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Variations in Fusion Pore Formation in Cholesterol-Treated Platelets
Solaire A. Finkenstaedt-Quinn,1 Sarah M. Gruba,1 and Christy L. Haynes1,*
1Department of Chemistry, University of Minnesota, Minneapolis, Minnesota
ABSTRACT Exocytosis is a highly regulated intercellular communication process involving various membrane proteins, lipids,
and cytoskeleton restructuring. These components help control granule fusion with the cell membrane, creating a pore through
which granular contents are released into the extracellular environment. Platelets are an ideal model system for studying exocy-
tosis due to their lack of a nucleus, resulting in decreased membrane regulation in response to cellular changes. In addition,
platelets contain fewer granules than most other exocytosing cells, allowing straightforward measurement of individual granule
release with carbon-fiber microelectrode amperometry. This technique monitors the concentration of serotonin, an electroactive
molecule found in the dense-body granules of platelets, released as a function of time, with 50 ms time resolution, revealing bio-
physical characteristics of the fundamental exocytotic process. Variations in fusion pore formation and closure cause deviations
from the classic current versus time spike profile and may influence diffusion of serotonin molecules from the site of granule
fusion. Physiologically, the delivery of smaller packets of chemical messengers or the prolonged delivery of chemical messen-
gers may represent how cells/organisms tune biological response. The goals of this work are twofold: 1) to categorize secretion
features that deviate from the traditional mode of secretion and 2) to examine how changing the cholesterol composition of the
platelet membrane results in changes in the pore formation process. Results herein indicate that the expected traditional mode
of release is actually in the minority of granule content release events. In addition, results indicate that as the cholesterol content
of the plasma membrane is increased, pore opening is less continuous.
INTRODUCTION
To maintain proper physiological function, cell-cell
communication occurs through the highly regulated exocy-
totic process wherein granules dock on the cell membrane,
using SNARE proteins to assist in regulating attachment.
These proteins are localized to cholesterol-rich microdo-
mains throughout the cell membrane (1). The amount of
cholesterol in these domains not only plays a role in the
proper clustering of SNARE proteins, but also helps stabi-
lize the negative curvature needed for formation and stabili-
zation of the fusion pore between the docked and primed
granule and the cell membrane. Cholesterol levels and
membrane viscosity are directly correlated, and increasing
viscosity is known to result in delayed movement of lipids
between the leaflets, which has been hypothesized to in-
crease fusion pore formation and closing times (2,3). Chem-
ical messenger molecules can be released through this
dynamic fusion pore structure into the extracellular space.
Literature precedent has shown that cholesterol has a role
in controlling exocytosis, but the extent to which it dictates
the opening and closing of the fusion pore structure requires
more exploration, ideally with a method that can quantita-
tively assess this dynamic structure (2,3).
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In recent years, it has become clear that the process of
granule fusion is more intricate than originally thought.
Traditionally, exocytosis was considered to be an all-or-
nothing process, but in the last decade the definition has
changed to include kiss-and-run events where a granule
temporarily fuses with the cell membrane before detaching.
More recently, it has become apparent that most granule
release events are in fact extended kiss-and-run events,
which do not result in full chemical messenger content
release (4–7). Schematic portrayals of these various exocy-
tosis events can be seen in Fig. 1, A–C. Further countering
the traditional view of exocytosis, individual granules
have also been observed combining with one another, either
before or during release, resulting in a process termed com-
pound exocytosis (8,9). However, in platelets, our chosen
exocytosis model due to its lack of nucleus and therefore
decreased ability to up- or down-regulate proteins, granules
can also fuse to the open canalicular system (OCS). The
OCS is a tubular system located throughout the platelet,
which is hypothesized to assist in the release of granular
content into the extracellular environment (10). At the
OCS-cytosol interface, it is possible for two granules to atta-
ch near one another and release their contents into the OCS
where the contents can combine and release simultaneously
into the extracellular environment. This phenomenon could
lead to chemical messenger release measurements charac-
teristic of compound exocytosis. Unfortunately, current
measurement technology does not allow us to distinguish
http://dx.doi.org/10.1016/j.bpj.2015.12.034
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FIGURE 1 Various proposed modes of exocy-

tosis, from least to most chemical messenger

release. (A) Kiss-and-Run: in kiss-and-run events,

the granule fuses briefly with the plasma mem-

brane, releasing only a small portion of its contents

without significant dilation of the fusion pore. (B)

Partial fusion: in partial fusion events the granule

initially fuses with the plasma membrane, releases

some of its contents, and then closes and returns to

the platelet cytoplasm. (C) Full fusion: in full

fusion events, the granule fully fuses with the

plasma membrane and releases all of its contents.

