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cal for a wide range of cellular functions (2). It is

defined as the transport of chemical messenger-
containing vesicles/granules to the plasma membrane
and subsequent fusion and content release to the extra-
cellular space (2—4). Numerous cell types, including
neurons, endocrine cells, and platelets to name a few
(1), use exocytosis to deliver chemical messengers for
specific biological tasks. Given the critical function of ex-
ocytosis, a number of key protein components of the ex-
ocytotic machinery, such as the SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein re-
ceptor) protein family, have been identified and charac-
terized (5-8); however, the critical role of membrane lip-
ids has not been fully appreciated. Membrane lipid
species not only constitute the platform for exocytosis
but also actively regulate exocytosis. Cholesterol is an
important lipid species in this regard (9). Despite its
long-recognized abundance, influence on overall bio-
chemical and biophysical lipid properties, and ubiquity
in the mammalian lipid membrane, the role of choles-
terol in exocytosis has not been fully defined.

The current mechanistic understanding of choles-
terol in regulating exocytosis has been largely derived
from studies on several commonly employed secretory
cell models, including chromaffin cells and its closely re-
lated immortal cell line PC12 cells (9—13). While the
use of these secretory cell models has generated invalu-
able insight about exocytosis, they are nonideal par-
tially because the manipulation of cholesterol content
in the cell and/or granule membrane often leads to un-
predictable downstream effects, given its versatile role
in modulating cellular functions. The resultant down-
stream effects may significantly complicate data inter-
pretation and thus impede thorough mechanistic under-
standing. For instance, alterations of quantal size (i.e.,
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ABSTRACT Exocytosis is a fundamental cellular process, pivotal in a wide range
of cell types, used to deliver chemical messengers from one cell to another cell or
tissue. While a tremendous amount of knowledge has been gained in the past sev-
eral decades about the exocytotic machinery, recently it has become clear that
the role of membrane lipids is also crucial in this process. In particular, the criti-
cal role of the abundant and ubiquitous cholesterol molecules has not been well-
defined. Early insight has been gleaned from single cell amperometric studies on
several commonly used secretory cell models, including chromaffin cells and PC12
cells; however, these secretory cell models are not ideal because manipulations
of membrane cholesterol content may influence downstream cholesterol-
dependent processes, making data interpretation difficult. Herein, blood platelets
are employed as a simpler secretory cell model based on their anuclear nature and
unique chemical messenger exocytosis behavior. Carbon-fiber microelectrochem-
istry was employed to measure real-time exocytosis from single platelets with de-
pleted or enriched cholesterol either in the naturally occurring form or as the syn-
thetic analogue epicholesterol. The experimental results show that membrane
cholesterol directly modulates the secretion efficiency of individual platelets, as
well as the kinetics of secretion events. Moreover, substitution of platelet mem-
brane cholesterol with epicholesterol yields exocytotic behavior indistinguishable
from that of normal platelets, arguing against the possibility of cholesterol-specific
interactions in regulating exocytosis. It is clear from this work that membrane cho-
lesterol plays a critical biophysical, rather than biochemical, role in platelet exocy-
tosis and likely in exocytosis in general.
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granule content of a given stored chemical messenger)
induced by the manipulation of membrane cholesterol
content make accurate interpretation of the measured
secretion kinetics difficult (10, 11, 14). In fact, not only
does membrane cholesterol influence granule content,
but other endogenous (15) and exogenous (16) lipid
species in these secretory cell models do as well. An
ideal cell model for fundamental studies of lipid charac-
teristic effects on exocytosis would have granules that
are minimally influenced by changes in cholesterol or
other lipid species.

