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Introduction

Exocytosis of vesicular contents through the fusion of secretory 
vesicles/granules with the plasma membrane is a fundamental 
cellular process involved in many cellular functions, including 
cell migration, wound repair, neurotransmission, and hormone 
secretion. In neurons and neuroendocrine cells, calcium-depen-
dent exocytosis has been a topic of intense investigation for de-
cades, and many molecular players that orchestrate secretory 
vesicle recruitment, docking, and fusion with the plasma mem-
brane have been identified (Jahn and Fasshauer, 2012). How-
ever, the functional characteristics of the exocytotic sites that 
ensure vesicle tethering to appropriate active membrane areas 
and assembly of the exocytotic machinery (Ammar et al., 2013) 
remain poorly understood. Distinct lipid compositions within 
the plasma membrane have been proposed to provide spatial 
cues to recruit and assemble components of the exocytotic ma-
chinery. For instance, cholesterol-enriched lipid microdomains 
(rafts) formed at granule docking sites could play this role based 
on the finding that proteins required for exocytosis are associ-
ated with cholesterol-dependent regions in the plasma mem-
brane (Chasserot-Golaz et al., 2010; Sebastião et al., 2013). In 
addition, phosphatidylinositol 4, 5-bisphosphate (PI(4,5)P2) has 
been shown to form microdomains in the plasma membrane, 

which seems to be required for efficient SNARE-mediated gran-
ule docking and fusion with the plasma membrane (Aoyagi et 
al., 2005; Lang, 2007). In chromaffin cells, we have previously 
found that secretagogue-evoked stimulation induces the de novo 
formation of ganglioside GM1/cholesterol/PI(4,5)P2-enriched 
lipid microdomains, which seem necessary for catecholamine 
secretion (Chasserot-Golaz et al., 2005; Umbrecht-Jenck et al., 
2010). All together, these data suggest that the occurrence of an 
unknown regulated mechanism responsible for lipid segrega-
tion and clustering creates exocytotic sites.

Annexin A2 (AnxA2) belongs to a family of calcium-, 
actin- and phospholipid-binding proteins that are widely ex-
pressed in eukaryotic cells. Annexins have emerged as import-
ant links between intracellular Ca2+ signals and the regulation 
of various membrane functions such as regulating the organi-
zation of membrane domains and/or linking the cytoskeleton 
to the plasma membrane (Gerke et al., 2005). AnxA2 can exist 
as a monomer or as part of a heterotetrameric complex with 
the protein S100A10, where the central S100A10 dimer binds 
two AnxA2 chains, forming a scaffold that can bridge oppos-
ing membrane surfaces and actin filaments (Lewit-Bentley et 
al., 2000). There is growing evidence that AnxA2 is involved in 

Annexin A2, a calcium-, actin-, and lipid-binding protein involved in exocytosis, mediates the formation of lipid micro-
domains required for the structural and spatial organization of fusion sites at the plasma membrane. To understand how 
annexin A2 promotes this membrane remodeling, the involvement of cortical actin filaments in lipid domain organiza-
tion was investigated. 3D electron tomography showed that cortical actin bundled by annexin A2 connected docked 
secretory granules to the plasma membrane and contributed to the formation of GM1-enriched lipid microdomains at 
the exocytotic sites in chromaffin cells. When an annexin A2 mutant with impaired actin filament–bundling activity was 
expressed, the formation of plasma membrane lipid microdomains and the number of exocytotic events were decreased 
and the fusion kinetics were slower, whereas the pharmacological activation of the intrinsic actin-bundling activity of 
endogenous annexin A2 had the opposite effects. Thus, annexin A2–induced actin bundling is apparently essential for 
generating active exocytotic sites.
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calcium-dependent exocytosis (Bharadwaj et al., 2013). Using 
a gene knockdown strategy in chromaffin cells, we have previ-
ously described a role for AnxA2 in the formation of the GM1/
cholesterol/PI(4,5)P2-enriched lipid microdomains at granule 
docking sites after cell stimulation (Chasserot-Golaz et al., 
2005; Umbrecht-Jenck et al., 2010). Hence, AnxA2 exhibits 
many attractive properties to ensure lipid domain coalescence. 
It binds lipids in a Ca2+-dependent manner (Gokhale et al., 
2005) and displays an F-actin–bundling activity when interact-
ing with S100A10 (Donato, 2001). As the actin cytoskeleton 
has also been proposed to act as a scaffold that forms organized 
lipid domains and recruits selected proteins (Sankaranarayanan 
et al., 2003; Dinic et al., 2013), we investigated whether AnxA2 
could organize actin filaments to promote the formation of lipid 
microdomains in the plasma membrane. These results reveal 
that AnxA2 and the actin cytoskeleton are essential partners to 
provide lipid platforms for granule recruitment and fusion, and 
challenge the classical role depicted for the cortical actin cyto-
skeleton in calcium-dependent exocytosis.

Results

Actin filaments contribute to the formation 
of GM1-enriched granule docking sites in 
nicotine-stimulated chromaffin cells
We first investigated whether actin filaments were associ-
ated with the lipid domains formed at the exocytotic sites in 
nicotine-stimulated cells. A triple labeling experiment was 
performed using phalloidin to detect F-actin, anti-dopa-
mine-β-hydroxylase (DBH) antibodies to visualize exocytotic 
sites (Chasserot-Golaz et al., 2005), and fluorescent cholera 
toxin to label GM1-enriched domains (Harder et al., 1998; 
Janes et al., 1999). In unstimulated chromaffin cells (Fig. 1 A), 
actin formed a cortical network, which is classically believed 
to prevent chromaffin granule docking at the plasma mem-
brane (Sontag et al., 1988). No DBH patches were detected, 
confirming the low basal secretory activity in the absence of 
a secretagogue, and only a weak staining with cholera toxin 
was observed at the cell surface. In nicotine-stimulated cells, 
the actin barrier was partially removed, a patchy DBH staining 
pattern appeared at the cell surface, and the binding of fluores-
cent cholera toxin was concomitantly increased, revealing the 
formation of GM1-enriched microdomains. Residual F-actin 
colocalized with both GM1-enriched domains and DBH-posi-
tive exocytotic sites as shown in mask images (Fig. 1 A). Quan-
tification of the relative proportion of F-actin associated with 
cholera toxin or DBH indicated that, in stimulated chromaffin 
cells, ∼50% of the residual actin filaments were associated with 
GM1 domains and exocytotic sites (Fig. 1 B).

