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Arp2/3 nucleates F-actin coating of fusing insulin granules in
pancreatic β cells to control insulin secretion
Wei Ma1, Jenny Chang2, Jason Tong1, Uda Ho2, Belinda Yau1, Melkam A. Kebede1 and Peter Thorn1,*

ABSTRACT
F-actin dynamics are known to control insulin secretion, but the point
of intersection with the stimulus-secretion cascade is unknown. Here,
using multiphoton imaging of β cells isolated from Lifeact-GFP
transgenic mice, we show that glucose stimulation does not cause
global changes in subcortical F-actin. Instead, we observe spatially
discrete and transient F-actin changes around each fusing granule.
This F-actin remodelling is dependent on actin nucleation and is
observed for granule fusion induced by either glucose or high
potassium stimulation. Using GFP-labelled proteins, we identify local
enrichment of Arp3, dynamin 2 and clathrin, all occurring after granule
fusion, suggesting early recruitment of an endocytic complex to the
fusing granules. Block of Arp2/3 activity with drugs or shRNA inhibits
F-actin coating, traps granules at the cell membrane and reduces
insulin secretion. Block of formin-mediated actin nucleation also
blocks F-actin coating, but has no effect on insulin secretion. We
conclude that local Arp2/3-dependent actin nucleation at the sites of
granule fusion plays an important role in post-fusion granule
dynamics and in the regulation of insulin secretion.
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INTRODUCTION
Regulated secretion is defined by a series of steps that link cell
stimulation to secretory granule fusion and the release of granule
content (Anantharam and Kreutzberger, 2019). In pancreatic β
cells, this cascade links glucose stimulation to the secretion of
insulin (Ashcroft and Rorsman, 2012). It has long been recognised
that F-actin plays a key role in the control of insulin secretion (Orci
et al., 1972; Mourad et al., 2010), with more recent mechanistic
insights (Tomas et al., 2006; Wang et al., 2007; Uenishi et al.,
2013). However, the actual point(s) at which F-actin exerts its
influence in the secretory cascade controlling insulin secretion is
unknown.
One important potential step is the interaction of secretory

granules with the subcortical actin cytoskeleton (Li et al., 2018).
In support of this, there is a large body of data demonstrating that
manipulating the F-actin cytoskeleton has dramatic effects on
secretion (Muallem et al., 1995; Mourad et al., 2010; Orci et al.,
1972), and imaging studies show that changes in the F-actin
structure can be linked with the movement of the granule

towards the plasma membrane (Orci et al., 1972; Heaslip et al.,
2014) and subsequent granule behaviour after fusion (Valentijn
et al., 2000).

However, because F-actin structures and dynamics are different
for different secretory cell types, there is no consensus model
describing the role of F-actin in granule fusion. For example,
exocrine acinar cells confine regulated secretion to the apical region,
which is marked by polarised enrichment of an extensive F-actin
network (Valentijn et al., 1999; Nemoto et al., 2004; Turvey and
Thorn, 2004). In contrast, although endocrine cells have recently
been shown to be polarised (Gan et al., 2017), F-actin is distributed
as a relatively homogeneous fine subcortical network (Orci et al.,
1972; Gasman et al., 2004; Doreian et al., 2008). How these
differences might affect the mechanisms and the role of F-actin in
controlling secretion is not clear. Our understanding of these
processes is hampered by the fact that F-actin plays many roles in
the cell, including overall cell structure (Dominguez and Holmes,
2011) and membrane tension (Wen et al., 2016). Disrupting F-actin
can therefore have many consequences on cell behaviour, and
effects on secretion could be secondary to these. In addition, it is not
possible using secretory assays to distinguish between any effects of
F-actin remodelling before or after granule fusion (Uenishi et al.,
2013; Wang et al., 2007).

This makes it necessary to image single-granule fusion events,
which can be difficult for endocrine cells, which have small
granules and relatively fast fusion events (Takahashi et al., 2002;
Low et al., 2013). As a result, almost all work on F-actin
remodelling during granule fusion has been performed on cell
types with large (>1 µm) granules, such as oocytes (Yu and Bement,
2007; Sokac et al., 2003) and exocrine cells (Valentijn et al., 2000;
Nemoto et al., 2004; Tran et al., 2015; Jang et al., 2012; Rousso
et al., 2016). The prevailing view is that remodelling predominantly
occurs after fusion and that F-actin coats each individual fusing
granule (Tran et al., 2015; Nightingale et al., 2011; Turvey and
Thorn, 2004; Nemoto et al., 2004). Granule fusion in these cell
types is relatively slow (minutes), and, over time, as the granules
collapse into the plasma membrane, the F-actin coat also shrinks
(Sokac et al., 2003). There is some evidence that F-actin may be
driving granule collapse through a contractile process (Miklavc
et al., 2012; Sokac et al., 2003; Nightingale et al., 2011) and other
evidence that F-actin controls the opening of the fusion pore (Larina
et al., 2007; Ñeco et al., 2008; Doreian et al., 2008). If these findings
were correct, this would place F-actin in a primary role in the control
of secretion. Mechanistically, it is clear that F-actin remodelling
after granule fusion occurs through actin nucleation (Tran et al.,
2015; Gasman et al., 2004; Miklavc et al., 2012; Rousso et al.,
2016). The branched chain nucleator Arp2/3 plays a role in many
systems (Tran et al., 2015; Gasman et al., 2004; Rousso et al., 2016),
and linear chain polymerisation is involved in some systems
(Rousso et al., 2016; Miklavc et al., 2012; Wen et al., 2016).
Upstream of these nucleators the control mechanisms includeReceived 22 July 2019; Accepted 5 February 2020
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WASP (Wen et al., 2016; Gasman et al., 2004; Tran et al., 2015) and
Cdc42 (Sokac et al., 2003), with evidence that the primary trigger
for actin nucleation is dependent on granule fusion (Sokac and
Bement, 2006).
In endocrine cells with smaller granules (<0.5 µm), subcortical F-