Platelets, a populous secretory cell in the blood-
stream that serves a myriad of functions, use the evolu-
tionarily conserved SNARE machinery to drive exocyto-
sis (17) and possess several highly desirable cellular
features that make them uniquely suited for reliable and
selective examination of membrane cholesterol during
exocytosis. One fortuitous platelet exocytotic feature is
that secretable molecules are differentially sorted to
separate classes of secretory granules in a molecular
size-dependent manner. Dense-body granules (DG) se-
lectively store small molecules and ions, such as seroto-
nin and Ca*, whereas a-granules contain larger mol-
ecules, such as proteins (18). This unusual feature
eliminates hurdles encountered when using other secre-
tory cell models (e.g., PC12 cells) to study cholesterol
and exocytosis by decoupling the interplay between the
granule membrane and the granule content during exo-
cytosis (19, 20). This interplay is unfavorable because
the observed proteinaceous granule matrix swelling
(e.g., in chromaffin cells (19, 20)) following initial mem-
brane fusion may act as the main driving force to pro-
mote further membrane fusion; this makes the selec-
tive examination of the membrane-derived driving forces
and thus the cholesterol influence on exocytosis diffi-
cult. This difficulty is exacerbated when carbon-fiber mi-
croelectrochemistry techniques, the gold standard for
monitoring real-time exocytosis (14), are employed be-
cause these techniques measure exocytosis based on
the outward flux of stored electroactive molecules (e.g.,
catecholamine from chromaffin cells). This flux becomes
insensitive to the membrane dynamics during exocyto-
sis when the rate-limiting factor controlling molecule flux
is the effective chemical messenger diffusivity in the
swelling granule matrix rather than the membrane un-
folding process (as is clearly the case in mast cells (21)).
Platelets, however, do not have these difficulties. First,
the membrane cholesterol content is naturally decou-
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pled from the quantal size (i.e., serotonin content) be-
cause platelets do not synthesize serotonin but rather
take it up dynamically from the bloodstream. Once
taken up, these molecules are stably sequestered in
DGs. Second, the interplay between the granule mem-
brane and the granule content is likely negligible be-
cause platelets uniquely sequester small molecules as
an aggregate devoid of expandable matrix, making the
carbon-fiber microelectrochemistry measurements ca-
pable of revealing the membrane dynamics during exo-
cytosis based on the measurement of released electro-
active molecules (i.e., serotonin from platelets (22, 23)).
While the patch-clamp method is an alternative ap-
proach to acquire similar data, it would require exquis-
ite control to study the exceedingly small platelets. An-
other fortuitous property of platelets is that they do not
rapidly recycle granules, likely due to their physiological
role, making the lipid dynamics of the cell membrane
during exocytosis much less complicated for platelets
than for those cells that rapidly recycle granules (e.g.,
chromaffin cells (24)).

Several additional platelet features facilitate their
use as the secretory cell model herein. First, platelets
are readily accessible in high purity and quantity, a clear
advantage over tissue-derived secretory cells. Second,
platelets are small. Discoid platelets are 2—3 um in di-
ameter and approximately 1 wm in thickness; thus, the
platelet volume (~3—7 fL) is only a fraction of a typical
10-pwm-diameter mammalian cell (~523 fL for a chro-
maffin cell), indicating that platelets can harbor signifi-
cantly fewer secretory granules (e.g., less than 10 DGs
per human platelet (25) vs ~10,000 vesicles per rat
chromaffin cell (26)). This feature makes the often used
exclusion criteria for overlapping amperometric spikes
unnecessary and thus eliminates possible bias. Lastly,
platelets do not have nuclei; therefore, these cells retain
only minimal capability for de novo protein synthesis
(27). In fact, platelets inherit the majority of their or-
ganelles and molecules from their precursor megakaryo-
cytes (27), suggesting that platelets are simple and
stable cells well-suited for cholesterol and exocytosis
study.

This study exploits the combination of carbon-fiber
microelectrochemistry and a novel lipid substitution ap-
proach to clearly define some, if not all, aspects of the
role of cholesterol in exocytosis for platelets and per-
haps secretory cells in general. First, the efficient
cholesterol-complexing reagent, methyl-B-cyclodextrin
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(MBCD), is used to manipulate the cholesterol level in
platelets (28), and the exocytotic behavior is examined
in real time using carbon-fiber microelectrochemistry. In
addition, epicholesterol, a synthetic analogue of choles-
terol, is substituted for the naturally occurring choles-
terol to investigate the specificity of cholesterol’s role in
exocytosis (29).