Using immunogold electron microscopy, the distribution 
of actin and GM1 was studied on native plasma membrane 
sheets prepared from unstimulated or nicotine-stimulated chro-
maffin cells (Wilson et al., 2004; Umbrecht-Jenck et al., 2010). 
In unstimulated cells, GM1 (6 nm gold particles) was uniformly 
dispersed in small clusters containing 2–3 particles (circles in 
Fig. 1 C and Fig. S1). Actin formed dark filamentous structures 
as revealed using anti-actin antibodies (10 nm gold particles), 
some of them connecting granules docked to the plasma mem-
brane (Fig. 1 C). Conversely, in nicotine-stimulated cells, GM1 
was found in larger clusters associated with actin filaments near 
docked granules (Fig. 1 C). An increase in the amount of actin 

was also observed at the surface of docked granules, suggesting 
that secretory granules were coated with actin during exocytosis.  
Numerical analysis of the particle distribution relative to the 
granules showed that actin and GM1 were concentrated in a 0.1-
µm zone from the edge of granules (Fig. 1 D). Analysis of the 
spatial distribution of GM1 and actin using Ripley’s K function 
confirmed that GM1 was randomly distributed in unstimulated 
cells. However, in nicotine-stimulated cells (Fig. 1 F), GM1 sig-
nificantly clustered with actin in domains with a radius of 180–
200 nm (Fig. 1 E). Thus, the increase of cholera toxin binding 
observed at the surface of stimulated cells by light microscopy 
(Fig. 1 A) is likely to be the result of the coalescence of GM1 
nanodomains triggered by cell stimulation (Chasserot-Golaz et 
al., 2005). Collectively, these results suggest that in chromaffin 
cells, secretagogues induce the formation of GM1-enriched mi-
crodomains associated with actin filaments and docked secre-
tory granules at the plasma membrane.

To assess the role of these actin filaments in the formation 
of GM1-enriched domains, chromaffin cells were treated with 
50 µM latrunculin B to depolymerize F-actin (Gasman et al., 
2004). Latrunculin B caused the disappearance of the actin fil-
aments associated with docked granules on plasma membrane 
sheets from nicotine-stimulated cells (Fig. 1 C, Latrunculin B). 
Secretory granules also appeared smoother, possibly because 
of the absence of their actin coating. In parallel, latrunculin B 
impaired GM1 labeling, which was randomly distributed as in 
unstimulated membranes (Fig. 1 F). Thus, latrunculin B inhib-
ited the formation of GM1 clusters in nicotine-stimulated chro-
maffin cells, suggesting that F-actin is involved in the formation 
of GM1-enriched domains during exocytosis.

Electron tomography was then used to determine ar-
chitectural details of the spatial organization of the actin fil-
aments present at the inner face of the plasma membrane in 
nicotine-stimulated cells (Fig. 2 and Video 1). As seen on a 3D 
representation of docked granules obtained from tomographic 
slices (Fig. 2, C–H), actin filaments labeled with anti-actin anti-
bodies formed a meshwork running parallel to the plasma mem-
brane (Fig. 2 B, in blue) and connected secretory granules to the 
plasma membrane (Fig. 2 B, in green). Equatorial sections of 
docked granules (Fig. 2 I) revealed anchoring points for actin 
filaments on the granule surface. Moreover, the granule surface 
was covered with actin filaments (Fig. 2 J), confirming the pres-
ence of an actin coating on granules docked at exocytotic sites.

The side-view of tilt transmission electron microscopy 
(TEM) series reconstructions of docked granules at different 
stages of fusion clearly showed that actin bundles linked secre-
tory granules to the plasma membrane (PM) through specific 
membrane-associated structures (Fig. 3 A, V). These structures 
could correspond to the fine strands cross-linking granules to the 
plasma membrane previously revealed by quick-freeze, deep-
etch electron microscopy (Nakata et al., 1990). These actin fil-
aments were also observed when granules collapsed gradually 
to fuse with the plasma membrane. As recently described by 
Chiang et al. (2014), the size of the granules undergoing exo-
cytosis seemed to decrease. It is interesting to note the positive 
curvature of the plasma membrane under docked granules that 
could be caused by forces exerted by the formation of actin bun-
dles. Fig.  3 B shows that actin filaments connected secretory 
granules to the plasma membrane at anchor points localized in 
an area of 90–250 nm around the granule. This area corresponds 
to the 0.1-µm zone from the edge of granules where GM1 and 
AnxA2 beads were concentrated (Fig. 1 D; also see Fig. 4 B) 
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Figure 1.  F-actin and GM1 colocalize in microdomains formed at exocytotic sites. (A) Chromaffin cells were unstimulated (U) or stimulated for 10 min with 
nicotine (S) in the presence of anti-DBH antibodies and Alexa Fluor 633–conjugated cholera toxin. Cells were then fixed and labeled with TRITC-phalloidin 
and Alexa Fluor 488–conjugated anti–rabbit antibodies to reveal DBH staining. Merged images were recorded in the same optical section. Bars, 10 µm.  
Masks representing the colocalization area (phalloidin/cholera toxin or phalloidin/DBH) were generated by selecting the double-labeled pixels. (B) Semi-
quantitative analysis of the percentage of F-actin colocalized with GM1 and exocytotic sites. Asterisks indicate statistical significance (***, P < 0.001) 
for medians (black line) determined using a Mann-Whitney test and the white line represents the mean (±SEM; n = 20). Similar results were obtained on 
two culture preparations. (C) Distribution of GM1 and actin on plasma membrane sheets visualized by immunogold labeling and electron microscopy. 
Membrane sheets were prepared from untreated cells or cells stimulated with 20 µM nicotine in the presence of biotinylated cholera toxin to detect external 
GM1. Cells were treated with 50 µM latrunculin B where indicated. Membranes were then incubated with anti-actin antibodies revealed with anti–rabbit 
antibodies coupled to 10 nm gold particles and streptavidin coupled to 6 nm gold particles to reveal cholera toxin/GM1. Bars, 100 nm. (D) Histogram 

 on S
eptem

ber 4, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


JCB • VOLUME 210 • NUMBER 5 • 2015788

and may constitute the dynamic platform in which protein and 
lipid diffusion is restricted (Saka et al., 2014).

AnxA2 is present at GM1-enriched granule 
docking sites in nicotine-stimulated cells
As AnxA2 is known to translocate to the cell periphery upon 
stimulation (Chasserot-Golaz et al., 2005; Umbrecht-Jenck et al., 
2010), the distribution of AnxA2 and actin filaments on plasma 
membrane sheets obtained from unstimulated (Fig.  4  A) and 
nicotine-stimulated chromaffin cells were compared (Fig. 4 B). 
Double immunogold staining with anti-AnxA2 antibodies and 
phalloidin revealed that in unstimulated conditions, low AnxA2 
and actin labelings were observed (Fig. 4 A), whereas in stim-
ulated cells, AnxA2 colocalized with F-actin in clusters found 
at the anchoring base of docked granules (Fig. 4 B). Ripley’s 
K-function statistical analysis indicated that AnxA2 and F-ac-
tin colocalized in domains whose radius was on the order of 
80–120 nm (Fig. 4 C). This close association between AnxA2 
and F-actin is consistent with the actin-binding properties of 
AnxA2 (Hayes et al., 2006).