(D) Bulk fusion: in bulk fusion, multiple granules

are hypothesized to fuse with one another before

fusing with the plasma membrane, this is

commonly referred to as compound fusion. How-

ever, platelet granules can adhere to the OCS and release their contents into the extracellular environment together, an event indistinguishable from com-

pound fusion using CFMA, therefore, we termed all of these events as bulk fusion.
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between these two forms. Therefore, we will describe all
events with large amounts of serotonin release, typically
larger than the average amount released in two separate
granules (>960 fC) and a 10/90 slope of six or greater, as
bulk fusion (Fig. 1 D).

Even with this limitation, carbon-fiber microelectrode
amperometry (CFMA) is an ideal technique for studying
the dynamic variations in granule release events. In platelets,
the only electroactive compound at 700 mV versus Ag/AgCl
is serotonin, which has been confirmed by cyclic voltamme-
try (11,12). Statistical analysis has demonstrated that due to
the size of the cell relative to the electrode and the distance
between the electrode and platelet, nearly 100% of all sero-
tonin is detected (11). Electrical fouling is also checked by
monitoring the root mean-square current (IRMS) noise on
the electrode and replacing the electrode if IRMS changes
significantly. Therefore, monitoring the oxidation of seroto-
nin, found in the dense-body granules, gives us a means to
study changes in the pore dynamics when microelectrodes
are placed in immediate contact with individual platelets.
As each granule fusion pore opens, an increase in current
is detected as secreted serotonin is oxidized, resulting in a
current spike. In some cases, an individual current spike
will be flanked either before or after the current maximum
by a smaller current feature known as a ‘‘foot’’ event; these
foot events correspond to the relatively small number of se-
rotonin molecules released when a fusion pore is not fully
dilated. Due to the small number of granules in platelets
and length of time between granule release events, it is
possible to distinguish the start and end of each granule
event, including feet events, without overlap from other
granule release events. This event resolution allows analysis
of the variations in each spike profile, revealing mechanistic
biophysical information about pore fusion behavior for each
granular release event. Because cells do not typically release
their entire content and there is a limited quantity of dense-
body granules, it is possible that several of the recorded
spikes in each cell amperometric trace are from the same
granule. This work examines the modes of pore formation
and closure and how membrane cholesterol levels impact
these modes. Results indicate that as the cholesterol mem-
brane content increases, there is a corresponding increase
in the number of release events with distinguishing charac-
teristics. In particular, an increase in the number of nontradi-
tional events (NTEs) was observed. It was also noted that, at
greater levels of cholesterol, the NTEs have a slower fusion
pore opening, increased release of serotonin molecules dur-
ing each release event, and a longer duration in which the
fusion pore remains open.
MATERIALS AND METHODS

Amperometric traces from individual rabbit platelets were recorded previ-

ously by Shencheng Ge using CFMA (2). Briefly, platelet cholesterol levels

were manipulated by exposing platelets either to methyl-b-cyclodextrin

(MbCD) (Sigma-Aldrich St. Louis, MO) to achieve cholesterol depletion

or MbCD complexed with cholesterol (Sigma-Aldrich) to achieve choles-

terol enrichment. Platelets with varying levels of cholesterol were stimu-

lated using 10 mM ionomycin and 2 mM Ca2þ in Tyrode’s buffer. The

released serotonin was oxidized by an in-house fabricated carbon-fiber

microelectrode held at 700 mV versus a Ag/AgCl reference electrode

held by an Axopatch 200B potentiostat (Molecular Devices, Sunnyvale,

CA), and the resulting current was measured as a function of time. Each

collected current versus time trace was filtered at 5 KHz by a four-pole Bes-

sel filter ahead of further analysis.

