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ABSTRACT: Membrane lipid rafts (i.e., cholesterol/sphingo-
lipids domains) exhibit functional roles in both healthy and
pathological states of the nervous system. However, due to
their highly dynamic nature, it remains a challenge to
characterize the fundamental aspects of lipid rafts that are
important for specific neuronal processes. An experimental
approach is presented here that allows for the interfacing of
living neurons with an experimentally accessible model
membrane where lipid order in cellular rafts can be
reproducibly mimicked. It is demonstrated that coexisting
lipid microdomains in model membranes can regulate axonal
guidance and establish stable presynaptic contacts when
interfaced with neurons in vitro. Experimental evidence is
provided where specific functional groups and lateral organizations are favored by neurons in establishing synaptic connections.
The model membrane platform presented in this work provides an accessible and direct means to investigate how lipid rafts
regulate synapse formation. This experimental platform can similarly be extended to explore a variety of other cellular events
where lipid lateral organization is believed to be important.
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Lipid rafts are specialized membrane domains that have
been shown to exist in cell plasma membranes.1,2 They are

responsible for a number of cellular processes including
regulation of signaling molecules, neuronal outgrowth, axonal
guidance, and synaptic transmission.3−7 Such microdomains
consist of both protein and lipid components with an
enrichment of sphingolipids and cholesterol resulting in a
more ordered lipid bilayer state that exists within the rest of the
fluid plasma membrane.8−10 The dynamic nature of the
molecular ordering and packing in these lipid rafts provides
modulation of signaling molecules within the membrane and is
therefore linked to the excitatory and inhibitory effects of
signaling events.2,11−13 Several reports provide evidence for the
involvement of lipid rafts in different neuronal processes,
establishing their functional roles in both healthy and
pathological states.14−23 It has also been shown that disruption
of membrane rafts can lead to an eventual retraction of neurite
outgrowths.24 A variety of cellular processes essential for
neuronal activity and membrane turnover in the brain are thus
regulated at lipid rafts and are highly dependent on their
organization and dynamics.20,25 However, the fundamental
aspects of lipid rafts that are significant in axonal outgrowth and
more importantly, in the initial signaling to establish neuronal
activity are still poorly understood. It is therefore of interest to
explore the relationship between neuronal activity and lipid
rafts using an experimentally accessible and reproducible model
system. We demonstrate here the application of a synthetic
platform that contains only lipids which display coexisting

microdomains. These are shown to regulate axonal guidance
and can establish synaptic contacts without any participation of
other raft components or postsynaptic elements. Experimental
evidence is presented where fluid−gel (Ld−So) phase
separation is required and one particular fluid coexisting lipid
phase is favored by the neurons in establishing synaptic
contacts.
We have previously demonstrated the in vitro formation of

presynapses on micrometer-sized spherical substrates coated
with either a synthetic polypeptide (i.e., poly-D-lysine;
PDL)26,27 or lipid bilayer membranes.28,29 These reports have
shown that the spherical geometry of these substrates is
considerably favored for the observation of a functional
synaptic response using microscopy techniques. In addition,
preliminary evidence suggested that coexisting membrane
domains direct lipid membrane-induced synapse formation.28

However, experimentally establishing the role of lipid phase
separation at the initial stages of synapse formation remains a
technical challenge.2,30 This prompted us to generate coexisting
lipid microdomains on spherically supported bilayer mem-
branes (SS-BLMs) and use these as an accessible form of lipid
“raft-like” environments.31 In this proof-of-concept study, we
demonstrate how extracellular membrane heterogeneity pre-
sented on SS-BLMs influences the dynamics of cellular
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microenvironments. This physicochemical model is (i) robust
and can withstand cell culture conditions and characterization/
imaging procedures,26−29,31 (ii) interactive with cells at any
point in time during the period of cell culture,26−29,31 (iii)
compositionally versatile, displaying structural properties of
membranes with minimal components,28,31 and (iv) of great
potential for incorporating functional molecules, such as
purified membrane raft components, into the bilayer structure
of SS-BLMs.32,33

■ RESULTS AND DISCUSSION
To demonstrate the suitability of our approach in investigating
lipid-raft-dependent neuronal outgrowth, SS-BLMs exhibiting
coexisting lipid domains were cocultured with primary
hippocampal neurons. The interactions between neurons and
SS-BLMs can be visualized and examined via fluorescence
imaging31,34−36 using fluorescently tagged lipids (Figure 1).