In plasma membranes prepared from nicotine-stimulated 
cells, GM1/actin gold particles could also be observed in dark 
structures devoid of docked granules (Fig.  4  D). Since these 
structures were not seen in unstimulated cells, they could corre-
spond to either docking sites from which granules had detached 
during the membrane sheet preparation or “pre-exocytotic sites” 
before granule recruitment. A triple immunolabeling of mem-
brane sheets prepared from nicotine-stimulated chromaffin cells 
was performed using a combination of 6, 10, and 15 nm gold 
particles to covisualize GM1, S100A10, and AnxA2 (Fig. 4 E), 
or GM1, actin, and syntaxin-1 (Fig. 4 F). GM1-enriched micro-
domains formed in nicotine-stimulated cells also contained the 
AnxA2 tetramer (S100A10 and AnxA2), actin filaments, and 
the SNARE protein synataxin1. Considering that AnxA2 is re-
cruited close to syntaxin1 and Vamp2 (Umbrecht-Jenck et al., 
2010), these AnxA2/GM1/actin domains could represent func-
tional lipid domains corresponding to genuine “pre-exocytotic 
sites,” where secretory granules subsequently dock and fuse.

AnxA2 bundles actin filaments to form 
GM1-enriched domains at exocytotic sites
Upon its calcium-dependent binding to F-actin, AnxA2 un-
dergoes a conformational change that induces self-association 
and bundling of actin filaments (Bharadwaj et al., 2013). To in-
vestigate whether AnxA2 modifies cortical actin dynamic and 
thereby mediates the formation of GM1 membrane domains 
in nicotine-stimulated cells, an AnxA2 mutant with impaired 
F-actin bundling activity was created (Jones et al., 1992). The 
actin binding and aggregating activities of AnxA2 wild type 
(AnxA2-WT) and AnxA2-K286A were first compared in vitro 
using GST-coupled recombinant proteins incubated with F-ac-
tin in the absence or presence of calcium. Calcium similarly in-
creased the amount of F-actin pulled down by GST-AnxA2-WT 
and GST-AnxA2-K86A (Fig. 5 A), indicating that both proteins 

were able to bind and aggregate F-actin in a calcium-depen-
dent manner. However, the ultrastructure of F-actin/AnxA2 
aggregates was quite different (Fig.  5  B). Large, linear actin 
filament bundles were observed with AnxA2-WT (Fig.  5  B, 
inset), whereas disorganized aggregates were observed with 
AnxA2-K286A, thus confirming that the mutant has lost 
its actin bundling activity.

Thereafter, AnxA2-WT and AnxA2-K286A were ex-
pressed in chromaffin cells as C-terminal GFP fusion proteins 
to maintain their biochemical and functional properties (Zobi-
ack et al., 2001; Rescher et al., 2008), and cells were stimulated 
with nicotine, in the presence of cholera toxin to visualize GM1 
domain formation, and then stained with TRITC-phalloidin. 
As shown in Fig.  5  C, stimulation induced the translocation 
of WT and mutant AnxA2 proteins to the cell periphery, but 
compared with cells expressing the WT protein, very little cell 
surface binding of cholera toxin was observed in cells express-
ing AnxA2-K286A-GFP (Fig.  5  C). A semiquantitative anal-
ysis confirmed that AnxA2-K286A-GFP expression reduced 
both cholera toxin and F-actin labelings at the cell periphery 
(Fig. 5 D). Thus, the actin-bundling activity of AnxA2 seems 
essential to form and/or stabilize the GM1-enriched micro-
domains forming exocytotic sites in nicotine-stimulated cells.

Withaferin A (WA), a natural compound derived from 
plants, increases AnxA2 affinity for actin filaments and its 
F-actin–bundling activity (Falsey et al., 2006; Ozorowski et 
al., 2012). To support the assumption that AnxA2 mediates 
the formation of GM1 membrane domains by modifying cor-
tical actin dynamics, the effects of WA on actin filaments and 
the formation of GM1 clusters were studied in nicotine-stim-
ulated chromaffin cells. As shown in Fig.  6 (A and B), WA 
treatment increased the peripheral labeling of cholera toxin 
and phalloidin in nicotine-stimulated cells, suggesting that the 
actin-bundling activity of AnxA2 is linked to the formation of 
GM1-enriched microdomains at the plasma membrane. Indeed, 
electron tomography of plasma membrane sheets prepared from 
WA-treated cells confirmed the increase in cortical actin mesh-
work (Fig.  6  C). 3D tomographic representations of docked 
granules (Fig. 6 D and Video 2), side-views of tilt TEM series 
reconstructions of a docked granule (Fig.  6 E), and plot pro-
files (Fig. 6, F–I) all clearly revealed an increase in thickness 
of the actin coat and bundles connecting secretory granules to 
the plasma membrane. All together, these results suggest that 
AnxA2 mediates the formation of GM1 microdomains through 
its actin-bundling activity, thereby forming exocytotic sites in 
nicotine-stimulated cells.

AnxA2 F-actin–bundling activity is involved 
in secretory granule recruitment and fusion 
during exocytosis
The involvement of AnxA2 F-actin–bundling activity in cate-
cholamine release was investigated using carbon fiber amper-
ometry to determine the frequency and kinetics of individual 
exocytotic events (Poëa-Guyon et al., 2013; Table 1). Fig. 7 A 

representing the relative distribution of 6 nm and 10 nm gold particles according to their distance from a granule (error bars indicate ±SEM; n = 40 im-
ages). The distance and number of particles were determined manually. Note that GM1-bound particles and actin-bound particles are concentrated within 
0.1 µm from the granule edge. A significant number of actin-bound particles were located on the granules (<25 nm away). (E) Bivariate K-function analysis 
of double-labeled membranes. Images obtained in unstimulated (15) and nicotine-stimulated (20) cells were analyzed. Values of L(r)-r greater than the 
95% CI indicated the significant coclustering of actin and GM1. (F) Spatial point pattern analysis of GM1 labeling. For each condition, 30 images were 
analyzed and experiments were performed on two different cell cultures. Values of L(r)-r greater than the 95% CI indicated significant GM1 clustering in 
nicotine-stimulated cells, whereas a random pattern was seen in untreated cells and nicotine-stimulated cells treated with latrunculin B.
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shows representative amperometric traces recorded from chro-
maffin cells expressing AnxA2-K286A or treated with WA. 
AnxA2-K286A decreased the frequency of the amperometric 
events by 60%, whereas WA increased it (Fig. 7 B), suggesting 
that the actin filament-bundling activity of AnxA2 partly con-
trols the number of secretory granules undergoing exocytosis.