Each amperometric trace (N ¼ 75, 72, and 50 for cholesterol depleted,

control, and cholesterol-loaded platelets, respectively) was then digitally

filtered at 1000 Hz and analyzed using Mini Analysis software (Snyptosoft,

Fort Lee, NJ) for pre- and postspike feet. The peaks were analyzed visually

by using a gain of 15 and a block of 20 unless the current spike was too large

for the frame, in which case the gain was decreased so that the entire peak

was visible within the frame. After examining each trace, the various fea-

tures were divided into categories based on the general shape of the release

event, resulting in pre- and postfeet and NTEs (Figs. S1 A and S3 A in the

Supporting Material; see also Fig. 6 A). Each peak was analyzed manually

using the group analysis and curve fitting option to determine the duration

and area of both the foot alone and the peak and foot features combined.

Schematic representation of these features can be seen in Fig. 2 A. For

NTEs, the total event area and duration were measured. The percent fre-

quency of each feature (prefoot, postfoot, or NTE) was determined by
Biophysical Journal 110(4) 922–929



FIGURE 2 Classes of peaks. (A) Diagram indi-

cating the parameters used to categorize and quan-

tify various peaks. (B) The frequency of events with

features upon the different cholesterol treatments.

(C) Relative frequency of classes of peaks with

the different cholesterol treatments. *p % 0.05,

**p % 0.01, ***p % 0.001, ****p % 0.0001.
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dividing the total number of events with that feature by the total number of

release events in each trace. Within each feature type, the percent frequency

was accounted for with respect to the total number of events with that

feature (for example, within each trace, a prefoot type was compared to

the total number of granule release events with prefoot features). Signifi-

cance (p < 0.05) was determined between conditions by one-way analysis

of variance with all error given as the standard error of the mean.
TABLE 1 Nontraditional Events Were Characterized by Their

10/90 Slope and Area

Name

10/90

Slope Area (fC)

Percent

Release Release Mode

Kiss-and-Run <6 <100 0–20 small release

Partial Fusion <6 100 < area < 385 20–80 partial release

Full Fusion <6 385 < area 80–200 full release

Bulk Fusion >6 960 < area >200 OCS or combining

granule release

As NTEs are often characterized by slower pore opening, the 10/90 slope

was determined to be a good indicator of NTEs. To distinguish between

the different types of NTEs the extent of release, or area under the current

spike, was used. Commonly, events releasing greater than twice the amount

of expected serotonin, had steep 10/90 slopes that were most likely due to

more serotonin occupying the larger free space outside the dense-body core.

Therefore, bulk fusion events had a 10/90 slope > 6. All slopes and areas

were calculated using Mini Analysis software.
Nontraditional events

Nontraditional events are current spikes that do not display the typical quick

current rise due to serotonin release followed by a gradual current decay as

serotonin diffuses away. These NTEs were subdivided into six different cat-

egories (full fusion, partial fusion, bulk fusion, kiss-and-run, recurring kiss-

and-run, and jagged top) based on the area (charge, Q) under each peak,

which is proportional, through Faraday’s Law, to the amount of serotonin

released, and how quickly the fusion pore opened relative to its maximum

release (slope10/90, the slope between 10% and 90% of maximal current in-

tensity) (Table 1). Jagged top features were distinguished by continuous up

and down fluctuations of serotonin release at maximum opening, and recur-

ring kiss-and-run displayed several kiss-and-run events within a second of

one another.

The cutoff criteria categorizing events with a 10/90 slope under 6 pA/ms

was chosen empirically based on the manual analysis of many spikes that

represented traditional and nontraditional release events. Nontraditional

release events were further categorized based upon the amount of serotonin

released. To set an upper limit on the release that could be attributed to kiss-

and-run, we averaged the peaks in the control platelets considered to be

kiss-and-run and found the highest value within one standard deviation of

the mean, and then made this our maximum release value. Previous data ob-

tained by high-performance liquidity chromatography indicated that a

5-min ionomycin stimulation on rabbit platelets resulted in the average

release of 52% of the total serotonin content (13). The average area

(250 fC per granule in control platelets) was thus assumed to be 52% con-

tent release. Full fusion was set as a minimum of 80% content release, or
Biophysical Journal 110(4) 922–929
385 fC/event. Release events where granule fusion resulted in at least