actin changes are observed to be coincident with granule fusion
(Gasman et al., 2004). However, single-granule fusion studies in
chromaffin cells showed inconsistent changes in F-actin (Wen et al.,
2016). Whether this reflects a difference with the fusion of large
granules or whether it is due to difficulties in imaging small granules
is not clear. There are limited single-granule studies of the action of
F-actin in pancreatic β cells (Heaslip et al., 2014), but there are
reports that F-actin remodelling does occur during glucose
stimulation and this does affect insulin secretion (Wang et al.,
2007; Uenishi et al., 2013), as well as reported effects of actin-
targeting drugs on secretion (Tomas et al., 2006; Orci et al., 1972).
Where F-actin exerts its principal effects on the stimulus secretion
pathway in β cells is therefore not clear.
Here, we set out to investigate the possible role of F-actin

dynamics during insulin granule fusion in pancreatic β cells. We
employed multiphoton imaging of single-granule fusion events and
demonstrate that all events are associated with local, transient
F-actin remodelling that coats individual granules. This coating is
observed even with high-potassium stimulation, indicating that
remodelling is associated with the granule fusion process (or
upstream calcium responses) and does not require a glucose-
dependent step. We show that F-actin coating depends on branched
chain Arp2/3 nucleation, with evidence that it is likely to be

recruited as part of the endocytic machinery. Inhibition of Arp3
activity, either through drugs or by short hairpin RNA (shRNA)
blocks F-actin coating, leads to a trapping of fused granules at the
cell membrane and inhibits insulin secretion. In contrast, block of
linear nucleation dramatically shortens granule lifetimes but has no
effect on insulin secretion. We conclude that actin coating of
granules is intimately involved in the control of insulin granule
dynamics and insulin secretion.

RESULTS
Dispersed endocrine cells from islets isolated from transgenic mice
expressing Lifeact-GFP (Riedl et al., 2008) were imaged using
two-photon microscopy. Lifeact-GFP has low-affinity binding for
F-actin and the fluorescent signal; therefore, highlights F-actin,
which, in these cells, is enriched in the subcortical region and in
motile filopodia. We specifically focused the image plane along the
cell/coverslip interface, which, in experiments with fluorescent
beads, gave a measured effective image depth of ∼600 nm. As a
result of this image depth, our images of cells expressing Lifeact-
GFP show bright signals in cells close to the coverslip and dimmer
signals in cells further away (see Figs 1, 3, 6, 7). Increasing glucose
from 3 mM to 15 mM for ∼20 min failed to induce any major
change to the overall distribution of F-actin, which remained
enriched subcortically (Fig. 1A). Furthermore, even at 2 min after
glucose stimulation, we did not see any significant changes in F-
actin, as might be expected if the subcortical actin had to be
remodelled to allow granules to fuse with the plasma membrane
(Fig. 1A). However, we did observe the formation of very small

Fig. 1. Overall F-actin shows no major remodelling in
response to glucose. (A) Low-magnification live-cell
two-photon image of a cluster of dispersed islet cells from
Lifeact-GFP transgenic animals, showing fluorescence in
the subplasmalemmal region of each cell and in
microfilaments projecting from the cells. The cells were
stimulated for 21.7 min in 15 mM glucose and little overall
change was observed after 2 min, or at the end of
stimulation. A kymograph recording of fluorescence over
time along a line (shown in yellow on the maximal
projection) confirmed no substantial change in F-actin.
However, maximal projections showed evidence for
F-actin changes as small spots (arrows) across the cells.
(B) Low-magnification two-photon image of a cluster of
dispersed islet cells expressing proinsulin-GFP (green)
and bathed in SRB (red). (C) Cells were stimulated with
15 mM glucose, and kymograph images, taken from the
region of interest shown in B, show fluorescence changes
over time across a line drawn through a single granule
fusion event. (D) The same event as in C, showing
fluorescence changes over time within a region of interest
drawn over the fusing granule. (E) An average of 18
exocytic events (six animals), showing mean±s.e.m.
changes in SRB and proinsulin-GFP fluorescence over
time.
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(∼1 µm diameter) transient (∼50 s duration) flashes of F-actin
across the subcortical region where the cells were touching the glass
coverslip. These changes were obvious in the movies and in
maximal projection images (Fig. 1A, arrows).
To investigate the basis of these local F-actin events in more

detail we used sulforhodamine B (SRB) as an extracellular
fluorescent marker of exocytosis (Ma et al., 2004; Takahashi
et al., 2002; Low et al., 2013). To demonstrate the utility of this
probe, we conducted experiments simultaneously, recording – using
two-photon microscopy – the changes in the SRB signal associated
with exocytic loss of proinsulin-GFP (Liu et al., 2007) from
granules during fusion (Fig. 1B). Stimulation with 15 mM glucose
led to many granule fusion events, as shown by localised sudden
decreases in the proinsulin-GFP signal that were often preceded by a
bright flash of fluorescence, presumed to be the relief of acid-
quenched GFP signal (Fig. 1C,D) (Tsuboi et al., 2004). The time
points of these proinsulin-GFP changes, for all events, were always
marked by a sudden increase in the SRB signal, indicative of SRB
entering the fusing granule (Fig. 1D,E). Subsequent to granule
fusion the insulin-GFP signal did not change consistently, but the
SRB signal showed a biphasic decline, as observed previously
(Takahashi et al., 2002; Low et al., 2013). These changes are
consistent with a loss of granule content, as measured with
proinsulin-GFP, and then collapse of the granule into the plasma
membrane, as measured by the SRB signal. We conclude that SRB

is an excellent marker of granule behaviour, both as an indicator of
initial fusion and then to follow granule behaviour after fusion.