Thereafter, the shape of individual amperometric spikes 
was analyzed. Each spike represents a single granule fusion 
event with a surface area or quantal size that is proportional to 

the amount of catecholamine released per event, with the spike 
height (amplitude) reflecting the maximal flux of catechol-
amine, the half-width reflecting the duration of the exocytotic 
event, and the rise time reflecting the kinetics of the fusion pore 
expansion (Fig.  7  C). Both AnxA2-K286A and WA affected 
some of these spike parameters (Fig. 7 D). Although the quantal 
size of the spikes was not affected, the half-width, the mean 
spike amplitude, and the spike rise time were modified in cells 
expressing AnxA2-K286A or treated with WA. Note that WA, 

Figure 2.  Electron tomography of the cortical 
actin network surrounding secretory granules 
docked at the plasma membrane. (A) Electron 
micrograph showing a plasma membrane pre-
pared from a nicotine-stimulated cell. Secre-
tory granules docked at the plasma membrane 
were surrounded by a filamentous network. (B) 
A 3D model of the granule in A showing the 
close interaction between docked secretory 
granules and the cortical F-actin network cov-
ering the inner face of the plasma membrane. 
False colors were applied using a color code 
related to the topographic height (shown on 
the right), with the plasma membrane sheets 
as the lowest plane (Video 1). (C–H) Series 
of tomographic slices of the docked granule 
in A. The first (Top) and last sections (Bottom) 
correspond, respectively, to the farthest and 
closest parts of the docking region of secretory 
granules at the plasma membrane. Actin col-
loidal gold immunostaining (arrows) served as 
a fiducial marker for image alignment during 
tomographic reconstruction. The inset in E is a 
2.5× enlargement of the granule whose limit 
is shown as a broken black line. The aster-
isks indicate the protrusions that correspond 
to anchored F-actin. SG, secretory granule. 
(I) Surface-rendered view of a subtomogram 
corresponding to an equatorial section of the 
granule shown in A. The 3D representation is 
associated with the three tomographic sections 
(left) showing different branched anchoring 
structures that are connected to the granule. 
(J) Surface-rendered view of a subtomogram 
corresponding to a longitudinal section of the 
granule shown in A. The volume eraser tool 
in UCSF Chimera was used to perform curet-
tage inside the granule until reaching the mem-
brane. The topography of the granule surface 
is displayed in purple. The excess removed by 
curettage is shown in green. The path followed 
by the actin filaments is represented by the bro-
ken yellow lines. Bars: (A) 200 nm; (C) 100 
nm; (E, inset) 25 nm; (I and J) 25 nm.
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which potentially increases the F-actin–bundling activity of en-
dogenous AnxA2, and AnxA2-K286A devoid of F-actin–bun-
dling activity had opposite effects on these spike parameters.

Amperometric spikes are often preceded by the so-called 
prespike foot (PSF) currents, believed to reflect the slow release 
of catecholamines through an initial narrow fusion pore, before 
its subsequent rapid expansion that gives rise to the spike. Sig-
nificant changes in PSF parameters were also observed (Fig. 8 
and Table 1). Chromaffin cells expressing AnxA2-K286A ex-
hibited significantly longer PSF (24.3 ± 2.1 ms versus 15.7 ± 
2.1 ms in nontransfected cells) and an increase in foot charge 
(+30%), whereas WA-treated cells showed shorter and smaller 
PSF. Thus, these amperometric data are consistent with a 
role for AnxA2-dependent actin filament-bundling activity in 

the recruitment of secretory granules (number of exocytotic 
events), and possibly in the stabilization of the nascent fu-
sion pore and its enlargement, thereby allowing full fusion in 
the late stage of exocytosis.

Finally, to address the causal relationship between 
AnxA2-induced actin bundling and granule recruitment and 
docking, we counted the number of docked granules on mem-
brane sheets prepared from stimulated chromaffin cells express-
ing either AnxA2-WT or AnxA2-K286A. Immunogold labeling 
of GFP (25 nm gold particles) was used to identify membrane 
sheets of transfected cells. As illustrated in Fig. 9, the number 
of docked granules was higher in stimulated than in resting cells 
(0.08 and 0.022 granules/µm2, respectively) in cells that were 
not transfected or in cells expressing AnxA2-WT. However, the 

Figure 3.  Spatial organization of actin filaments con-
necting secretory granules to the plasma membrane.  
(A) TEM images at zero tilt of a docked secretory gran-
ule and a series of secretory granules at different stages 
of fusion (left) and the corresponding clipping plane of 
the side view of the isosurface representation of their 
tomogram (right). Actin cytoskeleton favoring exocytosis 
(asterisks) of secretory granules (SG) is clearly linked to 
the plasma membrane (PM) through specific associat-
ed-membrane structures (V). Bars, 200 nm. (B) Slices 
through a tomogram of docked and fusing secretory 
granules. Red broken circles define an area of 90– 
250 nm around the granules, wherein anchor points for 
cortical actin at the plasma membrane were systemati-
cally localized. Bars, 100 nm.
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Figure 4.  GM1-enriched domains formed at the plasma membrane in nicotine-stimulated cells contain the AnxA2 tetramer, actin filaments, and SNARE 
proteins. (A and B) Double staining of AnxA2 (10 nm gold particles) and phalloidin (6 nm gold particles) on plasma membrane sheets prepared from un-
stimulated (A) and nicotine-stimulated cells (B). The right panel in B shows a higher magnification of the region delimited by the rectangle. Note that AnxA2 
is also present on the docked granule surface (arrowhead). (C) Bivariate K-function analysis of double-labeled membranes (n = 44 images). Values of L(r)-r 
greater than the 95% CI indicated the significant colocalization of F-actin and AnxA2 in nicotine-stimulated chromaffin cells. (D) Spatial distribution of GM1 
(6 nm gold particles, squares) and actin (10 nm gold particles) on the plasma membrane from a nicotine-stimulated cell. (E and F) Plasma membrane sheets 
from nicotine-stimulated cells stained for either GM1 (6 nm gold particles, squares)/S100A10 (10 nm gold particles, circles)/AnxA2 (15 nm gold particles) 
or GM1 (6 nm gold particles, squares)/actin (15 nm gold particles)/syntaxin (10 nm gold particles, circles). Bars, 100 nm.
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number of docked granules was reduced by nearly 70% in stim-
ulated cells expressing AnxA2-K286A. This decrease was in the 
same range as the reduction of amperometric events observed in 
AnxA2-K286A–expressing cells (Fig. 7 B). The tomogram side 
view of a docked granule in cells expressing AnxA2-K286A 
revealed a disorganization of actin on the granule, an absence of 
actin bundles connecting granules to the plasma membrane, and 
no positive curvature of the plasma membrane under the docked 
granule (Fig. 9 B). Additionally, in chromaffin cells treated with 
WA, there was an increase in the number of docked granules 
(Fig. 9), in line with the increase in the number of amperometric 

events (Fig. 7 A). Altogether, these results strongly reinforce the 
idea that AnxA2 promotes the formation of actin bundles that 
anchor secretory granules to the plasma membrane and regu-
late the kinetics of fusion.