RESULTS AND DISCUSSION

Effects of Altered Membrane Cholesterol on Dense-
Body Granule Secretion. Although the subcellular dis-
tribution of cholesterol in platelets is not pursued in this
study, a large majority of the free cholesterol is likely to
be present in the plasma membrane (30), and thus the
total cholesterol level is used as a cholesterol index for
the plasma membrane cholesterol content. Incubation
with 10 mM MBCD for 30 min removed approximately
32% of the cholesterol content present in the control
condition. Enrichment of cholesterol in cholesterol-
depleted platelets and control platelets with cholesterol-
saturated MBCD vyielded cholesterol content slightly
higher than the normal level (111.2 = 2.3% vs control,
p < 0.01) for the cholesterol-depleted platelets and sig-
nificantly higher than the control (131.8% =+ 2.7% vs
control, p < 0.001) for undepleted platelets. Ultrastruc-
tural analysis by TEM revealed that platelets under all
four conditions maintained regular DGs (Figure 1, pan-
els a—d and insets). Morphological alterations of the
overall platelet diameter and thus volume, as well as the
open canalicular system, a three-dimensional lipid
membrane structure present in platelets, are discern-
ible; however, unlike the spherical shape of the dense
bodies, these features are difficult to quantify solely on
the basis of TEM analysis. Despite the minor observed
ultrastructural changes, all platelets were able to spread
similarly on the poly-L-lysine-coated coverslips that
were used for electrochemical measurements, indicat-
ing that platelets maintained viability under conditions
investigated herein (Supplementary Figure S1). With this
capability to modulate the plasma membrane choles-
terol levels with minimal cell disruption in a preferred
cell model, we are uniquely positioned to investigate
how cholesterol influences exocytotic behavior. Varia-
tions in cholesterol levels may influence either chemi-
cal behavior (e.g., the ability to localize SNARE proteins)
or physical properties of the membrane (e.g., fluidity, ri-
gidity) or both. Real-time measurements of platelet exo-
cytosis will reveal whether the chemical/physical char-
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Figure 1. Ultrastructural analysis of platelet morphology
and cholesterol quantification. The four conditions exam-
ined are (a) cholesterol depletion, (b) control, (c) choles-
terol depletion followed by cholesterol enrichment, and (d)
cholesterol enrichment alone. Scale bar: 1 um with inset
scale bar, 100 nm. The total cholesterol content (e) was
determined using a cholesterol oxidase assay and normal-
ized to the control condition. Data are expressed as mean
+ standard deviation. N = 3 for each condition, **p <
0.01, ***p < 0.001, using a two-tailed unpaired Student’s
t test.

acteristics of a cholesterol-rich membrane enhances
fusion pore formation, maintenance, and dilation. In ad-
dition, this model system, in combination with a sterol
substitution scheme, presents the unique opportunity to
separate biochemical and biophysical effects of choles-
terol during exocytosis.

Following manipulation of cholesterol content, real-
time measurements of DG secretion from single plate-

VOL.5 NO.9 « 819-828 + 2010

821



822

-0.4

Voltage /V

| B &
-0.10 0.15
Current/nA

Figure 2. Exocytotic event recorded by fast-scan cyclic voltammetry. The false-color
plot (a) was constructed on the basis of the oxidation and reduction current (en-
coded by color) recorded at the carbon-fiber microelectrode when its potential was
rapidly ramped from —0.4 to 1 V and back to —0.4 at 2000 V s~* every 2 ms. Each
vertical 2 ms “slice” and the full 2D representation are a single scan and a stack of
consecutive single scans, respectively. The second event at ~1.3 s displays a small
current (white arrow, termed foot feature) prior to the major current feature. The
reconstructed amperometric response using the oxidation peak current value (at
~0.6 V) obtained on each consecutive scan and the cyclic voltammograms using
two single scans obtained from the foot feature and the major current spike are
plotted in panel b. The cyclic voltammograms (solid line, insets in panel b) show
identical oxidation (~0.6 V)/reduction (~—0.4 V, partially shown) peak locations
and peak separation compared to those obtained from a standard serotonin solu-
tion (dotted line) and thus confirm the secreted molecules as serotonin during both
the foot and full fusion events.

