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Membrane organization has received substantial research interest since the degree of ordering in membrane
regions is relevant in many biological processes. Here we relate the impact of varying cholesterol concentrations
on native secretory vesicle fusion and the lateral domain organization of membrane extracts from these vesicles.
Membranes of isolated cortical secretory vesicles were either depleted of cholesterol, had cholesterol loaded to
excess of native levels, or were depleted of cholesterol but subsequently reloaded to restore native cholesterol
levels. Lipid analyses confirmed cholesterol was the only species significantly altered by these treatments. Treat-
ed vesicles were characterized for their ability to undergo fusion. Cholesterol depletion resulted in a decrease of
Ca2+ sensitivity and the extent of fusion, while cholesterol loading had no effect on fusion parameters.
Membrane extracts were characterized in terms of lipid packing by surface pressure–area isotherms whereas
the lateral membrane organization was analyzed by Brewster angle microscopy. While no differences in the
isotherms were observed, imaging revealed drastic differences in domain size, shape and frequency between
the various conditions. Cholesterol depletion induced larger but fewer domains, suggesting that domain coales-
cence into larger structures may disrupt the native temporal–spatial organization of the fusion machinery and
thus inhibit vesicle docking, priming, and fusion. In contrast, adding excess cholesterol, or rescuing with
exogenous cholesterol after sterol depletion, resulted in more but smaller domains. Therefore, cholesterol is an
importantmembrane organizer in the process of Ca2+ triggered vesicular fusion, which can be related to specific
physical effects on native membrane substructure.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Classically thought of as simply a barrier between intra- and extracel-
lular compartments, biological membranes are in fact highly organized
and actively participate in critical cellular functions. Depending on the
lipid species present, distinct, spatially and temporally localized ‘islands’
may form as a result of the coexistence and immiscibility between liquid
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expanded (LE) and liquid condensed (LC) phases within leaflets of
biological membranes. More or less rigid lipid regions have also
been proposed to coexist with the largely liquid-crystalline native
bilayer, constituting liquid ordered (Lo) and liquid disordered (Ld)
lateral phases. With proteins present such lipid islands have also
been referred to as microdomains [1,2]. The preferential interaction
between cholesterol and phospholipids with long, saturated acyl
chains, especially sphingolipids, is a primary driving force in the
formation of lipid domains [3,4]. In cells, these microdomains have
been characterized as highly dynamic, organized areas that serve as
sites for specific protein–lipid and protein–protein interactions,
thus facilitating or optimizing different membrane-associated
functions [5,6]. As such, lipid composition and organization may
regulate many cellular processes including signal transduction [7,
8], and membrane trafficking [9,10]. A growing body of evidence
supports the biological significance of more rigid domains, yet con-
troversy still exists around the physical characteristics, or even
the existence, of these domains in vivo [1,2,11]. This is largely due
to the technical limitations of studying lipid and protein dynamics
in native membranes [6]. There has been a surge in the study of
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cholesterol and lipid domains in cellular function, in particular with
regard to regulated secretion [9,10] which is a highly conserved pro-
cess for the release of neurotransmitters, hormones and other bioac-
tive molecules. Since the original observations concerning cortical
vesicle (CV) fusion [12–14], alterations in membrane cholesterol
have been shown to affect exocytotic events in nerve terminals
[15–20] neuroendocrine cells [21–23], β cells [24], and endothelial
cells [25].

Cholesterol is highly enriched in eukaryote secretory vesicles [26]
and the merger of biological membranes is dependent on the presence
of cholesterol at the fusion site [12,13,27] Isolated CV from sea urchin
oocytes are a stage-specific model to investigate mechanisms of Ca2+

regulated membrane fusion separate from other membrane trafficking
events [9,28]. The advantage of the CV model is that isolated vesicles
remain fusion competent in vitro. CV have comparable Ca2+ sensitivity,
fusion kinetics, and molecular composition to other secretory vesicles
[26,29,30] and CV–CV and CV–plasma membrane fusion, proceed
through a common underlyingmechanism [63]. Studying CV–CV fusion
enables separation of the docking and membrane merger stages of
exocytosis as well as direct characterization of CV membrane; ample
material is available to carry out several types of analyses in parallel.
Together, these unique properties enable direct assessment and correla-
tion of fusion parameters and select membrane properties to identify
critical components of the native fusion machinery [14,27,31–35].

Due to the complexity of the secretory pathway, definitive roles for
cholesterol in the molecular mechanisms underlying specific stages of
exocytosis (i.e. vesicle trafficking, docking, priming, Ca2+-sensing, and
membrane fusion) remain less well defined. However, as studies with
CV enable the assessment of docking and Ca2+-triggered membrane
fusion in isolation from other stages of the secretory pathway, both a
prefusion (i.e. likely defining the docking and fusion site) and a direct
role for cholesterol in the fusion mechanism itself have been clearly
established (reviewed in [9]); the latter has been confirmed by the
more recent assessment of fusion pore properties [21,22]. Depletion of
CV cholesterol results in a concentration-dependent decrease in the
rate, Ca2+ sensitivity and overall extent of vesicle fusion, which can be
recovered by supplementation with exogenous cholesterol [12,13,27].
While the ability of vesicles to fuse correlates with a critical negative cur-
vature contributed by cholesterol [13], the efficiency of the triggering
mechanism (rate and Ca2+ sensitivity) appears to be dependent on the
integrity ofmembranemicrodomains. The depletion of either cholesterol
[12,27] or sphingomyelin [14], which is known to disrupt microdomains
[36–38] result in a decrease in Ca2+-sensitivity. Cholesterol depletion
also reduced the fraction of isolated cholesterol-enriched membranes,
which are considered to reflect overall native microdomain composition
[39]. These findings have largely been confirmed in a range of other
secretory vesicles and cell types, including synaptic vesicles [15,31]
and Weibel–Palade bodies [25]; as might be expected, the data
tend to be somewhat more complicated in intact cells and tissues,
attesting to the broader role of such microdomains in the localized
regulation of a range of native functions [20,21]. However, to
date, the functional domains have not been visualized directly in
secretory vesicles.