200% content release, or >970 fC, and contained a 10/90 slope of

6 pA/ms or greater were categorized as bulk fusion events. For NTEs, the

event area and event duration of the entire peak was analyzed. Example

traces of NTEs can be found in Fig. 6 with additional details in Table 1.
RESULTS AND DISCUSSION

Based upon previously established methods of release,
exocytosis events have been categorized herein into four
types: 1) kiss-and-run, 2) partial fusion for both normal
pore opening rates (10/90 slope > 6 pA/ms) and extended
pore opening rates (10/90 slope < 6 pA/ms) (when
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discussing partial fusion for the remainder of the work, we
are referring to the extended pore opening rates and not
the traditional spike formation), 3) full fusion, and 4) bulk
fusion (including both granule-granule fusion and bulk
OCS fusion). The different models are illustrated schemati-
cally in Fig. 1 (4–9).

After platelets were enriched in cholesterol or depleted of
cholesterol by platelet exposure to MbCD (132% and 68%,
respectively, compared to control platelet cholesterol levels)
(2), the total percentage of events with either a foot or NTE
release profile increased with increasing concentrations of
cholesterol (52.6 5 2.4%, 64.7 5 2.2%, and 76.8 5
2.8% for depleted, normal, and cholesterol-enriched plate-
lets, respectively, Fig. 2 B). Normal levels of foot events re-
ported with CFMA are traditionally around 10–30%
(2,13,14), which is nominally lower than what we report;
this discrepancy is likely due to our inclusion of nontradi-
tional type events and postfoot-containing events when
determining the percentage of events with features of inter-
est. When only events with prefoot characteristics are taken
into account, the percentage of events falls in previously
described ranges with 15.2 5 1.8%, 21.9 5 2.0%, and
21.8 5 2.3% for increasing cholesterol concentrations,
respectively (Fig. 2 C). Postfoot events, which have been
known to only occur ~2% of the time in PC-12 cells (6),
occur relatively infrequently (4.8 5 1.0%, 4.2 5 0.8%,
and 6.5 5 1.2% for increasing cholesterol concentrations)
in platelets and do not change significantly as the cholesterol
content is changed. Changes in platelet membrane choles-
terol have the largest impact on secretion via NTEs, with
statistically significant increases from 33.5 5 2.5% for
cholesterol-depleted platelets to 53.6 5 3.6% of the events
for cholesterol-enriched platelets, with a value of 42.7 5
2.5% in control platelets. This suggests that cholesterol
has a large impact on the whole fusion event rather than
just the initial opening or closing of the pore. This difference
is not attributable to a change in the number of granules un-
dergoing exocytosis as the membrane cholesterol levels
change. By counting the number of peaks in each trace,
on average, each platelet released 12.7 5 0.7, 12.6 5 0.9,
and 13.1 5 0.9 granules per cholesterol-depleted, control,
and cholesterol-enriched platelet, respectively (p > 0.05).

The occurrence of prespike foot events only changes
significantly as seen in a decrease for cholesterol-depleted
platelets (p % 0.05). When the prefoot events are broken
down into subtypes, the majority of the prefeet were present
in two forms: those where the initial release took some sort
of ramp (an initial slow gradual opening) or those where the
initial release took the form of a plateau (an initial opening
that is held steady over an extended period of time) (Figs. 3
and 4, respectively). These two general characteristics have
been reported before in several works (6,14,15). The most
commonly reported and most discussed prespike foot type
is the ramp. Amatore and colleagues reported that in chro-
maffin cells, of their prespike feet events, 70% were ramps,
20% were ramps with plateaus, and 10% were unclassified.
They then found a positive correlation between the ramps’
maximum current and the maximum current given by the
spike (14). Our data show that the ramp type prespike foot
was the most frequently occurring of the prespike foot types,
at 35.75 5.3%, 34.65 4.7%, and 23.05 3.8% for choles-
terol-depleted, control, and cholesterol-enriched platelets,
respectively. For the depleted and control conditions, the
percent occurrence of the ramp was significantly enhanced
(p % 0.0001) compared to the other prespike foot types.
The ramp frequency in cholesterol-enriched platelets was
only significantly different from four out of the nine other
prespike feet types (p ranging from 0.05 to 0.0001). This,
along with previous work in other groups, leads us to believe
that this ramp characteristic is representative of the tradi-
tional entryway for granular fusion. The ramp-like variants,
such as jagged rise, could potentially correspond to the
opening and closing of the fusion pore during formation,
suggesting that the cell is not able to easily transition to
the type of curvature needed in the membrane as the fusion
pore opens. This inability to rapidly change the membrane
curvature paired with increased membrane stiffness is also
implicated in the significant increase in the occurrence of
long plateau foot events between the cholesterol-depleted
and cholesterol-enriched conditions (p% 0.01). In addition,
FIGURE 3 Prespike foot events with ramp-like