lets were performed using carbon-fiber microelectro-
chemistry. Herein, this method was first exploited to
probe the properties of the fusion pore, which is often
short-lived and only maintained for a measurable period
of time in a minority of fusion events (22, 31). While it
is commonly accepted that granule content leakage via
fusion pore causes the appearance of a small current
signal, known as a “foot” (31), immediately preceding
the major spike on an amperometric trace (e.g., Figure 3,
panel ¢, there has been no direct dynamic evidence to
support this phenomenon in platelets. The false-color
plot (Figure 2, panel a) obtained using fast-scan cyclic
voltammetry at the carbon-fiber microelectrode con-
firms that this is indeed the case. The color plot shows
one secretion event with no apparent fusion pore leak-
age (a full fusion event) and a second secretion event
with a sustained fusion pore ahead of the full fusion
event. The reconstructed amperometric response (at
+600 mV vs Ag/AgCl) for the second fusion event clearly
shows a small current signal (i.e., a “foot” feature)
ahead of the full fusion spike, corresponding to mainte-
nance of a nanometric fusion pore for tens of millisec-
onds prior to dilation and exocytosis of the majority of
serotonin. Cyclic voltammograms obtained from the foot
and full fusion spike (Figure 2, panel b) are identical to
VOL.5 NO.9 + 819-828
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that measured using a standard serotonin solution.
The oxidation/reduction peak locations and peak sepa-
ration on the cyclic voltammogram represent an electro-
chemical signature for a given electroactive species;
the close superposition of these characteristics

(Figure 2, panel b) obtained from single platelet mea-
surements and a standard serotonin solution positively
confirms that serotonin secretion to the extracellular
space is responsible for both amperometric current fea-
tures (i.e., foot and major spike).

Once the molecular identity has been confirmed by
fast-scan cyclic voltammetry, constant-potential amper-
ometry at the carbon-fiber microelectrode was utilized to
measure real-time exocytosis from single platelets be-
cause of its superior time resolution (22, 23). A typical
amperometric trace collected from a single rabbit plate-
let (Figure 3, panel a) has ~20 spikes, corresponding to
~20 DGs. Due to the small number of secretion events,
nearly all of the spikes are well-separated and baseline-
resolved within the amperometric traces; therefore,
spike exclusion criteria are not necessary due to mini-
mal spike overlap. To examine the overall effect of cho-
lesterol on platelet secretion behavior, the cumulative
percentage of all secretion events collected from the
same condition is first plotted and compared (Figure 3,
panel b). The plots show that the majority of the DGs are
secreted within the first 30 s following activation by ion-
omycin, an ionophore capable of raising intracellular
Ca?" levels. The overall rate of secretion, characterized
by the rising slope, is slower for platelets treated with
MBCD (i.e., the cholesterol-depleted platelets) com-
pared to the other three conditions (which are similar).
Clearly, the enrichment of cholesterol in MBCD-treated
platelets successfully restores the overall secretion effi-
ciency, indicating that the observed change is specific to
cholesterol rather than unintended side-effects of MBCD
treatments. The cholesterol-dependent overall exocy-
totic efficiency is likely influenced by the ability of mem-
brane cholesterol to organize exocytotic machinery in
the plasma membrane, as cholesterol is known to spa-
tially coordinate essential SNARE proteins within
cholesterol-enriched microdomains at fusion sites (12,
32-34). Upon cholesterol depletion from platelets,
cholesterol-enriched microdomains are likely disrupted,
leading to the dispersion of the platelet SNARE pro-
teins (35) from such microdomains. Consequently, the
otherwise efficient exocytotic machinery is compro-
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mised, as indicated by the retarded overall secretion
rate measured herein.