Simultaneous two-photon imaging of Lifeact-GFP and
extracellular SRB demonstrated that all of the 15 mM glucose-
induced small, transient Lifeact-GFP changes were associated with
exocytic events, as marked with SRB responses (Fig. 2A–D). Note
that these cells are endocrine cells and not positively identified
specifically as β cells. However, in the mouse, 90% of islet cells are
β cells (Dolenšek et al., 2015) and these are the only cells that
respond to glucose with an increase in granule fusion (Ashcroft and
Rorsman, 2012). While we cannot exclude the possibility that some
granule fusion events identified by SRB are not insulin granules, the
vast majority will be (Low et al., 2013). All events, identified with
SRB, had biphasic decay lifetimes with the second phase being very
variable (Fig. 2E,F). This indicates that some granules rapidly
collapse into the cell membrane, whereas others stay at the cell
membrane. We observed these different lifetimes in control and
Lifeact-GFP-expressing cells, indicating that this is normal post-
fusion granule behaviour. Interestingly, the SRB peak always
preceded the change in F-actin, which reached a peak∼10 s after the
SRB peak and then decayed over ∼50 s (Fig. 2B–D). As a control,
we also measured insulin secretion from islets isolated from Lifeact-
GFP animals and showed glucose-dependent secretion comparable
with control responses (Fig. 2G), indicating that Lifeact itself is not
interfering with exocytic secretion (Jang et al., 2012). Local

Fig. 2. Insulin granule fusion is closely associated in space and time with transient F-actin events. (A) Low-magnification fluorescence image (red, SRB;
green, Lifeact-GFP) of a cluster of cells dispersed from isolated islets. (B) Cells were stimulated with 15 mM glucose, and kymograph images, taken from the
region of interest shown in A, show fluorescence changes over time across a line drawn through a single granule fusion event. The sudden appearance of a bright
spot of SRB fluorescence is followed by a slower, and transient, rise in Lifeact-GFP fluorescence. (C) The same data as in B, obtained using a region
of interest placed over the fusing granule. The solid red and green lines represent the best fit of a single exponential decay fitted to the slow component of the SRB
signal and the decay of the Lifeact-GFP signal (n=16 events). (D) An average of 30 exocytic events (from three animals), showing the mean±s.e.m. fluorescence
changes over time during granule fusion. (E) An average of 154 events (from 22 animals; mean±s.e.m.), comparing events of less than 120 s duration (short
lifetime, defined as the time to decrease to a threshold <2× the s.d. of the noise) with events longer than 120 s. (F) Frequency lifetime distribution for all events.
(G) Insulin secretion from islets isolated from Lifeact-GFP-expressing mice in response to 15 mM glucose.
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changes in F-actin have been observed after granule fusion in cell
types with larger granules (Sokac et al., 2003), and, although
F-actin changes have been occasionally seen in the endocrine
chromaffin cells (Wen et al., 2016), this is the first report in β cells.
Importantly, we show that the F-actin changes occur for all fusing
granules, indicating that they are essentially coupled with
exocytosis.

What are the characteristics of the F-actin changes at the
sites of granule fusion?
To define these local F-actin changes, we first tested whether they
encircle the granule or are restricted to the subcortical region. Using
3D confocal microscopy, we imaged XZt sections along the
interface of the cell with the glass coverslip (Fig. 3A,B). This
showed that 15 mM glucose-induced granule fusion events, as
indicated by SRB entry, were associated with an encircling of the
granule by F-actin, which is consistent with previous reports from
cell types with larger granules (Fig. 3B).
We next tested whether the F-actin changes were specific to

glucose as a stimulus since previous reports in β cells provide
evidence that glucose can induce selective activation of F-actin
polymerisation (Wang et al., 2007; Uenishi et al., 2013). Using high
potassium as a stimulus, we observed many fusion events, recorded
using SRB entry into the granule, and, for each of these, we observed
local, transient changes in F-actin that were indistinguishable from
those induced in the presence of high glucose (Fig. 3C).We conclude

that initiation of the local F-actin changes is induced either by the
calcium rise or the granule fusion event, and that alternative
pathways, dependent on glucose, are not necessary.

In principle, the local changes in F-actin at the sites of granule
fusion could be due to de novo actin polymerisation or F-actin
movement and reshaping. To test these possibilities, we incubated
the cells in 1 µM latrunculin, which sequesters monomeric actin and
prevents the formation of F-actin (Mourad et al., 2010; Orci et al.,
1972). Compared to the control condition, treatment with
latrunculin almost abolished F-actin filaments, leaving a few large
blobs of F-actin cross the cells (Fig. 3D). Furthermore, consistent
with previous reports (Mourad et al., 2010), we show that
latrunculin pretreatment increased glucose-induced insulin
secretion (Fig. 3E).

Glucose stimulation of the cells, in the presence of latrunculin,
led to many granule fusion events, as measured with SRB, but now
the events were not associated with any change in F-actin, indicating
that actin polymerisation is the key step in the F-actin changes at the
site of granule fusion (Fig. 3F,G). Interestingly, the SRB signal also
changed and was shorter, with a reduction in the slower second
phase of decay (Fig. 3F,H). This suggests that, in the absence of the
F-actin coat, the granules are unstable and collapse quicker into the
plasma membrane. Given that latrunculin has a global effect on
F-actin, we expect it to weaken the subcortical pool and this will
affect membrane tension (Wen et al., 2016), which could also cause
granule instability.