Advances in microscopy techniques, such as single-particle tracking
[40–44] and super-resolution imaging [45–47], have started to clarify
questions surrounding domain structure and dynamics. As these
imaging techniques necessitate the addition of exogenous lipid dyes,
over-expression of fluorescently tagged proteins or the addition of
antibodies to the cell surface, there may be additional influences on
the native system. Here, we have used established methods to manipu-
late the CV membrane cholesterol content, analyze the architecture of
microdomains, and correlate this with quantitative assessments
of changes in fusion parameters and membrane composition [12–14,
27,34]. Lipid organization was investigated in monolayers from CV
membrane extracts by recording area isotherms at the air–water inter-
face; this enabled the investigation of lipid packing as described by the
average area per molecule [48] as well as direct visualization of domain
structures using Brewster angle microscopy (BAM) [49,50].

Workingwithmonolayers at the air–water interface enables precise
control of lipid composition and this approach has been used extensive-
ly to study lipid packing, the impact of ligands on membrane structure
and the lateral domain organization in membranes [51–54]. Monolayer
membrane properties, including lateral pressures of 30 to 35 mN/m,
were found to be equivalent to bilayer properties [55]. As well,
Langmuir monolayer experiments can be coupled with various imaging
techniques to assess lateral film organization [56]. BAM is particularly
well suited as it enables label free imaging of the lateral organization
of the membrane in real time [49]. In contrast to fluorescent protein
and lipid probes often used to visualize microdomains [57]. The devel-
opment of BAM techniques has significantly advanced our understand-
ing of the role of specific lipids in domain formation in biomimetic
monolayers [58]. This approach has also enabled the characterization
of membrane protein clusters [53] and the identification of an annular
lipid, an unsaturated cardiolipin, which was shown to determine
the actual formation and localization of oligomers of the hydropho-
bic membrane protein, EmrE [54]; biochemical data of the oligo-
merization are consistent with the biophysical findings [59,60].
Domain formation was also observed for other membrane proteins
[61,62] and comparable structures have also been proposed for bac-
terial systems [63,64].

Here we report the impact of i) manipulating secretory vesicle
cholesterol content and correlate biophysical observations on domain
formation with biochemical data on membranes composition; and ii)
domain parameters on function, especially the extent and Ca2+ sensi-
tivity of triggered membrane fusion, in order to better understand the
role of membrane architecture in the late steps of regulated exocytosis
and triggered membrane fusion.

2. Methods

2.1. Cortical vesicle preparation

Strongylocentrotus purpuratus were obtained Westwind SeaLab
Supplies (Victoria, B.C.) and kept in artificial sea water (Instant Ocean)
at 7 °C until unfertilized oocytes were collected. Cortical vesicles were
isolated as previously described [12–14,65], and suspended in baseline
intracellular media (BIM; pH 6.7) supplemented with 2.5 mM
adenosine-5′-triphosphate, 2 mM dithiothreitol and protease inhibitors
for all subsequent treatments and functional analyses [66]. Stock
solutions of 100 mM methyl-β-cyclodextrin (mβcd; Sigma, St. Louis,
MO) and cholesterol (Avanti Polar Lipids, Alabaster, AL)-loaded
hydroxyl-propyl-β-cyclodextrin (hpβcd; Sigma, St. Louis, MO) were
prepared in BIM, as previously described [12], and added to CV suspen-
sions (OD ~ 1.0) at the final concentration of 2 mM for 30 min at 25 °C.
Cholesterol depletion was achieved by treatment of the CV samples
with mβcd, while control samples were left untreated. Subsequent
treatment of a subset of both the cholesterol depleted and control
treatments with cholesterol-loaded hpβcd yielded cholesterol rescued
and excess cholesterol loaded conditions, respectively. Following
treatments, CV were washed by centrifugation and suspension in fresh
BIM, and then aliquoted for lipid extraction (OD ~ 1.0) or functional
analyses (OD ~ 0.30).

Fusion was assessed at room temperature using a standard light-
scattering assay [12,65] 3–4 replicates per sample. Ca2+ activity curves
were normalized to controls andfit with a cumulative log function using
TableCurve 2D v5.01 (SYSTAT, Richmond, CA) to assess the extent and
EC50 [67].