Detailed analysis of the individual spike characteris-
tics yields rich information about the kinetics of gran-
ule content release, which in tum reflects the membrane
unfolding process during platelet exocytosis. Four ma-
jor parameters are examined herein, including Q, the
quantal size or the amount of serotonin secreted from
each DG, and three kinetic parameters, Tice, T1/2, and Tge-
cay (Figure 3, panel ¢, and see Methods for definition).
As expected, quantal size remains the same for all con-
ditions with altered cholesterol content due to the de-
coupling between the membrane cholesterol content
and the granule content. However, the overall trend for
all three kinetic parameters is that increased cholesterol
content correlates with longer secretion time. For ex-
ample, T;/,, the time widely used to characterize the dis-
charge of granular content, decreases from the control
condition value of 9.3 = 1.0 ms (mean * SEM) to 5.8 =
0.6 ms for the cholesterol depletion condition, acceler-
ating secretion by nearly a factor of 2. Among the kinetic
parameters, Ty, the time characterizing the fusion
pore dilation rate, is most sensitive to the membrane
cholesterol content. This parameter correlates remark-
ably well with the total cholesterol content in platelets
with a correlation coefficient of B2 = 0.98. Not only does
cholesterol have a critical effect on the parameters char-
acterizing the delivery rate of chemical messengers
from platelet granules, cholesterol also influences the
ability of the platelet to maintain the fusion pore struc-
ture, manifested as the “foot” feature on the ampero-
metric trace. In the control condition, approximately
17.4 = 2.7% of the spikes displayed a foot feature. This
foot occurrence decreases to 9.0 = 1.6% and increases
to 29.1 = 3.3% for cholesterol depletion and choles-
terol enrichment conditions, respectively. Again, the re-
delivery of cholesterol to cholesterol-depleted platelets
restored the foot occurrence to the control cell level
(Figure 3, panel h). Interestingly, the enrichment of cho-
lesterol in the untreated platelets significantly aug-
mented the foot occurrence. Further quantitative analy-
sis of the foot features revealed a good correlation
between the total cholesterol content and three param-
eters considered herein, oot/ lspike (R* = 0.82, Figure 3,
panel i), Toot/ T1/2 (R? = 0.68, Figure 3, panel j), and Qgot/
Qspike (R? = 0.76, Figure 3, panel k). From these quanti-
tative analyses, it is clear that membrane cholesterol
profoundly affects the ability of platelets to discharge

www.acschemicalbiology.org

the granular content by influencing multiple steps in
the exocytotic process, including fusion pore formation,
dilation, and full fusion.

Effects of Epicholesterol Substitution on Dense-
Body Granule Secretion. To further explore the nature
of the observed cholesterol-dependent secretion behav-
ior, the naturally occurring cholesterol molecules in
platelets were substituted by the synthetic analogue
epicholesterol. This substitution experiment is done to
examine the possibility of exocytotic regulation via
cholesterol-specific interactions with components criti-
cal in exocytosis, such as SNARE proteins. Cholesterol
and epicholesterol differ structurally only in the spatial
orientation of the hydroxyl group at the 3@ chiral center
(Figure 4, panel a). This subtle structural difference, how-
ever, leads to a drastic difference in their respective oxi-
dation efficiency by cholesterol oxidase; cholesterol oxi-
dase efficiently oxidizes only cholesterol but not its
stereoisomer epicholesterol (Supplementary Figure S2).
In addition, this structural difference also leads to sig-
nificantly different orientation of these two molecules in
the lipid membrane and thus likely their specific interac-
tions with membrane-embedded proteins (29, 36); how-
ever, the differences in the physical properties of
cholesterol- and epicholesterol-enriched lipid mem-
brane are rather minimal (37, 38). Therefore, the use of
epicholesterol may facilitate the discrimination between
biochemical and biophysical roles of cholesterol in vari-
ous lipid membrane-based processes. For exocytosis,
this approach offers a unique opportunity to test the hy-
pothesis that cholesterol-specific interactions are criti-
cal in regulating exocytosis, which has remained virtu-
ally unexplored thus far (9).