Fig. 3. Characterisation of the F-actin changes associated with granule fusion. (A) XZt confocal imaging showing the interface of the bottom of a cell with the
SRB extracellular dye (red). (B) A sequence of XZ images over time, taken from the region of interest shown in A, showing that the sudden appearance of a spot of
SRB fluorescence, indicating granule fusion, is followed by a coating of the granule with Lifeact-GFP. (C) Granule fusion events induced by 50 mM potassium
stimulation (potassium substituted 1:1 with sodium) show SRB and Lifeact-GFP fluorescence changes similar to those induced by glucose (average of 31
exocytic events; three animals; mean±s.e.m.). (D) F-actin, as shown by Lifeact-GFP, is disrupted (compared to the control) by treatment with latrunculin. Scale
bar: 10 μm. (E) Glucose-dependent insulin secretion, in the presence of latrunculin, was significantly increased. *P<0.05, Student’s t-test, n=5 control, n=7
latrunculin islet preparations. (F) Treatment with 1 µM latrunculin for 30 min and then stimulation with 15 mM glucose triggered numerous granule fusion events
with very small changes in the Lifeact-GFP signal and shorter SRB events (n=70 events). (G) The peak Lifeact-GFP signal was significantly reduced by latrunculin
treatment (n=70 events with latrunculin compared to n=30 control events, Student’s t-test, **P<0.001). (H) The SRB lifetime (time to 50%decay) in the presence of
latrunculin was significantly reduced (n=54 events with latrunculin compared to n=28 control events, Student’s t-test, **P<0.01).
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The number of fusion events recorded by SRB is proportional to
the amount of insulin secretion (Low et al., 2013). Using 15 mM
glucose, in control experiments, we observed 10.4±2.6 fusion
events/cell cluster/20 min (mean±s.e.m., n=16) and with
latrunculin, 45.8±4.3 fusion events/cell cluster/20 min (mean±
s.e.m., n=5), demonstrating a significant increase in fusion events
(Student’s t-test, P<0.01). This suggests that the increased insulin
secretion observed with latrunculin treatment is primarily due to an
increase in the number of fusion events and not on the event
kinetics.
The effect of latrunculin to abolish F-actin coating indicates that

these F-actin changes are mediated by actin polymerisation, leading
to F-actin remodelling right around the granule. This actin
polymerisation is triggered directly by the exocytic process and is
not dependent on any other glucose-dependent factor.

Granule fusion is associated with local enrichment of Arp3
Our data using latrunculin imply that actin nucleation is the major
mediator of granule coating. Actin polymerisation occurs either by
linear or branched addition of actin monomers, with both processes
nucleated by distinct effectors. Branched chain polymerisation is
nucleated by the Arp2/3 complex and has been implicated in F-actin
remodelling around larger granules. To test for this role in β cells,
we expressed Arp3-GFP in the MIN6 β-cell line (using stable
lentiviral expression). At rest, Arp3-GFPwas located throughout the
cytosol (Fig. 4A) and in puncta at the cell membrane. This overall
distribution did not significantly change during 15 mM glucose
stimulation (see Fig. 4A, image at 2 min after stimulation).
However, we did observe local, specific recruitment to the fusing
granules (Fig. 4B–D). Arp3-GFP fluorescence increased rapidly
after granule fusion, identified by the SRB peak, and then remained
within the region (Fig. 4C,D). The mean signal (Fig. 4E) indicates
that Arp3-GFP did eventually decay back to baseline, and, because
this is the time course over which the granule is collapsing, this
suggests that the Arp2/3 complex is recruited to the fusing granule

and then remains with the F-actin network as the granule collapses
into the plasma membrane.

Granule fusion is associated with the early recruitment of
the endocytic machinery
There are many processes upstream of Arp2/3 that recruit the
complex and then activate it to polymerise actin. One of these
processes is the endocytic machinery, in which Arp2/3-dependent
F-actin polymerisation is an essential step for endocytosis in many
systems (Almeida-Souza et al., 2018). Intriguingly, dynamin 2 has
previously been shown to be recruited by insulin granules during
granule fusion (Tsuboi et al., 2004). To study the time course of
recruitment, we expressed dynamin 2-GFP (using a lentiviral
vector) in MIN6 β cells. Dynamin 2-GFP was observed in resting
cells as puncta across the cell membrane (Fig. 5A), and, after
stimulation with 15 mM glucose, exocytic events marked by
changes in SRB were associated with local enrichment of
dynamin 2-GFP (Fig. 5B–D). This dynamin 2 recruitment
occurred rapidly after the SRB peak and was transient, indicating
dynamic changes over the lifetime of the granule. We conclude that
dynamin 2, one of the key drivers of endocytosis, is recruited very
rapidly after granule fusion and before the granule collapses into the
cell membrane.

To further test the observation of the early recruitment of the
endocytic machinery, we expressed clathrin light chain-GFP
(clathrin-GFP) using an adenoviral probe in isolated native β
cells. Previous work indicates that clathrin is recruited rapidly after
insulin granule fusion (Yuan et al., 2015), although it is unknown if
this is before or after granule collapse. At rest, clathrin-GFP
appeared in punctate spots at the cell periphery (Fig. 5E), and, after
glucose stimulation, it too was recruited close to each fusing granule
(Fig. 5F–H). An interesting observation was that for many fusing
events we observed a clear drop in the clathrin-GFP signal at exactly
the time point of granule fusion (Fig. 5G). This suggests that, prior
to fusion, the granules do not have clathrin, and as they fuse, they