2.2. Molecular analyses

CV lipids were extracted using a modified Bligh and Dyer method
[12,68]. Extracts were dried and stored (−80 °C) under inert gas (N2
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or Ar) until further analyses. Lipid composition was determined by
high performance thin-layer chromatography (HPTLC) according
to [26,27], with slight modification. Dried CV membrane lipid
extracts and purified lipid standards (Avanti Polar Lipids, Alabaster,
AL) were solubilized in CHCl3:CH3OH (2:1; v/v) and loaded onto
activated silica gel 60 TLC plates (EMD Chemicals, Gibbstown, NJ)
with the Linomat IV (CAMAG,Wilmington, NC). Lipids were resolved
by automated, sequential separation steps in the AMD 2 multi-
development unit (CAMAG, Wilmington, NC), optimized for the
separation of either i) neutral lipids—CH2Cl2/ethyl acetate/ace-
tone (80:16:4; v/v/v) to 45 mm, and then hexane/ethyl acetate
(92:8; v/v) to 63 mm, (95:5; v/v) to 80 mm and (98:2; v/v) to
90 mm; or ii) phospholipids—CH2Cl2/ethyl acetate/acetone
(80:16:4; v/v/v) to 90 mm, and then CHCl3/methanol/ethanol/ethyl
acetate/acetone/iospropanol/water/acetic acid (30:28:16:6:6:6:6:2;
v/v/v/v/v/v/v/v) to 90 mm. Plates were charred with CuSO4 and the
resulting fluorophore detected with 540/30 excitation and 590/30
emission filters in the ProXpress Imager (PerkinElmar, Boston,
MA). For quantification, the integrated fluorescent signal from CV
membrane lipids was compared to a parallel dilution series of
standards on the same plate using ImageQuant v5.2 (GE HealthCare,
Piscataway, NJ); n = 5–6 for cholesterol and n = 2–5 for other lipids.
Protein content was determined using the EZQ Protein Quantitation
Kit (Life Technologies Inc., Burlington, ON), according tomanufacturer's
instructions.

2.3. Surface pressure–area isotherms

Lipid packing parameters were measured by recording surface
pressure–area isotherms [51]. Aliquots of the same lipid extracts as
used for the quantitative molecular analyses were solubilized in
CHCl3:CH3OH (2:1, v/v) at 2 mg/mL and 40 uL of sample was depos-
ited on a Langmuir trough (Nima technology, Coventry, England) in a
drop-wise manner onto a double distilled H2O sub-phase at room
temperature. The monolayer was left for 10 min in order for the
solvent to evaporate. The barriers were set to compress the lipids
at 100 cm2/min with the minimal area set at 20 Å2/molecule and
the surface pressure wasmeasured by a pressure sensor (Nima Tech-
nology, Coventry, England). Data were recorded using NIMA v5.16
(Nima Technology, Coventry, England) which requires the designa-
tion of a specific molecular weight; due to the complexity of this
biological sample, 809 g/mol was used to approximate the most
common chain lengths for the lipids and fatty acids present in the
species [26,69]. For each sample, 3–9 replicate area–pressure
isotherms were measured.

2.4. Brewster angle microscopy imaging

To visualize lipid organization, the Langmuir trough was adapted
for a BAM microscope (EP3 BAM, Nanofilm Technologie GmbH,
Göttingen, Germany). A 20× objective lens was used to give about
1 μm lateral resolution and the light source was a 50 mW Neodymi-
um: Yttrium–Aluminium–Garnet (NdYAG) laser set at 532 nm.
As the laser is reflected off the surface of the monofilm at the air–
water interface, structures protruding from the film along the z-axis
will appear brighter. Thus increased brightness upon compression sug-
gests a film reorganization resulting in relative increase in film thick-
ness. The sample handling was identical to the surface pressure–area
isotherm monolayer films except that during compression the barriers
were stopped at several intervals to capture images. The pressures at
which imageswere obtainedwere based on the results from the surface
pressure–area isotherms (see results section). Images were recorded
using EP3 view software (Accurion, Göttingen, Germany). For each
condition, 3 representative images were selected at the indicated
surface pressures and analyzed with Image J software (NIH, Bethesda
Maryland USA).
3. Results

3.1. Coupled quantitative functional and molecular analyses

Fusion of control CV yielded a characteristic sigmoidal Ca2+ activity
curvewith an EC50 of 35.0±2.3 μM[Ca2+]free (Fig. 1 A, B), in agreement
with previous reports on CV–CV and CV–plasma membrane fusion
[12–14,27,34,65,67]. To determine the effect of cholesterol on Ca2+ trig-
gered membrane fusion, cyclodextrins were used to remove or deliver
cholesterol [12–14,20,21]. Treatment of free-floating CV with 2 mM
mβcd for 30 min at 25 °C (ie. cholesterol depleted condition) reduced
the number of fusion competent CV to 61.8 ± 9.9% (p = 0.008). The
Ca2+ sensitivity of triggering was also inhibited to an EC50 of 69.7 ±
5.0 μM [Ca2+]free (p b 0.001). Delivery of exogenous cholesterol to
cholesterol-depleted CV (i.e. cholesterol rescued condition) resulted in
full recovery of both the extent (95.9 ± 9.9%) and Ca2+ sensitivity
(44.7 ± 4.0 μM [Ca2+]free) of fusion. Delivery of exogenous cholesterol
to control CV (i.e. cholesterol loaded condition) had no significant effect
on fusion (Fig. 1A, B).