To test this hypothesis in a well-controlled manner,
three conditions were optimized so that depleted cho-
lesterol was replaced by an equal amount of epicholes-
terol (Figure 4, panel b, and Supplementary Figure S3).
Extent of cholesterol removal from platelets was con-
trolled by varying MBCD concentration and incubation
time. Epicholesterol was delivered to platelets via
epicholesterol-saturated MBCD, and approximately
34% of cholesterol content in the untreated platelets
was replaced with epicholesterol after 15 min incuba-
tion with 5 mM epicholesterol-saturated MBCD. Amper-
ometry measurements on epicholesterol-loaded plate-
lets revealed the kinetics for the overall cell and
individual granule secretion behavior upon epicholes-
terol substitution. In line with the aforementioned de-
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Figure 3. Amperometric measurements of dense-body granule secretion. a) A typical amperometric trace is shown with the black bar indicating
the onset and duration of stimulant application. b) Cumulative percentage of secretion events are plotted using the individual spike time pooled
together for a given condition. The total number of spikes for MBCD, MBCD-Chol, Control, and Chol are 428, 468, 519, and 494, respectively. c)
Spike parameters used to characterize secretion are denoted (see Methods for definitions). d—g). Spike characteristics: Q, Tiise, T1/2, and Tyecay
(mean = SEM) are plotted in the order of increasing cholesterol content from left to right. h—k). Foot occurrence and foot parameters: oot/ spikes
Tioot/ T1/2> and Qroot/ Qspike (Mean = SEM) characterize the foot feature relative to the spike that immediately follows. N = 25 platelets for panels
d—h. N = 41, 95, 72, and 155 foot features, for MBCD, Control, MBCD-Chol and Chol, respectively. *p < 0.05 and **p < 0.01, using a two-tailed
unpaired Student’s t test.
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crease in overall release efficiency upon cholesterol
depletion (Figure 3, panel b), the condition with the
lower cholesterol level displayed a slower overall secre-
tion rate (Figure 4, panel ¢). The substitution with epi-
cholesterol not only restored but slightly enhanced this
rate. Analysis of the individual secretion events revealed
a similar trend for T, and foot occurrence (Figure 4,
819-828
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panels e and f). T;;s. and foot occurrence decreased sig-
nificantly when cholesterol content was further lowered
from 76.1 = 1.3% to 44.4 = 0.6%, consistent with the
trends in Figure 3, panels e and h, respectively. The re-
delivery of epicholesterol restored the Tye from 2.2 =
0.1 msto 2.5 = 0.1 ms and foot occurrence from 5.0 =
0.7% to 11.4 = 0.9%, respectively. Neither T;s nor
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Figure 4. Epicholesterol substitution effect on dense-body granule secretion. a) Structures are shown for cholesterol (R1 = OH, R2 = H) and
epicholesterol (R1 = H, R2 = OH). b) The total cholesterol and epicholesterol content quantified by GC-FID is expressed as a molar per-
centage with respect to the untreated control condition. Data are expressed as mean = SD and N = 3 for all conditions. c¢) The cumulative

percentage of secretion events are plotted using the spikes pooled from 105 platelets collected from four separate experiments. The total
number of spikes are 1593, 1626, and 2010 for MBCD 10 mM, MBCD 5 mM, and Epi 5 mM, respectively. d—f) Amperometric spike charac-
teristics: Q, Tiise, foot occurrence (mean + SEM) are compared. N = 105 platelets, and **p < 0.01 using a two-tailed unpaired Student’s ¢

test. In panels e and f, no statistical difference (n.s.) is also denoted.

foot occurrence characteristics for the epicholesterol-
reloaded condition are distinguishable from that for the
high cholesterol condition (i.e., MBCD 5 mM condition, p
> 0.05). Again, no quantal size change was observed
for any conditions (Figure 4, panel d). The substitution
experiments provide evidence arguing against a bio-
chemical role for cholesterol in exocytosis, though it is
not definitive because of the coexistence of cholesterol
and epicholesterol after substitution. In addition, it is
possible that epicholesterol substitution has subtle ef-
fects on the SNARE proteins or other protein compo-
nents that do not manifest in changes to the exocytotic
process.