These probes are chosen on the basis of their differential ability
to partition into different phases.30 Artificial synapse formation
was explored via immunofluorescence methods for visualization
of several synaptic proteins in hippocampal neurons.26−29

These cells were grown for at least 14 days in vitro (DIV) and
then cocultured with SS-BLMs of various lipid mixtures for 24
h. Quantification of the fluorescence intensity serves as an
indicator of the level of accumulation of synaptic proteins in the
vicinity of the SS-BLMs. This allows for exploration of the
various chemical and physical parameters of lipid bilayers that
trigger a functional synaptic response from the neurons.
Moreover, imaging via successive optical sections of the
neuron/SS-BLM cocultures (using confocal Z-stack imaging)

enables the study of the colocalization of synaptic proteins and
cytoskeletal networks with different lipid domains. In Figure 1,
the imaged neuron was labeled with Cell Tracker dye and the
SS-BLMs were labeled with N-Rh-DHPE. This fluorescent lipid
preferentially partitions into DPPE-rich ordered lipid do-
mains.34 Confocal laser scanning microscopy (CLSM) and Z-
stack imaging were used to examine the assembly of neurons
around the different coexisting domains of SS-BLMs in 3D (see
Supporting Information Figure S1 for additional representative
images of the neuron/SS-BLM interactions).
In our previous studies, SS-BLMs from a particular lipid

mixture (DOPC/DPPE/DOTAP (25:50:25)) were shown to
induce the formation of presynapses at neuronal contacts.28 In
this study, a statistical analysis comparing the effect of SS-BLMs
formed from the above lipid mixture to that of uncoated silica
beads was first performed (see Supporting Information Figure
S2). In particular, the ability of these SS-BLMs to interact with
neurons and induce the formation of presynapses is concluded
from the enhanced immunofluorescence of the synaptic vesicle
protein synaptophysin, the scaffolding active zone protein
bassoon, and the cytoskeletal protein actin in the vicinity of the
neuron-bead contact points. A fluorescence quantification
analysis compares the fluorescence intensity of these synaptic
proteins at the bead surface to that of adjacent areas of the
same size (see Supporting Information Figure S3 for details on
quantification analysis methods). In this case, a fluorescence
intensity ratio (bead site to adjacent area) much greater than
unity corresponds to a significant accumulation of the
presynaptic vesicles and active zone markers around the SS-
BLMs (ratios of synaptophysin are 15.26 ± 2.34 (SS-BLMs) vs
2.24 ± 0.13 (uncoated beads), bassoon 11.65 ± 1.76 (SS-
BLMs) vs 1.26 ± 0.22 (uncoated beads), and actin 20.37 ±
2.74 (SS-BLMs) vs 1.76 ± 0.19 (uncoated beads); see
Supporting Information Figure S2 and Table S1).
This DOPC/DPPE/DOTAP (25:50:25) ternary lipid

