the stimulus (Nicotera et al., 1986; Gutierrez et al., 1989). Fur-
thermore, granule recruitment to the readily releasable pool has
been shown to require phosphorylation of MLCK and activation
of myosin (Kumakura et al., 1994; Rosé et al., 2002). Recent work

found that expression of a phosphorylation-incompetent form of
myosin II regulatory light chain decreased the kinetics of cate-
cholamine release from single granules. These data demonstrate
that myosin II both is required for vesicle mobility and may have
a role in the later stages of exocytosis on the single-granule scale
(Neco et al., 2002, 2004). Our data are consistent with, and build
on, these data. We find that pharmacological perturbation of
MLCK either by pretreatment with ML7 or by peptide transfec-
tion with M18 maintains kiss-and-run exocytosis in conditions
that normally favor full collapse. Furthermore, direct inhibition
of myosin II with blebbistatin mimicked this result, blocking the
activity-dependent shift from kiss-and-run to full-collapse exo-
cytosis. Cotreatment of cells with M18 to block MLCK and jas-
plakinolide to stabilize actin resulted in a complete transition
between modes of exocytosis by all parameters measured. That
the effects of M18 and jasplakinolide were not additive, and that
they resulted quantitatively in a full conversion from full collapse
to kiss-and-run under 15 Hz APe stimulation, indicates that they
likely act cooperatively to regulate the mode of exocytosis.

Clearly, the cellular mechanism responsible for the activity-
dependent shift in the mode of exocytosis does not end with actin
and myosin II. Previous work has demonstrated a specific role for
stimulus-dependent Ca 2� elevations in the regulation of actin
cortex (Trifaró et al., 2000, 2002). Increased Ca 2� activates the
actin regulatory protein scinderin. Calcium-bound scinderin
then severs F-actin to disrupt the actin cortex (Rodriguez Del
Castillo et al., 1990). Similarly, a second pathway may translate
increased cell firing into disruption of the actin cortex. In the
unphosphorylated form, myristoylated alanine-rich C-kinase
substrate (MARCKS) is bound to F-actin and stabilizes it in the
polymerized form. Increased cell firing, and thus increased cyto-
solic Ca 2�, may activate conventional isoforms of protein kinase
C (PKC) to phosphorylate MARCKS. In the phosphorylated
form, MARCKS dissociates from F-actin to favor actin depoly-
merization (Cuchillo-Ibáñez et al., 2004). Indeed, previous work
has shown that cytosolic calcium levels under 0.5 Hz APe stimu-
lation are insufficient to activate PKC, whereas 15 Hz APe stim-
ulation does activate PKC. PKC activation correlates with a shift
in exocytic mode from kiss-and-run to full collapse. Moreover,
pharmacological block or activation of PKC shifts the mode of
exocytosis independent of stimulation intensity (Fulop and
Smith, 2006). These potential regulatory paths may begin to out-
line a cellular signaling cascade whereby elevated cell firing leads
to a Ca 2�-mediated activation of scinderin and PKC. PKC then
could phospho-activate MARCKS and cause it to act in concert
with scinderin to dissociate the actin cortex, thus allowing the
transition from kiss-and-run to full-collapse exocytosis. Acti-
vated PKC could then potentially phosphorylate MLCK (Clem-
ent et al., 1992; Vitale et al., 1995) to initiate the myosin II-
mediated contribution to the conversion in exocytotic mode.
Further biophysical and biochemical experiments will be needed
to test this potential pathway and to determine whether it repre-
sents the cellular events responsible for the transition between the
sympathetic “breed and feed” and the “fight or flight” metabolic
status.
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