character. (A) Representative traces of the different

types of prespike feet that had a ramp-like charac-

teristic. The representative traces are all on the

same current and timescale. (B) Relative frequency

for each type of ramp-like prespike foot with the

different cholesterol treatments.
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FIGURE 4 Prespike foot events with plateau-

like character. (A) Representative traces of the

different types of prespike feet that had a plateau-

like characteristic. The representative traces are

all on the same current and timescale. (B) Relative

frequency for each type of plateau-like prespike

foot with the different cholesterol treatments.

**p % 0.01.
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the increase in the duration of the short plateau foot relative
to the whole event as cholesterol content increases suggests
that increasing membrane rigidity results in a barrier to the
pore opening to the proper form (Fig. S2 B).

As the postspike feet were not very prevalent, it was diffi-
cult to identify variation in their forms. In total, eight
different types of postspike feet were identified, three of
which were categorized as different forms of reopening
(Figs. S3 and 5). Of the reopening type postspike feet, the
partial reopening type foot showed a significant difference
in frequency between the cholesterol-depleted and choles-
Biophysical Journal 110(4) 922–929
terol-enriched conditions, with the foot occurring 8.3 5
4.8% and 46.5 5 9.4% of the time, respectively. Because
the significant increase is only seen in the partial reopen
postfoot event, where the pore begins to reopen directly af-
ter beginning to close, it indicates that the pore initially has
difficulty closing, but after closure has been initiated, the
cholesterol levels do not impact the process to the extent
they do for prefoot events.

The most interesting results arising from categorization
of the spikes observed upon platelet activation was the prev-
alence of spikes that were not in the form of traditional
FIGURE 5 Events characterized by reopening.

(A) Representative traces of peaks containing post

kiss-and-run, partial reopen, and reopen postfoot

characteristics. The representative traces are all

on the same current and timescale. (B) Frequency

of occurrence for the different postspike foot types.

**p % 0.01.
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release events, meaning that they lacked the typical fast ris-
ing current due to pore opening followed by a slow current
decrease as serotonin diffuses out of the closing pore. These
release events were sorted into six categories by examining
a combination of the following characteristics: 10/90 slope,
the lack of a foot character, and the area (Fig. 6). Table 1
gives the 10/90 slope and area characteristics for four out
of the six types of NTEs observed. Although the NTEs as
a category showed significant increases in percent frequency
of total events as the cholesterol increases (Fig. 2 C), when
the NTEs are broken down into the various exhibited types,
no significant changes are observed where one specific cate-
gory is affected by the amount of cholesterol (Fig. 6). How-
ever, there are significant changes in the area and duration
for the various features as the membrane-cholesterol levels
are changed (Fig. 7). Most surprisingly, these changes in
duration and area are seen in events that have set upper
and lower limits for the amount of serotonin released,
including partial fusion and kiss-and-run events. When
comparing the average amount of serotonin released per
ms during kiss-and-run events, there is no significant differ-
ence between cholesterol conditions (Fig. S5 A). This sug-
gests that the cholesterol helps the pore stay open longer,
but does not change the size of the pore, assuming that the
serotonin diffusion characteristics are unchanged. There-
fore, with the small standard deviation associated with
each event type’s duration and amount of serotonin released
and the fact that there is no difference in the rate of serotonin
release between conditions, this suggests that all granules
going through kiss-and-run will follow a similar pattern of
release. In comparison, for partial fusion, there were no sig-
nificant differences in rate of release, but a downward trend
was noted as membrane cholesterol content increased
(Fig. S5 B). This suggests that once the pore opens past
the kiss-and-run stage, it may not open as wide at higher
cholesterol levels. However, due to the longer length of
time it stays open, more serotonin is released, which serves
FIGURE 6 Nontraditional events. (A) Representative traces of the different ty