mixture bears a net positive charge and exhibits coexisting
lipid microdomains at 37 °C (see Supporting Information
Figure S4). In order to study which factors favor synapse
formation (i.e., headgroup, charge, lipid phase), various
mixtures of synthetic phospholipids (Figures 2 and S5−S7)
that have different molecular (i.e., different charges and
different chemical functional groups) and assembly (i.e.,
different thermodynamic phases) features were used. In the
DOPC/DPPE/DOTAP mixture, the unsaturated DOPC lipids
are organized in a loosely packed fluid phase whereas the
saturated DPPE lipids are organized in a tightly packed gel
phase.30 Fluorescence intensity analysis shows a significantly
low accumulation of the synaptic proteins around homoge-
neous SS-BLMs in comparison to the above-mentioned DPPE
heterogeneous lipid mixtures (Figures 2, 3, and S5). For
example, those derived from a lipid mixture containing DOPC/
DOPE/DOTAP (25:50:25), where both DOPC and DOPE are
intermixed in a homogeneous fluid phase, or those derived
from DPPC/DPPE/DOTAP (25:50:25), where both DPPC
and DPPE are intermixed in a homogeneous gel phase, show
no significant synaptic accumulation at the bead-neuron
contacts (Figure 2, panels A and D). The DOPC/DOPE/
DOTAP mixture yields fluorescence ratios of synaptophysin
1.06 ± 0.65, bassoon 1.19 ± 0.36 and actin 1.46 ± 0.52 (see
Supporting Information Table S1). The DPPC/DPPE/
DOTAP mixture yields fluorescence ratios of synaptophysin
1.15 ± 0.31, bassoon 1.51 ± 0.23, and actin 1.65 ± 0.62 (see
Supporting Information Table S1). However, it is striking that

Figure 1. Representative confocal 3D reconstruction images showing
the interaction of neurons with lipid microdomains on SS-BLMs
displaying a fluid−gel (Ld−So) phase coexistence. (a) Assembly of rat
hippocampal neurons (DIV 9) around SS-BLMs from DOPC/DPPE/
DOTAP (25:50:25). The cells are cocultured with SS-BLMs for 24 h
and then labeled with Cell Tracker dye (green). Panel (b) is a
magnified view of (a), showing the close interactions between the
neuron and the SS-BLMs. Panel (c) is a single channel image of (b),
showing the ordered (DPPE-rich) SS-BLM domains labeled using 0.1
mol % N-Rh-DHPE (red areas) and the unlabeled fluid domains
(DOPC-rich; dark areas). In this preparation, 5 μm silica beads coated
with avidin were used as the spherical solid support and 0.1 mol %
DSPE-PEG2000-biotin was used in the lipid mixture for tethering.
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when coexisting lipid microdomains formed from a mixture of
phosphatidylcholine (PC) lipids (without inclusion of any

phosphatidylethanolamine (PE) lipids) were presented to
neurons in culture, no presynatic accumulation was observed.

Figure 2. Representative confocal cross section images showing accumulation of presynaptic proteins around SS-BLMs from various lipid mixtures
with PC and PE headgroups. In these experiments, SS-BLMs are not labeled. The fluorescence observed around SS-BLMs is due to the
immunolabeled presynaptic proteins (i.e., synaptophysin, bassoon, or actin). Rat hippocampal neurons (DIV 22) are incubated for 24 h with SS-
BLMs (lipid mixtures are noted on the DIC images; left panel). Neurons are labeled with antibodies specific for synaptophysin (green), bassoon
(red), and actin (blue). For each fluorescence image, the corresponding DIC channel is used to locate the beads (white arrows). In this preparation,
5 μm silica beads were coated with avidin and 0.1 mol % DSPE-PEG2000-biotin was used in the lipid mixture for tethering. Scale bars, 20 μm.
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The fluorescence ratios associated with the DOPC/DPPC/
DOTAP mixture (Figure 2E) are synaptophysin 1.83 ± 0.21,
bassoon 1.26 ± 0.18, and actin 1.43 ± 0.78.
In order to determine if factors other than membrane