Lipid extractions were carried out in parallel with fusion assays and
the resulting isolates were subjected to further molecular and biophys-
ical analyses. To confirm selective cholesterol removal or delivery by the
cyclodextrins, CV lipid composition was analyzed by HPTLC (Table 1).
Native CV membranes were enriched in cholesterol at 16.4 ±
0.4mol% or a cholesterol: total lipid ratio of 0.20± 0.01 (Fig. 1C). Treat-
ment of control CV with 2 mM mβcd (ie. cholesterol depleted) de-
creased CV cholesterol to 12.2 ± 0.4 mol% (Table 1; p b 0.001).
Treatment of cholesterol-depleted or control CV (i.e. cholesterol rescued
and cholesterol loaded, respectively) with 2 mM cholesterol-loaded
hpβcd increased cholesterol to 22.4 ± 0.7 mol% and 22.6 ± 0.4 mol%
(Table 1), respectively (cholesterol: lipid ratio of 0.29 ± 0.01 in both
cases). A decrease in cholesterol correlated directly with a decrease in
the Ca2+ sensitivity and extent of fusion, and thiswas rescued by the in-
corporation of exogenous cholesterol. In contrast, an increase in choles-
terol beyond native levels did not have any effect on fusion extent or
Ca2+ sensitivity (Fig. 1).

3.2. Quantitative structural analyses

CV lipid extractions underwent further biophysical and domain
characterization using the Wilhelmy plate method [70]. Such mono-
layers have proven to be effective models for a variety of mammalian
and bacterial membranes [71]. The surface pressure–area isotherms of
the CV monolayers (Fig. 2) all exhibited a comparable shape that was
largely retained regardless of the different treatment conditions of the
original CV. While the isotherms initially exhibited a consistent gentle
slope under all conditions, which could be interpreted as LE phase,
BAM images at very low pressures of 5 mN/m already showed well de-
veloped LC domains (Fig. 3) thus demonstrating phase coexistence even
early in the compression paradigm. Indeed, short range interactions be-
tween molecules can induce phase co-existence [72] in localized
patches of themonolayer. All of the isotherms begin to increase in pres-
sure between 87 and 90 Å2/molecule, denoting transition from the so
called gas phase, in which the lipids in the monolayer have very little
order and few constraints on molecular motion, into coexisting LE–LC
phases. Whereas the former has few constraints on the molecular mo-
tion of the acyl tails, the latter is characterized by more intermolecular
interactions and increased rigidity [73]. The slight plateau region ob-
served in the isotherms between the pressures of ~18–21 mN/m
could be interpreted as an indicator of phase co-existence; however,
as these already contained both LE–LC, other changes in the film must
be considered. Interestingly, this plateau is observed in a lateral pressure
range in which monofilms of membrane proteins have been reported to
denature [53,74] and it is quite feasible that some hydrophobic proteins
were extracted into these samples. Indeed, we have seen protein do-
mains in extracts of yeast membranes, which are an equally complex



Fig. 1. The effect of cholesterol on Ca2+ triggered membrane fusion. (A) Ca2+ activity curves for untreated (control), mβcd treated (Chol depleted), and cholesterol loaded hpβcd (Chol
loaded) cortical vesicles (CV), aswell as CV receiving successive treatmentswithmβcd and cholesterol loaded hpβcd (Chol rescued). Changes in Ca2+ activity (EC50 for [Ca2+]free) (B); and
lipid: cholesterol ratios (C) with respect to the treatments in (A). Data reported as mean ± SEM (n= 4); *p b 0.01 compared to control.

1168 M. Mahadeo et al. / Biochimica et Biophysica Acta 1848 (2015) 1165–1174
biological matrix (Mahadeo et al, unpublished observations). Above this
plateau region the monolayer exhibits an increasing number of rigid
domains, representing LC phase before monolayer collapse is observed
between ~38–41 mN/m. At this point the monolayer can no longer be
compressed further and lipids begin to either submerge into the sub-
phase, or stack on top of one another to form multilayers.

To analyze domain characteristics, a second set of isotherms was
recorded during which the monolayer compression was stopped at
5.5 ± 0.1 mN/m, 15.6 ± 0.3 mN/m, 24.6 ± 0.4 mN/m and 32.4 ±
0.4 mN/m (Fig. 3). These pressures were selected due to the presence
of the inflection point at ~ 20 mN/m in the isotherms (Fig. 2) with anal-
ysis of images occurring for two points above and two points below this
pressure to fully capture the behavior of the film. As well, the last point
selected (~30 mN/m) correlates to physiological pressures found in
bilayers [55]. The BAM images for the control CV extract showed a low
frequency of large domains at both 5.1 mN/m and 15.8 mN/m. In
contrast, at 22.1 mN/m a much higher frequency of smaller domains
was observed. Upon further compression to 33.9 mN/m the frequency
of domains was relatively constant, but these increased in both size
Table 1
The lipid composition of membrane extracts from control CV as well as CV that had been treate
mβcd followed by cholesterol loaded hpβcd (Chol rescued). Data reported in mol% as mean ±

Lipid Control

Cholesterol 16.4 ± 0.4
Triacylglycerol 29.6 ± 2.0
Diacylphosphatidylcholine 17.0 ± 0.8
Fatty acids 5.8 ± 1.4
Diacylphosphatidylinositol 6.6 ± 1.6
Diacylphosphatidylethanolamine 4.0 ± 1.0
Lysophosphatidylethanolamine 4.0 ± 1.6
Monoacylglycerol 4.3 ± 1.1
Diacylphosphatidylserine 3.7 ± 1.0
Diacylphosphatidylglycerol 1.7 ± 0.4
Diacylglycerol 1.9 ± 0.5
Cholesterol esters 0.6 ± 0.0