Fig. 4. Arp3 is rapidly recruited to the sites of granule
fusion. (A) Low-magnification fluorescence image (red,
SRB; green, Arp3-GFP) of a cluster of MIN6 cells, which
does not change significantly after 2 min of 15 mM glucose
stimulation. (B) Low-magnification fluorescence image
(red, SRB; green, Arp3-GFP) of a cluster of MIN6 cells.
(C) Kymograph images, taken from an event marked with
the arrow in B, showing fluorescence changes over time
across a line drawn through a single granule fusion event.
The sudden appearance of a bright spot of SRB
fluorescence is followed by a rapid rise in Arp3-GFP
fluorescence. (D The same data as in C, obtained using a
region of interest placed over the fusing granule. (E) An
average of 26 exocytic events (from four independent
experiments), showing the mean±s.e.m. fluorescence
changes over time during granule fusion.
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clear clathrin from the plasma membrane and then, after fusion,
clathrin is recruited back to the granule. Further experimentation
would be required to prove this, but the local enrichment of dynamin
2 and clathrin (Fig. 5I,J) strongly suggests that the endocytic
machinery is rapidly recruited after fusion and is decorating a
granule that is still fusing.

Arp2/3-dependent F-actin coating drives insulin secretion
Our work indicates that Arp3 is recruited to the fusion granule
possibly in association with the endocytic machinery. To test
whether Arp2/3 is the major driver of F-actin coating around the
granules, we pretreated β cells with 100 µM CK666, an Arp2/3
inhibitor (Yang et al., 2012; Wu et al., 2012), prior to 15 mM
glucose stimulation. We observed that CK666 had a modest effect
on F-actin structures and subcortical F-actin was still apparent
(Fig. 6A). In response to glucose, granule fusion events were still
observed, but these now occurred in the complete absence of any
change in the Lifeact-GFP signal, indicating that actin
polymerisation had been prevented (Fig. 6B–E). Furthermore, the

CK666 treatment has a dramatic effect on the SRB signal, and, after
granule fusion, for many events the signal completely failed to
decay, indicating that the granules remain at the cell surface
(Fig. 6B–E). Neither the effect on Lifeact-GFP nor the effect on
SRB lifetimes were observed with CK689, the inactive analogue of
CK666 (Fig. 6F). These profound effects on granule behaviour
suggest an impact on insulin secretion and, indeed, when tested, we
observed a significant reduction in insulin secretion with CK666
treatment but not with CK689 (Fig. 6G), and also with shRNA
against Arp3 (lentiviral expression in MIN6 β-cell line) (Fig. 6H–J).
Together these results point to an intimate link between Arp2/3-
dependent F-actin dynamics, granule behaviour and the control of
insulin secretion.

In principle, the reduction of insulin secretion with CK666 could
be due to the action of the drug to inhibit the number of granule
fusion events. With 15 mM glucose, our control experiments
recorded 10.4±2.6 fusion events/cell cluster/20 min (mean±s.e.m.,
n=16); with CK666 we recorded 6.0±1.6 fusion events/cell cluster/
20 min (mean±s.e.m., n=8) and with CK689 we recorded 7.8±

Fig. 5. Recruitment of endocytic machinery
to the sites of granule fusion. (A) Low-
magnification fluorescence image (red, SRB;
green, dynamin 2) of a cluster of MIN6 cells.
(B) Kymograph images, taken from the region of
interest shown in A, showing fluorescence
changes over time across a line drawn through
a single granule fusion event. The sudden
appearance of a bright spot of SRB
fluorescence is followed by a rapid rise in
dynamin 2-GFP (Dnm-2-GFP) fluorescence.
(C) The same data as in B, obtained using a
region of interest placed over the fusing granule.
(D) An average of 24 exocytic events (three
independent experiments), showing the mean±
s.e.m. fluorescence changes over time during
granule fusion. (E) Low-magnification
fluorescence image (red, SRB; green, clathrin-
GFP) of a cluster of cells dispersed from
isolated islets. (F) Kymograph images showing
fluorescence changes over time across a line
drawn through a single granule fusion event.
The sudden appearance of a bright spot of SRB
fluorescence is followed by a delayed, and
transient, rise in clathrin-GFP fluorescence.
(G) The same data as in F, obtained using a
region of interest placed over the fusing granule.
(H) An average of 34 exocytic events (six
animals), showing themean±s.e.m. fluorescence
changes over time during granule fusion. (I)
Overlay of the mean±s.e.m. of the fluorescence
signal over time for clathrin-GFP and dynamin
2-GFP, both aligned with the rising phase of the
SRB signal. Note that these overlays combine the
data obtained from native cells and the MIN6 cell
line. (J) Histogram showing the time of initiation
(fluorescence deviation of >2× s.d. of the noise)
and peak fluorescence, with respect to the SRB
rising phase for dynamin 2-GFP (n=18 events),
Arp3-GFP (n=25 events), clathrin-GFP (n=27
events) and Lifeact-GFP (n=30 events).
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1.8 fusion events/cell cluster/20 min (mean±s.e.m., n=6). This
indicates there are no significant changes in the number of fusion
events with CK666 (Student’s t-test, P=0.26 compared to control,
P=0.47 compared to CK689) suggesting that the decreased insulin
secretion observed with CK666 treatment is due to the effect on the
event kinetics.
In addition to Arp2/3-dependent branched chain polymerisation,

the other mechanism for actin polymerisation uses formins as linear
nucleators, and, to test their role, we used the specific blocker
SMIFH2 (Rizvi et al., 2009). Pretreatment with 50–100 µM
SMIFH2 led to an apparent reduction in F-actin and a change in
F-actin distribution, with the appearance of tangled filaments
(Fig. 7A). In response to glucose stimulation, granule fusion was
still observed with SRB but there was a significant reduction in the
local changes in Lifeact-GFP (Fig. 7B–E). However, in contrast to
Arp2/3 inhibition, the SRB signal was significantly shorter, which
is similar to the effects of latrunculin (Fig. 7B–E). Furthermore,
SMIFH2 failed to have any effect on glucose-induced insulin
secretion (Fig. 7E). Consistent with this, the number of fusion
events was not altered with SMIFH2 treatment. With 15 mM

glucose, our control experiments recorded 10.4±2.6 fusion events/
cell cluster/20 min (mean±s.e.m., n=16); with SMIFH2, we
recorded 18±17.2 fusion events/cell cluster/20 min (mean±s.e.m.,
n=6), which was not significantly different (Student’s t-test, P=0.22
compared to control).