heterogeneity and PE headgroups are in effect, the role of other
membrane lipids (such as phosphatidylserine (PS) and
cholesterol) in inducing synapse formation was examined.
The fluorescence intensity analysis described earlier was
performed on lipid mixtures containing PC and PS lipids.
Similarly, the role of cholesterol was studied (representative
images are shown in Supporting Information Figures S6 and S7,
and fluorescence intensity ratios are summarized in Table S1).
Neither case showed any influence on presynapse formation at
the lipid−neuron contact points. The quantification of synaptic
and cytoskeletal protein levels in the vicinity of the SS-BLMs
from the different lipid mixtures (i.e., PC, PE, PS, and
cholesterol), presented in either homogeneous or heteroge-
neous lipid phases, are summarized in Figure 3 (see Supporting
Information Table S1 for fluorescence ratio values). In the
presence of cholesterol, the resulting SS-BLM lipids intermix, at
least on the micrometer scale, in a homogeneous liquid-ordered
phase environment, which does not appear to contribute to a
significant actin or synaptic proteins accumulation (see
Supporting Information Table S1). Additionally, it is interesting
to note that in the case of DOPC/DPPS and DPPC/DOPS
lipid mixtures, each exhibiting fluid−gel phase separation, there
is an elevated actin assembly at the neuron/SS-BLM contact
points but no presynaptic protein accumulation. We therefore
conclude from the data presented in Figure 3 that lipid phase
separation (more specifically, a fluid−gel phase separation) acts
as an initial cue for neurons at the axon path-finding stage

during artificial synapse formation. However, a combination of
fluid−gel lipid phase separation together with headgroup
specificity (e.g., PE) in SS-BLMs is the determining factor for
transforming these contact sites into functional synaptic points.
The question as to why PE headgroups are important in
inducing presynaptic assembly requires more thorough
investigation but it might be related to their headgroup
reactivity or to the membrane curvature PE lipids reportedly
induce.
The assembly of synaptic and cytoskeletal proteins in the

vicinity of the coexisting lipid phases in the SS-BLM was
assessed. A fluorescence colocalization analysis was carried out
on dual-color images collected from neuron/SS-BLM cocul-
tures where the cells were immunolabeled for synaptophysin
(green) and the SS-BLMs were derived from the synapse
inducing lipid mixture DOPC/DPPE/DOTAP (25:50:25)
where the ordered lipid domains (DPPE-rich) were labeled in
red.
Figure 4, panel (a) shows the merged fluorescence image for

the synaptic protein (synaptophysin) and the gel phase domain.
In order to evaluate the extent of colocalization, the presence of
an overlap in their respective fluorescence intensity profiles is
examined. Figure 4, panel (b) shows single fluorescence
channels and corresponding fluorescence intensity profiles
measured along a line that crosses the bead surface. As seen in

Figure 3. Histograms of fluorescence intensity ratio measurements
comparing the accumulation of synaptic proteins (synaptophysin and
bassoon) and cytoskeleton proteins (actin) in response to SS-BLMs
prepared from various lipid mixtures. Each group was compared to
uncoated beads, n.s. is not significant, and *p < 0.05 by two-tailed
Student’s t test after correction for nonequal variance. Values in the
histograms are expressed as mean ± standard deviation. The total
number of beads analyzed from three independent experiments is
given in brackets. In all preparations, hippocampal neurons (DIV 22)
were incubated with SS-BLMs for 24 h and then labeled with
synaptophysin-, bassoon-, and actin-specific antibodies. In all lipid
mixtures, 25 mol % of the positively charged lipid DOTAP (a synthetic
lipid that is commonly used as a transfection agent) was added in
order to promote the adhesion of the neurons toward SS- BLMs. For
all preparations, 5 μm silica beads coated with avidin were used as the
solid spherical support and 0.1 mol % DSPE-PEG2000-biotin was used
for tethering. Representative confocal images are presented in Figures
2, S6, and S7.