Discussion

AnxA2 is a prominent and well-studied member of the annexin 
family of Ca2+-dependent membrane-binding proteins known 
to be involved in several cellular processes including secretion 

Figure 5.  The actin-bundling activity of AnxA2 
is linked to the formation of GM1-enriched do-
mains in stimulated cells. (A) F-actin binding 
assay of recombinant GST-AnxA2 WT and GST-
AnxA2 K286A in the absence and presence of 
calcium. Purified recombinant AnxA2 proteins 
fused with GST (4  µM) were incubated with 
preformed actin filaments (18 µM) for 30 min 
at room temperature. After low-speed centrifu-
gation, the supernatant (S) and pellet (P) were 
collected and separated on a 4–20% SDS-
PAGE-gel. (B) Electron microscopic visualiza-
tion of recombinant AnxA2/F-actin aggregates. 
Before centrifugation, a 5-µl aliquot was spread 
on electron grids and prepared for electron 
microscopy. The inset shows a higher magni-
fication of the region delimited by the square. 
(C) Cells expressing AnxA2-WT-GFP or AnxA2-
K286A-GFP were stimulated with 59 mM K+ in 
the presence of fluorescent cholera toxin to vi-
sualize GM1-enriched domains, then fixed and 
stained with TRITC-phalloidin. Confocal images 
were recorded in the same optical section. As-
terisks indicate nontransfected cells. (D) Semi-
quantitative analysis of cholera toxin (GM1) 
and F-actin labeling in nicotine-stimulated cells 
expressed in arbitrary units (±SEM; n = 20). 
Statistical significance for medians (black line) 
was determined using a Mann-Whitney test. 
Asterisks indicate statistical significance (*, P < 
0.05; ***, P < 0.001) and the white lines rep-
resent the means. Similar results were obtained 
on three culture preparations. Bars: (B, main 
panels) 500 nm; (B, inset) 100 nm; (C) 10 µm.
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Figure 6.  WA stimulates the formation of GM1-enriched domains and thickens actin bundles connecting secretory granules to the plasma membrane in 
nicotine-stimulated cells. (A) Confocal micrographs of cells treated for 1 h with 3 µM WA and stimulated with 10 µM nicotine in the presence of cholera 
toxin. Cells were then fixed and labeled with rhodamine-conjugated phalloidin to visualize F-actin. (B) Semiquantitative analysis of cholera toxin and 
F-actin labeling expressed in arbitrary units (±SEM; n = 15). Statistical significance for medians (black line) was determined using a Mann-Whitney test. 
The asterisks indicate statistical significance (**, P < 0.01; ***, P < 0.001) and the white lines represent the means. Similar results were obtained in two 
independent experiments performed on two culture preparations. (C) Electron micrographs of plasma membrane sheets prepared from nicotine-stimulated 
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in many cell types (Bharadwaj et al., 2013). Most of its cellu-
lar functions are related to the calcium-dependent phospholip-
id-binding properties. Yet, AnxA2 also displays an actin-binding 
and bundling activity whose functional importance within cells 
remains poorly understood. In neuroendocrine chromaffin cells, 
AnxA2 translocates from the cytosol to the plasma membrane 
upon cell stimulation, promoting the formation and/or stabiliz-
ing the lipid microdomains required for structural and spatial 
organization of the exocytotic machinery (Chasserot-Golaz et 
al., 2005; Umbrecht-Jenck et al., 2010). In this study, we show 
that AnxA2-mediated actin bundles form GM1-enriched lipid 
microdomains at the plasma membrane, where syntaxin-1 and 
docked granules were observed. At these presumed exocytotic 
sites, actin bundles coat and anchor granules to the plasma 
membrane. Functional studies performed using amperometry 
indicate that the AnxA2-dependent actin-bundling activity con-
trols the number of docked granules and exocytotic events, and 
somehow provides a driving force that promotes fusion pore 
expansion and granule cargo release. This is the first report de-
scribing the 3D actin cytoarchitecture at the site of exocytosis, 
and establishing a role for the AnxA2-dependent actin bundling 
activity in the pathway underlying secretion.

Actin bundles anchor docked granules to 
the plasma membrane
Actin is well known to influence some of the many steps lead-
ing to exocytosis in neuroendocrine cells. Until recently, the 
widely accepted view was that the cortical actin network acts 
essentially as a physical barrier to prevent granule access to the 
cell surface. However, such a housekeeping function for actin 
is inconsistent with several functional studies suggesting an 
active role for actin in the exocytotic machinery (for reviews 
see Malacombe et al., 2006; Gutiérrez, 2012). For instance, 
actin filaments in association with myosins participate in the 
transport and guiding of secretory granules to their fusion sites 
(Papadopulos et al., 2013a,b; Tomatis et al., 2013). Actin has 
also been proposed to play a positive role in late stages of exo-
cytosis by controlling the fusion pore and specifying kiss and 
run versus full exocytosis (Gutiérrez, 2012) and/or by directly 
expelling secretory content (Miklavc et al., 2012). Thus, it is 
now clear that exocytosis cannot occur without a minimal actin 
cytoskeletal structure, although the presence and organization 
of actin at the sites of exocytosis has never been observed be-
fore and has been highly speculative. Here, we provide the first 
detailed electron tomography analysis of the fine structure of 
actin filaments present at exocytotic sites under close-to-native 
conditions. Images of the 3D arrangement of the cytoskeleton 
entrapping secretory granules docked at the plasma membrane 
revealed that actin filaments coat docked granules and form 
bundles connecting granules to the plasma membrane. Our re-
sults support the notion that the F-actin cytoarchitecture orga-
nizes different components of the secretory machinery to shape 

exocytosis in neuroendocrine cells (Gutiérrez, 2012). The ori-
gin of this actin-based docking machinery in stimulated cells 
is not known. The actin-bundling activity of AnxA2 appears to 
account, at least in part, for the actin bundles anchoring gran-
ules to the plasma membrane. However, actin filaments may 
also be synthesized de novo onsite by local adaptor molecules 
described to be present at exocytotic sites such as N-Wasp and 
Arp2/3 (Gasman et al., 2004) or Rab27A and MyRip (Des-
nos et al., 2003), or represent residual polymerized actin per-
sisting at granule docking sites after secretagogue-induced 
cortical actin rearrangements.

Actin-bundling activity of AnxA2 is 
required for the formation of GM1-enriched 
granule docking sites
GM1/cholesterol/PI(4,5)P2-enriched lipid microdomains are 
required for efficient SNARE-mediated granule docking and 
fusion with the plasma membrane (Aoyagi et al., 2005; Lang, 
2007). Yet, the lateral diffusion rate of cholesterol and PI(4,5)
P2 within the lipid bilayer is probably much faster than their 
local biosynthesis rate, suggesting that lipid microdomain clus-
tering and formation depend on diffusion barriers provided by 
proteins. AnxA2 has been proposed for this putative role be-
cause the formation of GM1/cholesterol/PI(4,5)P2 clusters in 
stimulated chromaffin cells requires the translocation of AnxA2 
to the plasma membrane (Chasserot-Golaz et al., 2005) and 
AnxA2 has been found to be recruited to SNARE clusters at 
the plasma membrane (Umbrecht-Jenck et al., 2010). However, 
although the protein has the physical properties necessary for 
organizing lipid clusters (Drücker et al., 2013), mechanisms 
by which AnxA2 forms a specific lipid environment at granule 
docking sites need to be elucidated. We showed here that, in 
nicotine-stimulated cells, the actin-bundling activity of AnxA2 
promotes the formation of GM1-enriched microdomains at the 
plasma membrane, increases the number of morphologically 
docked granules at the plasma membrane, and controls the 
number of individual exocytotic events. Thus, AnxA2-depen-
dent actin bundles participate in the spatial organization of the 
plasma membrane, providing active sites for secretory granule 
docking and exocytotic fusion. These observations highlighting 
new functions for the actin cytoskeleton in regulated exocytosis 
are consistent with a recent report showing that F-actin inter-
feres with SNAP-25 patch mobility and significantly influences 
the probability of fusion of associated secretory granules (Torre-
grosa-Hetland et al., 2013). Yet, AnxA2-mediated actin bundles 
could also promote docking through the formation of the spe-
cific lipid environment required for SNARE complex formation 
or stabilize granules captured by minimal tethering machinery 
and prevent them from rapidly undocking (Toonen et al., 2006). 
Understanding the precise mechanism by which AnxA2-gen-
erated actin bundles contribute to the docking machinery and 
thereby accelerate vesicle fusion is clearly the next challenge.