The fact that inhibition of branched and linear chain actin
polymerisation both led to loss of F-actin coating of granules
demonstrates a requirement for both mechanisms. However, the
opposite phenotype in terms of the kinetics of SRB signal and
insulin secretion indicates distinct effects. The shorter lifetimes
induced by formin inhibition suggest granule instability, and, given
that the same effect is observed with latrunculin, this probably arises
due to loss of subcortical linear F-actin. In contrast, inhibition of
Arp2/3 leads to fused granules trapped at the cell membrane,
suggesting that F-actin plays an active role in the processes after
granule fusion and granule collapse.

DISCUSSION
Our data show localised and transient F-actin remodelling around
each fusing granule in pancreatic β cells. Our evidence, using high

Fig. 6. Branched actin nucleators affect granule fusion
and insulin secretion. (A) Low-magnification image of
Lifeact-GFP, showing that CK666 affects the pattern of
F-actin in a cell cluster. (B) Low-magnification fluorescence
image (red, SRB; green, Lifeact-GFP) of a cluster of cells
dispersed from isolated islets bathed in 100 µM CK666.
(C) Kymograph images, taken from the region of interest
shown in B, showing fluorescence changes over time across
a line drawn through a single granule fusion event. In the
presence of CK666, the sudden appearance of a bright spot
of SRB fluorescence is no longer followed by any change in
Lifeact-GFP. (D) The same data as in C, obtained using a
region of interest placed over the fusing granule to measure
changes in fluorescence over time. (E) An average of 49
exocytic events (nine animals), in the presence of CK666,
showing the mean±s.e.m. fluorescence changes over time
during granule fusion. (F) CK666, but not CK689,
significantly inhibits the Lifeact-GFP peak fluorescence
[glucose vs CK666, two-tailed Student’s t-test, **P<0.01
(n=30 control, 26 CK666 events), glucose vs CK689, two-
tailed Student’s t-test, P=0.6 (n=15 CK689 events)]. CK666
significantly increases the average granule lifetimes, as
measured with SRB (two-tailed Student’s t-test, P<0.01;
n=24 control, 28 CK666 events). (G) Insulin secretion in
response to 15 mM glucose was significantly reduced in the
presence of CK666 (n=8 replicates, Student’s t-test,
**P<0.01) and not in the presence of CK689 (n=8 replicates,
Student’s t-test, P=0.97). (H–J) Compared to scrambled
probe shRNA against Arp3 (shArp3-1 and shArp3-2),
lentiviral expression in MIN6 cells induced knockdown of
protein, as shown in western blot analysis (H), quantified to
reveal reduction of Arp3 with shArp3-1 to 35%, and shArp3-
2 to 66%, of scramble control (Student’s t-test, *P<0.05) (I),
and significant reductions in 15 mM glucose-induced
secretion (all conditions n=9 replicates, Student’s
t-test for both shRNA species, **P<0.01) (J).
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potassium as a stimulus, indicates that the F-actin coating of
granules is dependent primarily on the granule fusion process itself,
including possibly the calcium response, and does not require a
specific glucose-dependent signal. We show that the F-actin
changes lead to a coating of the granule and are coincident with
local enrichment of the endocytic proteins dynamin 2 and clathrin,
which occurs quickly after granule fusion. Using inhibitors and
shRNA against Arp3, we demonstrate that F-actin remodelling is
dependent on Arp2/3 branched chain polymerisation, and that
reduction of Arp2/3 activity traps fusing granules at the cell
membrane and significantly inhibits glucose-dependent insulin
secretion. Our analysis shows that Arp2/3 inhibition does not affect
the numbers of granules fusing in response to glucose and therefore
the reduction in insulin secretion may be the direct result of the
altered granule kinetics.
Interestingly, latrunculin and SMIFH2 also affect granule

dynamics; both decrease the SRB lifetimes, indicating that the
granules are unstable and collapse rapidly into the cell membrane.
However, latrunculin must have an additional action because we
observe a significant increase in the number of fusion events
compared to control with latrunculin but not with SMIFH2. One
possibility is that the almost complete removal of F-actin with
latrunculin (see Fig. 3D) allows uncontrolled access of granules to
the cell membrane. In contrast, after SMIFH2 treatment, F-actin
structure is still present and could be a sufficient barrier to prevent
granule access to the cell membrane.

How do the different forms of actin nucleation control
granule behaviour?
The contrasting effects of branched versus linear chain actin
nucleators on granule dynamics suggest distinct sites of action. We
propose that the loss of subcortical linear F-actin with latrunculin
and SMIFH2 affects the stability of the fusion pore, leading to
uncontrolled pore dilation and granule collapse. In contrast, block
of branched chain polymerisation prevents F-actin coating and
traps the granules at the cell surface. This occurs either because F-
actin plays a role in squeezing and the collapse of the granule, as
proposed in other systems (Nightingale et al., 2011; Rousso et al.,
2016), or because the fusion pore closes (Larina et al., 2007).
Recent methods are enabling real-time measurement of pore
closure (Chiang et al., 2014), and applied to β cells these would
help to resolve whether the ‘trapped’ granules we see in response
to Arp2/3 inhibition have open or closed fusion pores. We note
here that there may be other forms of post-fusion granule

behaviour, such as shrink fusion, where the fusion pore appears
stable (i.e. does not dilate) but the granules still merge with the
plasma membrane (Chiang et al., 2014). Although it is not known,
our evidence for F-actin coating of each fused granule means the
microfilaments are centrally placed to control any form of post-
fusion behaviour.