Figure 4. Representative images of a neuron/SS-BLM coculture
showing the steps involved in fluorescence colocalization analysis. (a)
Confocal 3D reconstruction image of rat hippocampal neurons (DIV
14) incubated for 24 h with SS-BLMs from the ternary mixture
DOPC/DPPE/DOTAP (25:50:25) labeled using 0.1 mol % N-Rh-
DHPE (red). A close-up on the area highlighted by the white box,
which represents the area of the image used for subsequent analysis is
shown in (b) as single channel images of the synaptic protein
(synaptophysin, green) and ordered lipid phase (So, red). Binary
images of the corresponding gray scale single channel images are
shown in (c). Calculations of fluorescence colocalization from the
overlay images by (b) measuring the presence or absence of an overlap
of fluorescence intensity profiles across the surface of the SS-BLM
(along a defined line, shown in yellow) or (c) measuring the overlap
area of fluorescent and nonfluorescent pixels (fluorescent protein
pixels with fluorescent (So) or nonfluorescent (Ld) lipid pixels, shown
in white or green, respectively).
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the intensity profile (panel b), the absence of overlap between
the green and red channels indicates the absence of
colocalization between the synaptic protein synaptophysin
(green) and the gel lipid domain (red), suggesting that the
synaptic terminals are localized at the (nonlabeled) fluid lipid
domain. As outlined in panel (c), the binary images (value of 1
for fluorescent pixels and value of 0 for nonfluorescent pixels)
are used in this analysis. In this case, colocalization of the
cellular proteins with the lipid phase is indicated by the
presence of signal intensity (binary value of 1) from the two
fluorescent labels in the same pixel. Within the field of view of
the SS-BLM (roughly one-half of the sphere), different areas of
pixel overlap (represented by different colors in the overlay
image in panel (c)) are defined as (i) white areas, which
represent the labeled lipid domains (red) overlapping with the
labeled synaptic protein (green), (ii) red areas, which represent
the labeled lipid domains (red) not overlapping with the
labeled synaptic protein (green), and (iii) green areas, which
represent the nonlabeled lipid domains overlapping with the
labeled synaptic protein (green). Colocalization areas can be

calculated as a fraction of the total bead area, according to the
following equations:

= ×

% colocalization with L
area of overlap (defined by green area)

total area of bead (defined by yellow circle)
100

d

(1)

= ×

% colocalization with S
area of overlap (defined by white area)

total area of bead (defined by yellow circle)
100

o

(2)

This method was applied to analyze the colocalization between
the different presynaptic proteins and lipid domains from
mixtures containing PE lipids. Colocalization is expressed
according to the following equation:

Figure 5. Colocalization of synaptic and cytoskeletal proteins with the lipid phases of SS-BLMs. (a) Representative confocal 3D reconstruction
images of rat hippocampal neurons (DIV 14) incubated for 24 h with SS-BLMs of the ternary mixture DOPC/DPPE/DOTAP (25/50/25)
displaying fluid−gel (Ld−So) phase separation, with the ordered phases (DPPE-rich) labeled using 0.1 mol % N-Rh-DHPE (red). The neurons are
labeled for synaptic proteins (green) using antibodies specific for (a) synaptophysin, (b) bassoon, and (c) synapsin I. The F-actin (blue) is labeled
using phalloidin. Scale bars, 20 μm. Histograms of the Ld/So ratio are shown in the right panels and display the preferential colocalization of the
synaptic proteins with the disordered lipid domains (Ld). Percent colocalization data, with either phase, are summarized in Supporting Information
Figure S8 and calculated as described in Figure 4. Histograms values are expressed as mean ± standard deviation. The total number of beads
analyzed from three independent and identical experiments is given in brackets.
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=colocalization ratio (L /S )
% colocalization with L
% colocalization with Sd o

d

o
(3)

The quantitative analysis of colocalization (Figure 5)
establishes that there is a significant preference for the
accumulation of presynaptic components around fluid phase
lipids. This is further confirmed by application of the Pearson
correlation coefficient (PCC) methodology,37 which measures
the degree of colocalization between two fluorophores. PCC
values generally range between +1 (a perfect colocalization)
and −1 (an anticorrelation). The PCC value calculated for the
colocalization between the fluorescent proteins and the
fluorescent lipid phase (i.e., gel phase) is <0, indicating the
absence of protein colocalization with the gel phase (see
Supporting Information Figure S9 for a summary of PCC
results).
The experiments presented herein demonstrate that SS-