⁎ p b 0.001 compared to control.
and reflective intensity. In the images of the cholesterol depleted sam-
ples, a similar trend was observed at both 5.7 mN/m and 14.5 mN/m,
with predominantly large domains at a low frequency. Again, upon
compression to 24.6 mN/m and 32.9 mN/m, the domains increased in
frequency and brightness, but decreased in size (especially at
32.9 mN/m, at which there occurred a quite marked decrease in size).
Extracts of cholesterol rescued CV yielded smaller domains that formed
at amuch higher frequency at both 6.3mN/m and15.7mN/m relative to
the control.Wehave recently reported similar changes based on the for-
mation of defined clusters of the bacterial membrane protein EmrE [53,
54]. As the films analyzed here are extracts of complex native
membranes, the presence of some hydrophobic membrane proteins is
to be expected. Much smaller, brighter domains were observed at
25.0 mN/m, while at 30.6 mN/m the number of domains sharply in-
creased, but these remained relatively constant in size. Finally, for the ex-
tracts from CV that had been loaded with excess cholesterol, a large
number of small domains were initially observed at 5.8 mN/m. While
the number of domains steadily increased during compression, the size
of domains decreased between 5.8 mN/m and 16.7 mN/m, and then
d with either mβcd (Chol depleted) or cholesterol loaded hpβcd (Chol loaded), or first by
SEM (n = 5–6 for cholesterol and 2–5 for other lipids).

Chol depleted Chol rescued Chol loaded

12.2 ± 0.4⁎ 22.4 ± 0.7⁎ 22.6 ± 0.4⁎

30.6 ± 1.1 24.7 ± 0.9 24.9 ± 1.6
15.1 ± 1.8 19.3 ± 1.9 20.1 ± 1.7
7.9 ± 1.9 7.8 ± 2.1 7.5 ± 0.9
7.3 ± 2.2 6.5 ± 2.0 6.3 ± 1.6
6.4 ± 0.8 4.8 ± 0.6 3.5 ± 0.9
3.3 ± 0.5 3.4 ± 1.0 3.5 ± 0.9
2.8 ± 0.8 3.1 ± 0.2 3.1 ± 0.5
3.7 ± 1.0 3.1 ± 1.0 3.1 ± 1.3
1.9 ± 0.1 2.9 ± 0.7 2.3 ± 0.3
2.0 ± 0.3 2.1 ± 0.4 2.1 ± 0.7
0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1



Fig. 2. Surface pressure–area isotherms of membrane extracts of CV treated with mβcd
(Chol depleted), cholesterol loaded hpβcd (Chol loaded), and both (Chol rescued), as
well as untreated control (n = 4).
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remained constant as themonolayerwas compressed tohigher pressures.
Overall, the number of domainswas found to increasewith an increase in
pressure (Fig. 4A)while the size of the domains decreased (Fig. 4B). Inter-
estingly, the total domain area remained relatively constant except at the
pressure extremes (Fig. 4C). The domains had a circular shapewhich also
remained relatively constant over a large pressure range (Fig. 4D). Choles-
terol depletion resulted in a decrease in the number of domains at 24.6±
0.4 mN/m (p= 0.008) and 32.4 ± 0.4 mN/m (p= 0.009). This was mir-
rored by an increase in domain size at 5.5 ± 0.1 mN/m (p = 0.041) and
24.6 ± 0.4 mN/m (p = 0.005). Extracts of cholesterol rescued CV exhib-
ited not only recovery of the number of domains at 24.6 ± 0.4 mN/m,
but also an increase in the number at 5.5 ± 0.1 mN/m (p = 0.039) and
32.4±0.4mN/m(p=0.004). Extracts of cholesterol loaded CV exhibited
an increase in the number of domains at 5.5 ± 0.1 mN/m (p = 0.049),
15.6. ± 0.3 mN/m (0.004), and 32.4 ± 0.4 mN/m (p = 0.002). Similarly,
extracts of cholesterol rescued CV displayed reduced domain size compa-
rable to control values at 5.5 ± 0.1 mN/m and 24.6 ± 0.4 mN/m, and
cholesterol-loading in control CV decreased the domain size at 5.5 ±
0.1 mN/m (p = 0.042) and 15.6 ± 0.3 mN/m (p b 0.001). Thus, in sum-
mary, a decrease in cholesterol correlated with a decrease in domain fre-
quency and an increase in domain size while an increase in cholesterol
correlated to an increase in domain frequency and decrease in domain
size.

4. Discussion

Lipids and proteins are the major building blocks of mammalian
membranes, define their lateral organization and thus localized func-
tions. Accordingly, the concept ofmembrane domains has gained signif-
icant interest in mammalian [1,5] and bacterial membranes [63,64]
as part of ongoing efforts to better understand the relationship(s)
between membrane structure and physiological functions. This has
become of particular interest with regard to regulated membrane
fusion, which is among the most fundamental of cellular processes.
Here we correlate, seemingly for the first time, detailed quantitative
biochemical and functional data on membrane fusion with biophysical
data on the lateral domain organization of the well-established CV
model system that has yielded critical information concerning many
fundamental characteristics of regulated exocytosis [9,28,31,33,35,67,
75,76].