Our conclusion that different forms of nucleation have different
functional actions can only be tentative because of two outstanding
problems. The first is that the activity of the nucleators is necessarily
interdependent. Both nucleators depend on pre-existing F-actin and
so without a scaffold of linear F-actin the branched chain nucleator
Arp2/3 cannot work. Second, there is a further complication in that
the action of both nucleators is limited by the supply of monomeric
actin (Suarez and Kovar, 2016). As a result, inhibition of one form
of nucleation can paradoxically enhance the other. Notwithstanding
these complications in the precise mechanism, it is clear that both
nucleators control granule behaviour and, in the case of Arp2/3, act
to control insulin secretion.

The lack of evidence for glucose-dependent changes in F-actin
might suggest that the local F-actin dynamics around the granule are
not part of the normalmechanism to control secretion. However, once
in place, the F-actin coat could be a target for glucose-dependent
control. For example, the major regulator of myosin II is calcium
(Somlyo and Somlyo, 2003), and the oscillatory calcium responses
induced by glucose could control myosin contractility to mediate
effects on granule or fusion pore behaviour. In addition, we show a
temporal and spatial association between Arp3 and the endocytic
machinery, suggesting that actin nucleation may be part of the
endocytic process as observed in other systems (Sun et al., 2015;
Almeida-Souza et al., 2018). Overall, our evidence that inhibiting
Arp3 activity does affect insulin secretion firmly places the local F-
actin changes around the granule as functionally significant.

Howdoourobservations relatewith previousworkonF-actin
in β cells?
Glucose-dependent F-actin changes have previously been identified
in pancreatic β cells; Cdc42 (Wang et al., 2007) andWASP (Uenishi
et al., 2013) have been shown to be specifically activated by glucose
stimulation and are thought to affect the cortical F-actin web. It is
clear that wherever these glucose-dependent changes occur, they are
not intimately linked with the local F-actin granule coating we
observe, because we see the same coating when high potassium is
used as a stimulus. Instead, it is more likely that the glucose-
dependent effects previously identified precede granule fusion and

Fig. 7. Linear actin nucleators alter granule dynamics
but do not affect secretion. (A) Low-magnification image of
Lifeact-GFP showing that SMIFH2 affects the amount and
pattern of F-actin in a cell cluster. (B) Pretreatment for 30 min
with 50 µM SMIFH2 and then stimulation with 15 mM
glucose inducedmany granule fusion events with short SRB
lifetimes and small changes in Lifeact-GFP (n=25 events).
(C) The peak Lifeact-GFP signal was significantly smaller
(n=25 events with SMIFH2, n=30 control events; Student’s
t-test, P<0.01). (D) The SRB lifetime was significantly
shorter in the presence of SMIFH2 (n=25 events with
SMIFH2, n=28 control events; Student’s t-test, P<0.001).
(E) SMIFH2 had no significant effect on 15 mM glucose-
stimulated secretion (Student’s t-test, n=8 replicates).
ns, not significant.
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play a role in pre-fusion granule mobility (Heaslip et al., 2014) and
transport to the cell periphery (Orci et al., 1972).

Close similarities between our observations and those in
cells types with large granules
The close similarities between our data and the data on exocrine
cells (Jang et al., 2012; Tran et al., 2015; Rousso et al., 2016;
Miklavc et al., 2012) and oocytes (Sokac et al., 2003) are striking. In
all cases, F-actin nucleation takes place after granule fusion and is
dependent on actin nucleation, and F-actin coats the granules as they
fuse. Evidence from other cell types also shows that that the trigger
for nucleation is granule fusion itself (Gasman et al., 2004; Yu and
Bement, 2007), consistent with our findings in β cells. The models
for nucleation highlight the importance of the spatial changes that
occur during granule fusion and suggest that fusion brings together
components on the granule with components at the cell membrane
(Gasman et al., 2004; Sokac and Bement, 2006). These can then
form competent and activated complexes for F-actin nucleation that
arise only on the fusing granule and so explain the spatial and
temporal specificity of F-actin coating.
The conservation of F-actin coating in these different cell types

suggests that it plays a fundamental role in the behaviour of granules
after fusion. One proposed role is the squeezing out of granule content
by contraction of the F-actin coat (Sokac et al., 2003; Nightingale
et al., 2011), with evidence for a dependence on myosin (Nightingale
et al., 2011; Rousso et al., 2016). Another role is in the control of the
fusion pore, as there is evidence that F-actin (Larina et al., 2007) and
myosin (Doreian et al., 2008; Ñeco et al., 2008) provide force around
the pore to affect its behaviour. Distinguishing between these
possibilities is difficult because prevention of either leads to the same
consequence of granules trapped at the cell surface. Specific
techniques, such as content photobleaching (Larina et al., 2007;
Miklavc et al., 2012), can be used to assay whether a pore is open or
closed, and, consistent with earlier electrophysiological data
(Fernández-Peruchena et al., 2005), these show that the pore
dynamically opens and closes (Shin et al., 2018). Given that the
fusion pore forms at the interface of the granule and the subcortical F-
actin network, we would expect to see complex effects and
interactions. Our data showing that latrunculin and SMIFH2 both
lead to unstable granules that collapse into the cell membrane support
the idea that a pool of F-actin, dependent on linear nucleation, is
responsible for maintaining the integrity of the pore during fusion.