timescale. (B) Relative frequency for each type of NTE under the different cho
to make up for this decreased rate of release. Finally, there is
an apparent upward trend in percent occurrence for full
fusion events and a corresponding apparent downward trend
for partial fusion events as the conditions contribute to
higher membrane cholesterol levels. These trends can all
be explained by increased membrane rigidity due to the
additional cholesterol. As previously hypothesized, an in-
crease in cholesterol would lead to longer inversion times
for the phospholipids needing to change the curvature along
the fusion pore, biasing toward full release events.
CONCLUSIONS

Close examination of the prefoot and postfoot spike features
from individual platelets with manipulated outer membrane
cholesterol levels indicated a few styles of pore opening and
closing. Prefoot features tended to fall into two subcate-
gories: ramp-like and plateau-like, with the ramp occurring
most frequently. There was a slight decrease in the occur-
rence of prefoot features in cholesterol-depleted platelets,
indicating that the pore opens more quickly at low choles-
terol levels, bypassing the slower foot-inducing features.
The postfoot features occurred fairly infrequently and had
primarily reopening characteristics. The most prevalent
category of nontraditional secretion events showed an in-
crease in frequency as the cholesterol content of the mem-
brane increased. These events are characterized by an
increase in the amount of serotonin released, increased dura-
tion of the pore opening, and a slowing in the opening of the
pore. From these analyses, we conclude that as the choles-
terol concentration in platelets is increased, the mem-
brane-granule fusion curvature transitions are slowed due
to increased rigidity, leading to a slower pore opening and
closing.

Even though the fusion pore dynamics of human platelets
have not been studied directly with CFMA, it has been
shown that platelets from other species, particularly the
pes of NTE peaks. The representative traces are all on the same current and

lesterol treatments.
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FIGURE 7 Area and duration of nontraditional events. (A) Average area

of each NTE type under the different cholesterol treatments. (B) Average

duration of each NTE type under the different cholesterol treatments.

*p % 0.05, **p % 0.01, ***p % 0.001.
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cow, which has comparatively increased levels of choles-
terol, demonstrate similar fusion pore dynamics as the
rabbit platelets incubated with cholesterol. These included
increased Trise and T1/2 times compared to rabbit platelets
without cholesterol modification, which are often associated
with NTEs (2,13). In addition, because platelets are anu-
cleate, the up- and down-regulation of proteins and recep-
tors is limited, suggesting that the only difference between
the conditions was the concentration of cholesterol. There-
fore, we believe these results, though they are measured in
a model system, can be generalized to human platelets
and other cell types that undergo exocytosis.
Biophysical Journal 110(4) 922–929
Human platelets have been shown to undergo changes in
cholesterol membrane content due to various diseases,
drugs, or predispositions (16,17). In addition, platelets are
known to increase cholesterol uptake in vitro when sus-
pended in cholesterol-rich environments (18). Previous liter-
ature indicates that cholesterol plays a role in human platelet
sensitivity, microtubule ring formation, and aggregate size
due to cholesterol levels (18,19). Thus, it is likely that the
results presented here can inform understanding of human
platelets and the diseases affecting them.
SUPPORTING MATERIAL

Fivefigures are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(16)00009-6.
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Supplemental 1: Representations of the various pre-spike feet types. The representative traces are all on 

the same current and time scale excluding the double peak (A). Percent of total pre-spike feet with 

varying cholesterol concentrations (B,C). **p ≤ 0.01  



 

Supplemental 2: Percent of event area (A) and percent of time the foot feature took up relative to the 

time of the whole event (B) for pre-spike feet. **p ≤ 0.01, ****p ≤ 0.0001  

 

 

Supplemental 3: Representations of the various post spike feet. The representative traces are all on the 

same current and time scale.(A) Percent of total pre-spike feet with varying cholesterol concentrations 

(B,C).**p ≤ 0.01  

 



 

Supplemental 4: Percent of event area (A) and percent of time the foot feature took up relative to the 

time of the whole event (B) for post spike feet. *p ≤ 0.05, **p ≤ 0.01 

  

Supplemental 5: Rate of release for kiss and run events (A) and partial fusion events (B).  
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