The role of cholesterol in heterotypic (vesicle–plasma membrane)
and homotypic (vesicle–vesicle) fusion has been rigorously analyzed
using the CV model system. Well established sigmoidal Ca2+ activity
curves for CV fusion (Fig. 1) reflect both the ability of vesicles to fuse
(extent) and the efficiency of the reaction (Ca2+ sensitivity) [12–14,
27,31,32,34,65,67]. Cholesterol depletion results in both a decrease in
the extent and Ca2+ sensitivity of fusion without altering the underly-
ing shape of the Ca2+ activity curve. This indicates that loss of
membrane cholesterol does not alter the underlying molecular mecha-
nisms per se but rather is a component of themechanism(s) [9,12,27,65,
67]. Thus, alterations in fusion parameters following cholesterol
depletion reflect both a reduction in the numbers of viable fusion sites
or complexes (i.e. the fundamental fusion mechanism; FFM) as well as
physiological fusion machines (PFM) that include components defining
reaction efficiency (e.g. Ca2+ sensitivity) [9,27,35]. Delivery of exoge-
nous cholesterol rescues both the extent and Ca2+ sensitivity of fusion;
previous studies have established rescue of fusion kinetics as well, but
this was not assessed in the current study [12,13,27]. The FFM is depen-
dent on the negative curvature contribution of cholesterol and other
lipids (i.e. at the fusion site); after cholesterol depletion, supplementa-
tion with other lipids of specific negative curvature recovers the ability
of CV to fuse but not the efficiency of the reaction. [12,13,27].
This indicates a second role for cholesterol in fusion efficiency (i.e. it is
also a critical component of the PFM). While not measured in the
current study, a small amount of sphingomyelin (b0.15mol%) is present
in the CV membrane [26] and acts, in conjunction with cholesterol,
to regulate fusion efficiency [14]. Depletion of cholesterol or
sphingomyelin results in a decrease in Ca2+ sensitivity [12,14] and a
loss of the cholesterol-enriched CV membrane fraction generally con-
sidered representative of microdomains [39]. On the other hand,
sequestration of cholesterol or sphingomyelin within the membrane,
using selective binding reagents, does not affect Ca2+ sensitivity [12,
14] or disrupt cholesterol-enriched membrane isolates [39]. Thus, the
integrity of microdomains appears to ensure the collective function-
ing of the PFM for optimized efficiency, presumably by organizing
critical components involved in vesicle docking, priming, Ca2+ sens-
ing and triggering. Interestingly, an increase in cholesterol content
above native levels does not result in an enhancement of fusion
suggesting that the lipid composition of the CV membrane is already
optimized for efficient fusion, and thus that there is only a fixed
amount of available PFM components per vesicle [12–14,26–28,31,
34,66,67,76].

Biophysical analyses of the packing and lateral organization of the
CV extracts involved assessment of monolayer isotherms coupled with
Brewster angle microscopy. Comparable studies of native membrane
extracts have largely focused on lung surfactant, yielding detailed
characterization [77–79], as well as on myelin membrane [80]. More-
over, lateral domains have been identified in both red blood cell [81]
and Escherichia coli extracts [54].

Here we assessed relative trends in the surface pressure–area
isotherms (Fig. 2); due to the complex composition of CV extracts,
only an approximate ‘general’ molecular weight could be entered into
the Nima program used to record the isotherms. Nonetheless, no sig-
nificant shifts of the isotherms were observed regardless of the treat-
ment used (i.e. cholesterol depletion, re-loading, or excess loading);
isotherms for the different treatments as well as the control extracts
shared a commonprofile. This is perhaps not surprising asmarked alter-
ations in membrane cholesterol have no effect on capacitance [21]. The
relatively gentle slopes at the onset of these isotherms, and also past the
plateau region in the higher pressure regime, indicate moderately tight
lipid packing, presumably due to the presence of unsaturated acyl
chains that prefer fluidity and reduced packing, consistent with what



Fig. 3.RepresentativeBrewster anglemicroscopy (BAM) images of lateral organization inCVmembrane lipid extracts. Domain analysiswas conducted for extracts of CV treatedwithmβcd
(Chol depleted), cholesterol loaded hpβcd (Chol loaded), and both (Chol rescued), as well as untreated control. Each image represents 271 × 219 μm2 of membrane.
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is known of the CVmembrane lipid profile (which is also comparable to
that of other secretory vesicles) [26]. Consistentwith previouswork, the
only lipid species that differed significantly between treatments was
cholesterol (Table 1). While numerous studies have shown that choles-
terol has a condensing effect [82–89], these generally involved simple
binary or tertiary systems composed of synthetic lipids with acyl tails
of consistent length. Therefore in these cases, changes in the propor-
tions of cholesterol would have a very substantial effect on the proper-
ties of the monolayer. Notably, however, even in such simple lipid
model systems, it is known that cholesterol can have quite different
effects, including thepromotion of high curvature structures, depending
on the nature of the neighboring lipids [90]; this would certainly be the
case in microdomains and at the interface of domains and ‘bulk’
membrane. Furthermore, as can be observed from the bright domains
in the BAM images (Fig. 3), some hydrophobic proteins and/or peptides
were present in the CV extracts. While the amount of protein is under
the limit of detection for protein assays, it may still be enough to exert
influence on the monolayer and be detectable in the BAM images,
particularly under the higher pressures used. We have previously
demonstrated that similar bright and protruding domains are due to
the presence of hydrophobic membrane proteins [53] but are also
strongly influenced by the presence of particular lipids [54]. Thus,
considering the presence ofmany different lipids aswell as hydrophobic
proteins and peptides, and the relatively small difference in cholesterol
content between treatments (4–6%), this likely explainswhy the overall
macro-level phase behavior of the monofilm appeared unchanged.