and WA-treated cells labeled with anti-actin antibodies and immunogold. (D) 3D model of the same secretory granule showing the bundling effect of WA 
on the actin network anchored to the granule surface. False colors were applied using a color-coded surface related to the topographic height on the right 
(Video 2). (E) Clipping plane of the side view of the isosurface representation of a tomogram showing an increase in the actin network anchored to the 
granule surface in a WA-treated cell. (F–I) Central tomographic section of a docked secretory granule and corresponding enlargement (inset, 2.5× zoom) 
showing anchored actin filaments and the granule surface marked with a dotted black line. Graphs (G and I) represent a plot profile along the red line 
perpendicular to the actin filament. Images were obtained from control (F) and WA-treated (H) cells stimulated with nicotine. Plot profiles presented are 
representative of several measurements (n = 15 for each plot profile) from different tomograms (n = 3 for each conditions). Individual 10-nm actin filaments 
anchored granules in control cells, whereas large actin bundles consisting of at least five actin filaments were observed in WA-treated cells. Bars: (A) 5 µm; 
(C) 200 nm; (E, F and H, main panels) 100 nm; (F and H, insets) 25 nm.
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Actin-bundling activity of AnxA2 affects 
the kinetics of catecholamine release
Amperometric recordings revealed that the AnxA2 F-actin–bun-
dling activity was not only linked to the formation of exocytotic 
platforms and the number of morphological docked granules, 
but also to the kinetics of the exocytotic event itself. Indeed, 
the AnxA2 actin-bundling activity was correlated with the spike 
rise time, amplitude, and half-width, suggesting a possible link 
between the AnxA2-induced actin architecture and the flux of 
catecholamine release. AnxA2 contains a stretch of nine amino 
acids (residues 286–294) in its carboxy-terminal core that is re-
markably similar to the actin-binding site of the myosin S-1 
heavy chain (Jones et al., 1992). In nonneuronal cell types, actin 
coat contraction and myosin II have been proposed to compress 
fused granules for active extrusion of nonsoluble, bulky granu-

lar contents (Miklavc et al., 2012). In chromaffin cells, myosin 
II inhibition increases amperometric spike half-widths without 
changing quantal size (Berberian et al., 2009). Thus, to some 
extent, the role of AnxA2 seems to be close to that of myosin 
II. However, AnxA2 actin-bundling activity also affected the 
charge and lifetime of PSF, suggesting a functional link be-
tween AnxA2/actin and the characteristics of the early fusion 
pore, a role that has not been proposed for myosin II (Berbe-
rian et al., 2009). In fact, tension in the membrane is thought to 
favor fusion pore formation or expansion (Monck et al., 1991). 
By providing actin filament bundles at granule docking sites, 
AnxA2 could induce membrane deformation, possibly reflected 
by the positive curvature of the plasma membrane observed 
here under docked granules (Fig. 3 A). Furthermore, cholesterol 
depletion has been shown to decrease PSF duration (Cookson 

Figure 7.  The actin-bundling activity of AnxA2 is involved in granule recruitment and fusion. Chromaffin cells were stimulated with a local application 
of 100 mM KCl for 10 s, and catecholamine secretion was monitored using carbon fiber amperometry. Control release was measured in nontransfected 
cells from the same culture dish. (A) Typical amperometric recordings obtained in nontransfected cells (NT), cells expressing AnxA2-K286A-GFP, and cells 
treated for 1 h with 5 µM WA. (B) The number of amperometric spikes per cell recorded in nontransfected cells (NT), cells transfected with AnxA2-WT-GFP 
(A2-WT) or AnxA2-K286A-GFP (A2-K286A), or WA-treated cells (NT+WA). Results represent the mean ± SD (error bars) from 25–55 cells. (C) Schema 
showing the different spike parameters of the amperometric response (means ± SEM) measured in D. *, P < 0.05; **, P < 0.01.
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et al., 2013), suggesting that AnxA2 could also regulate fusion 
pore formation through its lipid segregation activity (Drücker 
et al., 2013) and its capacity to organize the GM1/cholesterol/
PI(4,5)P2-enriched exocytotic sites at the plasma membrane 
(Chasserot-Golaz et al., 2005; Umbrecht-Jenck et al., 2010). 

To conclude, AnxA2 plays a central role in neuroendo-
crine secretion, coordinating lipid microdomain formation, both 
spatially and temporally, with actin filament bundling necessary 
for efficient fusion and granule cargo release. The AnxA2-in-
duced microdomains are likely to be important for many fun-
damental biological processes requiring membrane dynamics 
ranging from cell differentiation to cell migration and secretion 
(Hitchcock et al., 2014; Astro and de Curtis, 2015).

Materials and methods

Antibodies and reagents
Rabbit polyclonal antibodies directed against AnxA2 (p36) purified 
from bovine aorta were diluted 1:200 (a gift from J.C. Cavadore, Institut 
National de la Santé et de la Recherche Médicale U-249, Paris, France). 
Rabbit polyclonal antibodies directed against DBH (EC.1.14.17.1) pu-
rified from bovine chromaffin granules were diluted 1:75 to specifi-
cally label secretory granules in chromaffin cells (Chasserot-Golaz et 
al., 1996). Mouse monoclonal antibodies directed against syntaxin, 
TRITC-conjugated phalloidin, and Latrunculin B were from Sigma-Al-
drich. Mouse monoclonal antibodies directed against GFP (clones 7.1 
and 13.1) were from Roche. Secondary goat anti–rabbit and anti–mouse 
antibodies and streptavidin coupled to Alexa Fluor conjugates (488, 
555, or 647) or gold particles were from Molecular Probes (Invitrogen) 
and Aurion, respectively. Fluorescent cholera toxin B subunit coupled 

to Alexa Fluor 633 or 555 were from Molecular Probes (Thermo Fisher 
Scientific), and WA was from Calbiochem inhibitors (EMD Millipore).

Chromaffin cells
Chromaffin cells were isolated from fresh bovine adrenal glands. 
In brief, glands were perfused with calcium-free Locke’s solution 
(140  mM NaCl, 4.7  mM KCl, 1.2  mM KH2PO4, 1.2  mM MgSO4, 
11 mM glucose, 0.56 mM ascorbic acid, and 15 mM Hepes, pH 7.5) 
containing 0.1% Clostridium histolyticum collagenase (Boehringer 
Ingelheim) and 0.5% BSA. Then, the medullae were dissected and 
further dissociation of chromaffin cells was achieved by passing the 
cells through a nylon sieve (120 µm pore size). Cells were collected in 
calcium-free Locke’s solution and purified on self-generating Percoll 
gradients and maintained in culture as described previously (Bader et 
al., 1986). To induce exocytosis, chromaffin cells were washed twice 
with Locke’s solution (140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 
1.2 mM KH2PO4, 1.2 mM MgSO4, 11 mM glucose, 0.56 mM ascorbic 
acid, 0.01 mM EDTA, and 15 mM Hepes, pH 7.5) then stimulated with 
Locke’s solution containing 20 µM nicotine or depolarizing solution 
(Locke’s solution adjusted to 59 mM K+).