Conclusions
Our work identifies a precise site of action for F-actin in the
stimulus-secretion pathway of pancreatic β cells. We define the local
activation of actin nucleators to provoke a transient F-actin coat
around individual fusing granules in pancreatic β cells. We show
that inhibition of Arp2/3 nucleation significantly reduces insulin
secretion, demonstrating the functional significance in the control of
this essential cell behaviour.

MATERIALS AND METHODS
Islet isolation and dispersion
C57BL/6 or Lifeact male mice aged between 8 and 12 weeks were
maintained under normal diets under standard animal housing conditions.
Mice were humanely killed according to the local animal ethics procedures
(approved by the University of Sydney Research Integrity and Ethics
Administration Committee, project #2015/908) and complying with local
animal welfare laws, guidelines and policies. Isolated mouse islets were
obtained from the pancreas by Liberase enzyme digestion (Roche, Liberase
TL). Isolated islets were separated from the cell debris using the Histopaque

cell-density-gradient layering method (Sigma-Aldrich, Histopaque #1077
and #1119). Primary β cells were prepared by digesting isolated islets with
TrypLE express enzyme (Gibco) and cultured in RPMI-1640 (Gibco),
supplemented with 10% fetal bovine serum (FBS; Gibco) and 100 U/ml
penicillin-0.1 mg/ml streptomycin (Life Technologies) in standard
incubator conditions (37°C, 95/5% air/CO2). Where indicated, wild-type
β cells were infected with adenovirus to express either proinsulin-emerald or
clathrin-GFP. The cells were incubated overnight and imaged.

Mouse insulinoma (MIN6) cells were maintained in Dulbecco’s modified
eagle medium (DMEM), supplemented with 15% FBS, 1% penicillin-
streptomycin and 0.05 mM 2-mercaptoethanol under standard culture
incubator conditions (37°C, 95/5% air/CO2). The MIN6 cells were
infected with lentivirus expression Arp3-GFP or dynamin 2-GFP and
subjected to two-photon microscopy imaging.

Virus generation and infection
Lentiviruses were produced by co-transfecting lentiviral expression and
packaging plasmids into HEK-293T cells by the polyethylenimine
transfection method. Virus-containing medium was collected 48 h after
transfection followed by centrifugation at 1000 g for 4 min and filtered
through a 0.45 μm filter. To generate a stable MIN6 cell line, the cells were
cultured in virus-containing medium for 12 h, then replaced with fresh
DMEM. The cells were then cultured for 2 more days prior to imaging. The
Lenti-Arp3-GFP, Lenti-dynamin 2-GFP expression vectors were purchased
from Origene (MR217895L2, RC223585L2). Proinsulin-GFP was
produced using a vector from Weiping Han, Singapore Bioimaging
Consortium, A*STAR, Singapore.

Adenovirus was generated by transfecting linearised adenoviral vectors
into HEK-293A cells through the polyethylenimine transfection method.
The transfected cells were cultured for 7–10 days. Adenovirus was
harvested from the cell lysate by freeze-thaw. Cultured primary β cells
were subjected to adenoviral infection for 16 h, then replaced with fresh
RPMI. Adeno-Proinsulin-Emerald vector was cloned using a pAdEasy
system (Agilent). Adenovirus clathrin-GFP was customised and purchased
from Vector Biolabs.

Live-cell imaging
Live-cell experiments were performed in Na-rich extracellular buffer (ECM
buffer) (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 5 mM
NaHCO3, 5 mM HEPES, 3–25 mM glucose), adjusted to pH 7.4 with
NaOH. Islet β cells were cultured in RPMI medium overnight and, prior to
imaging, were bathed in an extracellular solution containing 3 mmol/l
glucose for 30 min (37°C, 95/5% air/CO2). The buffer was supplemented
with different drugs, such as CK666 or CK689 (100 μm, Sigma-Aldrich),
where indicated. Two-photon imaging was taken by a home-built two-
photon microscope equipped with a Chameleon multiphoton laser
(950 mm) and a 60× oil objective. The confocal imaging was conducted
using a Leica SP8 confocal microscope with a 93× glycerol objective at
37°C with 95/5% air/CO2. The vertical section live-cell image was obtained
by XZ-time scanning. The experiments were performed at 37°C with
exocytic events indicated by the entry of extracellular dye (8 mM SRB) into
each fused granule upon 15 mmol/l glucose stimulation.

Insulin secretion assay
Primary β cells generated from dispersed islets were cultured in RPMI
medium overnight. Before imaging, primary β cells were starved in
extracellular medium supplemented with 1 mg/ml bovine serum albumin,
3 mM D-glucose and 20 mM HEPES at pH 7.4 for 30 min, followed by
sequential incubation in 3 mM glucose ECM buffer for 15 min and then
15 mM glucose ECM buffer for 15 min. The incubated ECM buffers were
collected for measurement of insulin content. Islets were then lysed in
TNET buffer for measurement of total insulin content. Sample insulin
concentration was measured using a homogeneous time-resolved
fluorescence (HTRF) assay (Cisbio).

Quantification and statistical analysis
All numerical data are presented as mean±s.e.m. Statistical analysis was
performed using Microsoft Excel and GraphPad Prism. Image analysis was
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performed in ImageJ and MetaMorph. Details of data size and statistical
tests are in the figure legends. Each of the data sets was obtained from at least
n=3 animals. Significance is indicated as follows: *P<0.05, **P<0.01,
***P<0.001.
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