Fig. 4. Summary of the effects on domains of the treatments used tomanipulate CVmembrane cholesterol content: domain parameters analyzed included (A) frequency, (B) size, (C) total
area, and (D) shape. Data reported as mean ± SEM (n = 3); *p b 0.05 compared to control.
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Notably, despite nomarked change in the packingbehavior of the CV
extract monofilm, there was a very striking difference in the lateral
organization and domain formation upon alteration of cholesterol levels
in the membrane (Fig. 3). Domains were present throughout the com-
pression paradigm, with the most pronounced differences in phase
separation being observed at low levels of compression. This has also
been observed in extracts of myelin membranes [80]. The presence of
these immiscible domains at low pressures serves to illustrate that
evenwith little external force acting on themembrane, the lipids segre-
gate and form discrete coexisting phases as a result of line tension
generated by the hydrophobic mismatch between the LC domains
within the LE bulk monofilm [91–93]. Thus, cholesterol concentration
plays a large role with regards to domain size, shape and frequency
(Fig. 3 and 4).

The frequency and size of domains in the different conditions display
a general trend of increasing domain frequency and decreasing domain
size upon monolayer compression (Fig. 4A and B). Relative to control
extracts, cholesterol depleted extracts had the fewest domains present
at most pressure values (i.e. significantly less than the control at
pressures above 20mN/m), while cholesterol loading resulted in signif-
icantly higher domain frequency and decreased size at most pressures.
This condensation of domain size, even at low pressures, is likely due
to the presence of cholesterol reducing line tension between the phases
[94]. Thus, in cholesterol loaded samples, domains were significantly
smaller at 15 mN/m, while remaining relatively constant in size during
the entire compression. Smaller domains were not observed in the
cholesterol rescued or control extracts below pressures of ~25 mN/m,
and not until pressures in excess of 30mN/m for the cholesterol deplet-
ed extracts.

In both the control and cholesterol depleted samples, large domains
were observed with an infrequent abundance at low levels of compres-
sion (Fig. 4A). The proportions of cholesterol in these samples are
16.4 ± 0.4 mol% and 12.2 ± 0.4 mol%, (p b 0.001) respectively. In
contrast, the cholesterol loaded and cholesterol rescued samples (pro-
portions of cholesterol were 22.6 ± 0.4 mol% and 22.4 ± 0.7 mol%,
respectively) consisted of small domains that formed with a high
frequency. This phenomena has also been observed in bovine lung
extract surfactant in which an addition of 4 mol% cholesterol lead to a
decrease in the size of the liquid condensed phase domains [78]. In
model membranes, the rigidifying effect of cholesterol has a strong
dependence on both the cholesterol concentration and the overall
lipid composition [86]; strong associations between cholesterol and
both sphingolipids [3,4] and saturated lipid tails [95] result in the forma-
tion of very rigid Lo phases. However, the presence of unsaturation
weakens the rigidifying effect and promotes the segregation of choles-
terol from the Ld phase into domains of high cholesterol concentration.
Therefore, it is perhaps not surprising that both treatments that added
cholesterol to the CVmembrane resulted in a condensation of domains.
At a certain point during compression of themonolayer, the domains in
both the control and cholesterol depleted CV extracts a change in size
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from large to small, suggestingfission of the domains; a likely reason for
this could be the increase in the localized level of cholesterol upon
monolayer compression. For example, samples with less cholesterol
required more compression to exhibit smaller domains (Fig. 3). In the
control samples, these domains were not observed until pressures
above 20 mN/m (Fig. 3). Similar domains were observed to form in
the cholesterol depleted sample only after much higher levels of
compression whereas in both extracts from cholesterol loaded CV,
these domains seem to be present from the onset. As the monolayer
was compressed, intermolecular lipid–lipid or lipid–protein interac-
tions were enhanced and may have resulted in the breakdown of larger
domains through increasing lipid mixing or by stronger packing. The
increase in cholesterol content could also promote the creation of new
sites for domain nucleation, which would also result in the appearance
of more domains of smaller size.

Alternatively, in vitro studies investigating domain morphology in a
defined four system mixture of synthetic lipids have correlated line
tension with domain size. In this system, increasing unsaturation in
the Ld phase resulted in an increase in domain size from the nanoscopic
to themacroscopic range [94].While nanoscopic domain formationwas
not observed with microscopy, the presence of immiscible phases
within themixture was detected using neutron scattering [96]. Increase
in domain size was suggested to be due to greater hydrophobic
mismatch between the phases resulting in greater line tension at the
phase interface. In order to overcome the negative energy cost [91],
domains will coalesce, reducing the interfacial perimeter [94]. Thus, in
terms of the data presented here, cholesterol depletion may have
caused increased hydrophobic mismatch and the resulting increase in
line tension then led to the formation of larger domains.

Changes in the shape of domains could bedue to both increased lipid
packing upon compression as well as higher localized cholesterol levels
(Fig. 4D). Using a length to width ratio, with values closer to 1 equating
to a roughly circular shape and values further from 1 indicating increas-
ing elongation, the shape of the domains can be quantitatively
compared. Higher proportions of cholesterol tended to result in an
elongation of the domains. The trend is similar to that observed for
domain size: the domains in the extracts from cholesterol loaded CV
elongate at 15 mN/m then remain at a relatively constant shape; for
the other treatments, the domains did not reach this level of elongation
until much higher pressures. As mentioned before, the presence of
circular domains indicated that the line tension between the immiscible
phases within the monofilm was the dominant force. In contrast, other
interactions, for example between molecular dipoles, would favor
domain branching [97]. Thus, it is perhaps not surprising that with
increasing compression, the change in line tension resulted in a distor-
tion in the domain shape from circular to elongated. This has been
previously attributed to shear force [92]. While we might speculate
that cholesterol concentrations in native vesicle membranes are
optimized to support fusion,morework is needed to better characterize
the effects of cholesterol content on localmembrane physical properties
and thus fusion phenotypes.