DNA constructs and cell transfection
Human recombinant AnxA2 was inserted in BglII- and SalI-digested 
pEGFP-N3 (Rescher et al., 2000); this plasmid was provided by 
V. Gerke (Institute for Medical Biochemistry, Zentrum für Molekular-
biologie der Entzündung, University of Munster, Germany). AnxA2-
K286A-GFP mutant was generated using a QuikChange mutagenesis 
kit (Agilent Technologies) and the following oligonucleotides (for-
ward, 5′-AAGGGGACGCGAGATGCGGTCCTGATCAGAATC-3′; 
reverse, 5′-GATTCTGATCGAGACCGCATCTCGCGTCCCCTT-3′; 
bold nucleotides indicate changes in the sequence compared to WT). 
AnxA2 WT and AnxA2-K286A were subcloned in BglII- and Sa-
lI-digested pGEX4T1. Constructs were verified by DNA sequencing 
(GATC Biotech). GST-AnxA2 WT and GST-AnxA2-K286A were pro-
duced in BL21 E. coli and purified on glutathione-Sepharose beads (GE 
Healthcare) as described previously (Vitale et al., 1996). The purity 
was estimated at 98% by Coomassie blue staining of SDS-PAGE gels. 
Plasmids (3 µg) were transfected into chromaffin cells (5 × 106 cells) 
by electroporation (Amaxa Nucleofactor systems; Lonza) according to 
the manufacturer’s instructions. Electroporated cells were immediately 
recovered in warm culture medium and plated onto fibronectin-coated 
glass coverslips. Experiments were performed 48 h after transfection.

In vitro F-actin binding experiments
The F-actin–bundling activity of recombinant GST-AnxA2 (WT and 
K286A) was tested in vitro using the nonmuscle actin binding protein 
Spin-Down Biochem kit (catalogue no. BK013; Cytoskeleton, Inc.). 
F-actin binding proteins cosediment with actin aggregates in the pellet 
(14,000 g, 1 h). The distribution of the protein in the supernatants and 
pellets was analyzed by SYPRO Orange staining on SDS-PAGE gels 
(Invitrogen, Thermo Fisher Scientific).

Formation of actin bundles was assessed by electron microscopy 
(Ikebuchi and Waisman, 1990). Before centrifugation, aliquots (5 µl) 
were spread on electron grids and negatively stained with 1% uranyl 
acetate, and aggregates were observed using a transmission electron 
microscope (7500; Hitachi).

Immunofluorescence and confocal microscopy
For immunocytochemistry, chromaffin cells, grown on fibronec-
tin-coated glass coverslips, were fixed and labeled as described pre-
viously (Chasserot-Golaz et al., 1996). GM1 was labeled on live 
chromaffin cells incubated for 10 min with 8 µg/ml fluorescent cholera 

Figure 8.  The actin-bundling activity of AnxA2 modulates the formation 
of the initial fusion pore. (A) Schema showing the parameters of the PSF 
signal measured in B, C, and D panels. NT, nontransfected cells; A2-WT, 
cells transfected with AnxA2-GFP WT; A2-K286A, cells transfected with 
AnxA2-K286A-GFP; NT + WA, cells treated for 1 h with 5 µM WA. Data 
are expressed as mean ± SEM (error bars). *, P < 0.05; **, P < 0.01.
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toxin B subunit (coupled with Alexa Fluor 633 or Alexa Fluor 555) in 
Locke’s solution with or without 20 µM nicotine. The transient acces-
sibility of DBH to the plasma membrane of chromaffin cells was tested 
by incubating cells for 10 min in Locke’s solution containing 20 µM 
nicotine and anti-DBH antibodies diluted to 1:75. F-actin was stained 
with TRITC-conjugated phalloidin (0.5 µg/ml) for 15 min in the dark 
at room temperature. Cells were then mounted in Moviol (Hoechst) and 
visualized using a confocal microscope (SP5II; Leica) equipped with a 
Plan-Apochromat oil immersion objective lens (63×, NA 1.4). The pro-
portion of colocalization was estimated from the double-labeled pixels 

using ICY software (http://icy.bioimageanalysis.org/). The amount of 
cholera toxin or TRITC-phalloidin associated with the plasma mem-
brane was measured and expressed as the mean fluorescence intensity 
normalized to the corresponding surface area, and divided by the total 
perimeter of each cell. This allowed a quantitative cell-to-cell compar-
ison of the fluorescence detected in cells.

Amperometry
Bovine chromaffin cells were transfected with plasmids encoding GFP-
tagged AnxA2 WT or mutant and seeded in Petri dishes. After 48 h, 

Figure 9.  AnxA2 forms the actin bundles that 
anchor the secretory granules at the plasma 
membrane during exocytosis. (A) Electron 
micrograph plasma membrane sheets pre-
pared from unstimulated or stimulated cells 
transfected with AnxA2-WT-GFP (A2-WT) 
or AnxA2-K286A-GFP (A2-K286A), or non-
transfected cells treated with WA (NT+WA). 
Transfected cells were labeled with anti-GFP 
antibodies revealed with 25 nm gold parti-
cles. Bars, 500 nm. (B) TEM image at zero tilt 
of a secretory granule docked on the plasma 
membrane of a cell transfected with AnxA2-
K286A-GFP (left) and the clipping plane of the 
side view of the isosurface representation of 
the tomogram (right). Bars, 200 nm. (C) The 
number of granules morphologically docked 
on plasma membrane sheets of unstimulated 
(U) and stimulated (S) cells, nontransfected 
cells (NT), cells transfected with AnxA2-WT-
GFP (A2-WT) or AnxA2-K286A-GFP (A2-
K286A), or cells treated with WA (NT+WA). 
Results indicate ±SEM from 25–50 images. 
Asterisks indicate statistical significance (***, 
P < 0.001) for medians (black line) determined 
using a Mann-Whitney test, the white lines rep-
resent the means. Images were acquired from 
three different culture preparations.
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cells were washed with Locke’s solution and catecholamine secre-
tion was evoked by applying 100 mM K+ in Locke’s solution without 
ascorbic acid for 10 s to single cells by means of a glass micropipette 
positioned at a distance of 30–50 µm from the cell. Electrochemi-
cal measurements of catecholamine secretion were performed using 
5-µm-diameter carbon fiber electrodes (ALA Scientific Instruments) 
held at a potential of 650 mV compared with the reference electrode 
(Ag/AgCl) and approached closely to the recorded cells essentially as 
described previously (Poëa-Guyon et al., 2013). Amperometric record-
ings were performed with an amplifier (AMU130; Radiometer Analyti-
cal), sampled at 5 kHz, and digitally low pass filtered at 1 kHz. Analysis 
of amperometric recordings were performed with a macro (obtained 
and freely available from R. Borges laboratory [Analysis program 3.3], 
written for Igor software; WaveMetrics), allowing automatic spike de-
tection and extraction of spike parameters (Segura et al., 2000). The 
number of amperometric spikes was counted as the total number of 
spikes with an amplitude >5 pA and time-to-peak >35 ms within 60 s.