Biophysical Role of Cholesterol in Dense-Body
Granule Secretion Based on a Stalk Model. Taken to-
gether, the experimental results strongly indicate that
membrane cholesterol plays a critical biophysical role
in platelet DG secretion. Perhaps the most critical physi-
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cal characteristic of cholesterol in modulating platelet
DG exocytosis is its negative curvature (9). In the clas-
sic stalk model of lipid membrane fusion (39, 40), the
negatively curved cholesterol molecules (41) are
thought to stabilize key intermediate structures along
the membrane fusion pathway and therefore lower the
energy required for membrane fusion to proceed. The
early intermediate stalk structure has a highly negative
curvature (Figure 5, panel d) as the outer granule leaflet
initially merges with the inner cell membrane leaflet,
and this curvature persists throughout the fusion pro-
cess (Figure 5, panels d—f). Cholesterol may accumu-
late at these sites and stabilize the structure on the ba-
sis of its intrinsic negative curvature. Large positive
curvature is also created at the late fusion-pore stage
where the inner granule membrane leaflet eventually
coalesces with the outer cell membrane leaflet; how-
ever, it is not readily evident if cholesterol will destabi-
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Figure 5. Stalk model for membrane fusion. Electron micrographs (a) and (b) depict
the close juxtaposition of dense-body granules to the cell membrane and arrows
point to possible fusion sites. In a rare case (b), the dense body granule appears to
be deformed. Scale bars: 100 nm. On the basis of the stalk model, the membrane
fusion must proceed through the key intermediates, including (d) stalk, (e) dia-
phragm, and (f) fusion pore, along the fusion pathway. Membrane leaflet curvatures
for the key intermediates are labeled.

lize this positively curved leaflet because cholesterol
may or may not be concentrated in this region of the
membrane. Cholesterol could be either preferentially ex-
cluded from this region due to the conflicting curva-
ture, based on passive diffusion from the site, or con-
centrated in this region if the fusion predominantly
occurs within the cholesterol-enriched microdomains
(12). It becomes more challenging to accurately evalu-
ate the influence of cholesterol on fusion-pore proper-
ties if possible participating SNARE proteins are also in-
cluded in this pure lipid-based stalk model, because the
actual composition and structure of the fusion pore in-
termediate has not yet been clearly defined and is, in
fact, the source of ongoing debate (42). Nevertheless,
the stalk model supports that cholesterol stabilizes the
leaflets facing the cytosol at the fusion site throughout
the fusion process. This stabilizing effect likely increases
the probability for platelets to maintain the fusion-pore
intermediate and also decelerates the overall mem-
brane unfolding process, which agrees with the ob-
served higher foot occurrence (Figure 3, panel h) and
longer granule secretion time for the high cholesterol
conditions (Figure 3, panels e—g). Indeed, such pos-
sible contribution to exocytosis based on the negative
curvature of cholesterol was supported by cholesterol
substitution experiments using native cortical vesicles
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from sea urchins. In this work by Churchward et al., it
was demonstrated that ensemble homotypic vesicle fu-
sion was recovered by redelivery of lipid species with
similar or larger intrinsic negative curvature compared
to that of cholesterol (43). Besides the physical charac-
ter of negative curvature, cholesterol may also exert its
impact on membrane fusion on the basis of its long-
recognized role in modulating the physical properties
of the lipid membrane, such as viscosity and fluidity.
During exocytosis, granule membrane and cell mem-
brane lipid species must intermix (44), and alteration
of cell membrane cholesterol content likely influences
the in-membrane diffusivities of membrane constituents
and thus changes the subsequent intermixing kinetics
of the granule and cell membranes during exocytosis
(i.e., the membrane unfolding process). Both biophysi-
cal factors of cholesterol are likely critical in influencing
the stability of the fusion-pore intermediate in platelets
and also other secretory cell types including chromaffin
cells (10) and PC12 cells (11), based on the observed
similar cholesterol-dependent foot behaviors. Not only
does membrane cholesterol have a profound impact on
the foot behavior, it also modulates the secretion kinet-
ics of the main spike in platelet exocytosis, reflecting the
cholesterol-induced alterations of the membrane un-
folding process following fusion-pore intermediate
(Figure 3, panels e—g). The use of other secretory cell
models such as chromaffin cells, however, failed to re-
veal such cholesterol dependency (10-12). As previ-
ously discussed, carbon-fiber microelectrochemistry
measures the outward electroactive molecule flux
through the dilating fusion pore. Unfortunately, it be-
comes insensitive to membrane unfolding processes at
the late stages of exocytosis in most cell types when the
outward flux is limited by the slow diffusion of mol-
ecules out of the swelling proteinaceous matrix rather
than the membrane unfolding process. In contrast, the
protein-matrix-free DGs allow the membrane unfolding
dynamics throughout exocytosis to be studied and re-
veal previously inaccessible information about choles-
terol’s influence on exocytosis.