5. Summary and conclusions

Comparison of thermodynamic properties betweenmonolayers and
bilayers indicate that the lateral pressure of native biomembranes is
in the range of 30–35 mN/m [55]. At these high surface pressures,
cholesterol composition has no effect on domain size in CV extracts.
This would suggest that local cholesterol concentration in native
membranes is sufficient to form ‘completely’ condensed domains. On
the other hand, at N30 mN/m domain frequency and total domain
area showed a strong dependence on cholesterol composition. Extracts
from cholesterol depleted (~12 mol%), control (~16 mol%) and choles-
terol loaded (~22 mol%) CV yielded ~200, ~300 and N400 domains,
respectively; this amounted to ~2%, ~3% and N4% total domain area
within the membrane, respectively. A decrease in cholesterol and
number of domains correlated with a decrease in the Ca2+ sensitivity
of triggered membrane fusion. Interestingly, an increase in vesicle
membrane cholesterol above the native level, increased the formation
of LC domains above native conditions but was not associated with an
increase in the Ca2+ sensitivity of fusion. Thus, a critical cholesterol
concentration is necessary for normal lipid domain formation and
optimal fusion efficiency, yet excess LC membrane area alone is not
functionally beneficial.

The depletion of cholesterol [12,13,27] and sphingomyelin [14] both
result in a decrease in the extent and Ca2+ sensitivity of triggered
fusion. This is presumably due to the lateral diffusion, loss of organiza-
tion and/or poor interaction between proteins involved in docking,
priming, Ca2+ sensing and triggering as a result of domain dispersal. It
may also involve disruption of cholesterol acting directly as a co-factor
for optimal membrane protein function. Another parallel possibility
involves the loss of other critical lipids at the fusion site, including phos-
phatidylethanolamine, phosphatidylserine and polyphosphoinositides
which have all been shown to have select roles in the FFM and PFM
[27,34]. While cholesterol and sphingomyelin are critical, the precise
composition and organization of lipid domains associated with the
docking and fusion site remain speculative [9]. Indeed, while direct
effects on functions such as fusion pore opening and expansion have
been measured [98–100], the immediate cholesterol, protein, and lipid
interactions that underlie these critical functions remain to be resolved
in the detail necessary for a truly integrated understanding of the
triggered release process (i.e. the functional molecular make-up and
interactions that define the FFM and PFM).

Here we show that depletion of vesicle membrane cholesterol
results in the formation of larger domains which hinder the process of
fusion. While multiple models for putative domains relevant for vesicle
fusion have been proposed [9], our findings would suggest that Ca2+

regulated membrane fusion is promoted in the presence of smaller
domains; these could promote fusion as the point of contact between
the membranes requires the presence of multiple lipids with high
curvature, many of which favor existence in the more fluid Ld phase
rather than the rigid Lo phase. Therefore while the necessary molecular
machinery for the docking of the two membranes may well be
contained within the domains, the presence of Ld phase surface area is
required for the fusion event to take place. This is where modulation
of fusion dynamics by cholesterol becomes important. Depletion of
cholesterol results in increased line tension, causing a coalescence of
domains [92]; these larger domains may disrupt the necessary tempo-
ral–spatial distribution of fusion machinery, and more importantly,
limit the available adjacent Ld surface area required. Thus, alterations
in fusion parameters following cholesterol depletion reflect a reduction
in both the FFM as well as the PFM due to the dual role of the sterol. As
cholesterol acts as a fusogenic lipid, the number of fusion machines is
decreased. Moreover the efficiency is reduced as cholesterol is a key
membrane organizer and lower levels result in a non-native distribu-
tion of necessary fusion components within the membrane.

It should be noted that the monolayers do not directly reflect native
membrane dynamics as proteins are under-represented and effects of
asymmetry are not assessed. Additionally, the domains seenmay repre-
sent a coalescence of smaller native domains under our experimental
conditions. Nonetheless, several important observations have been
made: (i) lipid composition of CV membrane supports the formation
of LE domains within a LC matrix; (ii) cholesterol depletion interferes
with domain formation which correlates with a decrease in the Ca2+

sensitivity of triggered fusion; and (iii) supplementation with excess
cholesterol enhances domain formation but has no measureable effect
on the fusion mechanism. While these findings do not yet enable us to
define the nature of the docking and fusion site, they support the likeli-
hood of certain local structures, including the possibility of a contiguous
cholesterol-enriched microdomain with regions of varied fluidity that
could include the fusion site composed of select lipids [9]. Along with
physiological and biochemical studies [12–14,39], these data thus
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continue to support the hypothesis that lipid domains enriched in
cholesterol and sphingomyelin localize and regulate the efficiency of
docking and Ca2+ triggered membrane fusion. This does not exclude
the possibility that the recruitment of other lipids and/or proteins (i.e.
more fusion machines) may enhance fusion, but suggests that there
are a limited number of PFM/FFM components available under native
conditions [9,27,34,35]. Thus, cholesterol itself does not directly
regulate Ca2+ sensitivity but instead acts as a membrane organizer
(and possible co-factor) to ensure the optimal interaction of priming,
docking, and fusion components of the triggered release machinery.
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