Plasma membrane sheet preparation and scanning for electron 
microscopy
Cytoplasmic face-up membrane sheets were prepared and processed 
as described previously (Umbrecht-Jenck et al., 2010). In brief, car-
bon-coated Formvar films on nickel electron grids were inverted onto 
unstimulated or nicotine-stimulated chromaffin cells incubated with 
biotin-conjugated cholera toxin. To prepare membrane sheets, pressure 
was applied to the grids for 20 s, then grids were lifted so that the frag-
ments of the upper cell surface adhered to the grid. These membrane 
portions were fixed in 2% paraformaldehyde for 10 min at 4°C, im-
mediately after cell stimulation and sheet preparation, which required 
<30 s. After blocking in PBS with 1% BSA and 1% acetylated BSA, 
the immune labeling was performed and revealed with 10 nm or 15 nm 
gold particle–conjugated secondary antibodies and 6-nm particle–con-
jugated streptavidin. These membrane portions were fixed in 2% glu-
taraldehyde in PBS, postfixed with 1% OsO4, dehydrated in a graded 
ethanol series, treated with hexamethyldisilazane (Sigma-Aldrich), air-
dried, and studied using a transmission electron microscope (7500; Hi-
tachi) equipped with camera (C4742-51-12NR; Hamamatsu Photonics).

Granules were counted on random TEM images of plasma mem-
brane sheets (n = 25–50 images of 45 µm2 of plasma membrane). The 
data are expressed as number of granules/µm2.

Mapping gold particle distribution and analysis
To map gold particle distribution, images of labeled plasma membrane 
sheets were digitized, and the coordinates of all gold particles in a given 
area were determined using an ImageJ plug-in (http://rsb.info.nih.gov/
ij/) as described previously (Zhang et al., 2006a,b). To define spatial 
relationships of two different sizes of gold beads, Ripley’s univariate 
K-function analysis was used. Analysis of the coordinates indicates 
whether the gold pattern is clustered, dispersed, or random. Colocal-
ization of the two proteins was determined by analyzing the extent to 
which the two populations of gold particles were clustered with respect 
to each other using an Excel macro written in Visual Basic, provided by 
J.F. Hancock (Department of Integrative Biology and Pharmacology, 
University of Texas Medical School, Houston, TX)(Rotblat et al., 2004; 
Hancock and Prior, 2005). A macro is available as supplement S1.

Electron tomography and image processing
Tilt series were acquired on a transmission electron microscope 
(JEM-2100; JEOL) operated at 200 kV. Data were automatically ac-
quired using digital micrograph software. Typically, the tilt ranged 
between −60 and +60 with 2° angular increments. Images were re-
corded mainly at a nominal magnification of 10,000 on an Ultrascan 
2k × 2k CCD camera (Gatan) with defocus set to −4 µm. Alignments 
and weighted back-projection-based reconstructions of raw tilt se-
ries, using anti-actin immunogold particles as fiducial markers, were 
computed with the IMOD software package (Kremer et al., 1996). 
Three-dimensional reconstructions were visualized with UCSF Chi-
mera (Pettersen et al., 2004).

Statistical analysis
As specified in the figure legends, group data are presented as mean 
(±SEM) or median, and were analyzed using a Mann-Whitney test. As-
terisks in each box and whisker plot indicate statistical significance (*, 
P < 0.05; **, P < 0.01; ***, P < 0.001).

Online supplemental material
Fig. S1 shows the distribution of GM1 and actin on plasma membrane 
sheets visualized by immunogold labeling and electron microscopy at 
a lower magnification (70,000×). Video 1 shows a 3D representation of 
the cortical actin network surrounding the secretory granule docked at 
the plasma membrane of a nicotine-stimulated chromaffin cell. Video 2 

Table 1.  Characteristics of amperometric spikes and PSFs in transfected chromaffin cells

Parameters analyzed Control (NT) A2 WT A2 K286A WA A2 WT + WA A2 K286A +WA

Number of cells 56 25 32 39 25 25
Number of spikes (total) 1,322 551 358 1,136 702 304
Number of spikes per cell 23 ± 1 22 ± 2 11 ± 1 29 ± 3 28 ± 3 12 ± 1
Number of spikes (analyzed) 1,021 499 275 933 638 217
Imax (pA) 61.1 ± 2.9 61.2 ± 2.4 50.4 ± 1.9 79.6 ± 2.0 73.4 ± 3.1 52.2 ± 2.3
Half width (ms) 28.2 ± 4.2 30.1 ± 4.1 46.8 ± 2.9 21.6 ± 2.6 22.5 ± 3.3 47.8 ± 3.1
Q (fC) 1780 ± 170 1770 ± 80 1750 ± 120 1790 ± 90 1720 ± 120 1790 ± 50
Slope (pA/ms) 6.1 ± 0.9 5.8 ± 0.9 2.9 ± 0.8 10.9 ± 0.7 11.2 ± 1.5 3.1 ± 0.7
Rise time (ms) 10.2 ± 1.8 11.5 ± 1.5 18.1± 1.2 7.1± 1.1 7.1± 1.1 19.1 ± 2.1
Decay time (ms) 58.9 ± 5.9 60.9 ± 3.5 65.8 ± 2.2 35.7 ± 2.0 38.8 ± 3.2 64.1 ± 4.0
Spike with foot (%) 29 26 32 17 16 27
Number of feet analyzed 304 129 89 159 102 59
Number of feet per cell 5.4 ± 0.9 5.1 ± 0.9 2.7 ± 0.8 4.0 ± 0.4 4.0 ± 0.8 2.4 ± 0.7
I foot (pA) 4.4 ± 0.6 4.4 ± 0.8 4.5 ± 0.7 5.4 ± 0.7 4.9 ± 0.7 4.1 ± 0.5
Q foot (fC) 20.8 ± 2.1 20.8 ± 2.3 31.3 ± 3.4 15.3 ± 4.4 14.3 ± 3.4 30.6 ± 1.9
t foot(ms) 14.7 ± 2.1 15.7 ± 1.9 24.3 ± 2.1 9.3 ± 2.5 8.3 ± 2.1 23.5 ± 0.9

The expression of AnxA2-K286A-GFP and WA treatment significantly affected various amperometric signal parameters when catecholamine release was evoked after the appli-
cation of 100 mM KCl for 10 s.
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shows a 3D representation of the cortical actin meshwork associated 
to the docked granules of a nicotine-stimulated chromaffin cell treated 
with WA. Supplement S1 contains Excel macro Bivariate_Kv3.0, 
which was written in Visual Basic, provided by J.F. Hancock, and used 
to determine colocalization of the two proteins by analyzing the extent 
to which the two populations of gold particles were clustered with re-
spect to each other. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201412030/DC1. 
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