To summarize, the results presented herein clearly
show that exocytotic behavior in platelets is dependent
on cellular cholesterol content and strongly supports a
biophysical role for cholesterol in regulating exocytosis.
The use of this greatly simplified secretory cell model,
platelets, favorably permits the membrane-derived driv-
ing forces for exocytosis to be selectively examined. This
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work provides a previously inaccessible mechanistic un-
derstanding of cholesterol in platelet exocytosis and
perhaps for exocytosis in general due to the evolution-

ary conservation of exocytotic machinery (3) and
the ubiquitous nature of cholesterol in mammalian
cells.

METHODS

For procedures on preparation of washed platelets, manipu-
lation of cholesterol/epicholesterol content in platelets, choles-
terol and epicholesterol quantification, and transmission elec-
tron microscopy analysis, see Supporting Information.

Carbon-Fiber Microelectrode Fabrication and Electrochemical
Measurements. The procedure for carbon-fiber microelectrode
fabrication followed a published protocol (23). All electrochemi-
cal measurements were performed on an inverted microscope
(Nikon Instruments) equipped with phase-contrast optics (40x
objective) on a vibration isolation platform. A two-electrode con-
figuration was used with potential and gain controlled by an Ax-
opatch 200B potentiostat (Moleclar Devices). The data were col-
lected using locally written software in LabView (National
Instruments). After the placement of a carbon-fiber microelec-
trode onto a single platelet sedimented on a poly-L-lysine-coated
coverslip, a 3-s bolus of 10 M ionomycin and 2 mM Ca?* in Ty-
rode’s buffer was locally delivered onto the platelet via a glass
capillary with a 2—3 pum diameter opening. In amperometry
mode, the electrode was held at +700 mV vs Ag/AgCl to de-
tect only secreted serotonin. Recorded data were first filtered
at 5 kHz by a built-in four-pole Bessel filter and collected at 20
kHz, allowing submillisecond resolution. In cyclic voltammetry
mode, the applied voltage was ramped from —0.4 to 1 V and
back to —0.4 at 2000 V s~ once every 2 ms.

Data Processing and Statistical Analysis. The amperometric
data were exported, digitally filtered at 1000 Hz, and then ana-
lyzed using commercially available software (Minianalysis,
Snyptosoft Inc.). The threshold for spike detection was set to 5
times the root-mean-square of the background current collected
at the beginning of a given trace. Spike analysis included the de-
termination of the following parameters: /,n,, amplitude of
spike; Tise, the time from 10% to 90% of the spike amplitude
on the rising phase of the spike; Tgecay, the time from 100% to
1% of the spike amplitude on the decaying phase of the spike;
Ty/2, spike width at the half-maximum; and Q, the spike area.
Mean spike characteristics were calculated for each platelet,
and then data from platelets exposed to identical experimental
conditions were subsequently pooled together for statistical
comparison to other platelet populations (45). In addition, foot
analyses were performed on the basis of the empirical criteria
used within the Minianalysis program. Briefly, the characteris-
tics of a foot feature were determined on the basis of the identi-
fication of the inflection point on the rising phase of an amper-
ometric spike. The inflection point, along with the onset of a foot
feature and the local baseline for the given amperometric spike,
were manually chosen within the analysis software. Then, the
foot analysis was performed including the determination of the
following parameters: /o, fOOt current amplitude at the inflec-
tion point; i, foot duration from the onset of a foot to the in-
flection point; and Qrot, foot area, integrating the current over
the foot duration. Foot characteristics from individual spikes are
pooled rather than their averages obtained from each platelet
due to the small number of spikes with a foot feature per amper-
ometry trace. No outliers were excluded and all data are re-
ported as mean = standard error of the mean (mean + SEM)
and subject to two-tailed unpaired Student’s t tests.
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