BLMs are versatile model system for lipid “raft-like” environ-
ment, and when interfaced to neurons in culture, yield new
information regarding the initial steps of artificial synapse
formation.38,39 In particular, new insight is developed regarding
the chemical and physical properties of lipids that influence the
neuronal response to artificial bilayer membranes when
cocultured with neurons under physiological conditions. The
clustering of presynaptic proteins in the vicinity of SS-BLMs is
evident from the presence of a synaptic vesicle protein
(synaptophysin), a scaffolding active zone (bassoon), and the
cytoskeletal protein (actin). The presence of these three
proteins is considered to be a positive neuronal response in
synapse formation. Immunofluorescence quantification analysis
shows that the interaction of neurons with SS-BLMs results in a
significant enrichment of synaptophysin and bassoon at their
contact sites. This is observed only when the lipids in SS-BLMs
contain phosphatidylethanolamine (PE) headgroups and are in
a heterogeneous fluid−gel lipid phase separated state. The
small headgroup of PE results a conical shape, which is thought
to exert a lateral pressure that modulates the bilayer membrane
curvature and helps to stabilize membrane proteins in their
optimal conformations.40 Another feature of PE lipids is the
ionizable amine which can also participate in hydrogen
bonding.41 The presence of amino groups in SS-BLMs from
other phospholipids such as phosphatidylserine (PS) did not
however yield the same results as those observed with PE lipids.
This highlights the importance of both (i) the structural details
of the lipids (i.e., their functional groups, overall charge,
intrinsic shape, curvature-inducing, etc.) and (ii) the cooper-
ative and aggregative properties of the membrane (i.e., its
physical organization and the presence of lateral heterogeneity)
in lipid-induced artificial synapse formation.
Several studies have shown that a number of signaling

molecules responsible for regulating neuronal processes are
localized in membrane lipid rafts.12−14 It has also been
demonstrated that nerve growth cones respond to specific
substrate surface features,42 specifically when allowed to grow
on substrates with varying stiffness43 and rheology.44 Substrates
with tunable surface properties have thus been shown to
influence neuronal growth and synaptic processes.45,46 This
study, on the other hand, addresses the question of how
membrane phase influences neuronal differentiation and
outgrowth. The data presented here establish that, in forming
functional synapses, neurons prefer the fluid phase within a
lipid raft. Since the initial step in artificial synapse formation

begins with axonal path-finding, mainly via the actin
cytoskeletal networks,26,47,48 the cytoskeletal networks perhaps
perform the “ground work” for the neurons to establish the first
attachment points. However, our results clearly demonstrate
that an environment of lipid phase separation is not the only
requirement, as some of these contact points do not necessarily
develop into functional synapses. In order to achieve artificial
synapse formation at established contact points, additional
parameters such as the headgroup specificity, overall charge,
and membrane curvature have to be taken into account.
In summary, fluid lipid phases within a raft-like model

platform are found to mediate stable neuronal contact points
on membrane substrates. This attachment step being the
driving force, additional lipid properties are used to develop
these contact points into functional synapses. Raft proteins or
postsynaptic components are not necessary to establish these
active synaptic sites. Given the importance of lipid rafts in
cellular processes and cell signaling, the use of SS-BLM-based
raft models is a step forward in the experimental study of raft-
mediated biological events. Future experiments will involve SS-
BLMs of increasing complexity by incorporating proteins and
lipid/protein complexes into the bilayer membrane, or by
assembling the supported bilayer from native membrane
vesicles. The robustness and ease of characterization which
SS-BLMs offer will enable the study of the function of key lipids
and proteins participating in artificial synapses or other cellular
events that involve membrane−membrane interactions.

■ METHODS
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleo-
yl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS), 1,2-dioleoyl-
3-trimethylammonium propane chloride salt (DOTAP), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine (DPPE), 1,2-dipalmitoyl-sn-glycero-3-phos-
pho-L-serine (sodium salt) (DPPS), and 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine-N-biotinyl-(polyethylene glycol 2000)] am-
monium salt (DSPE-PEG2000-biotin) were purchased from Avanti
Polar Lipids (purity > 99%). Lissamine Rhodamine B 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammo-
nium salt (N-Rh-DHPE), secondary antibodies and Alexa-488/Alexa-
647−phalloidin were purchased from Molecular Probes, Invitrogen.
Poly-L-lysine hydrobromide was purchased from Sigma. GelTol
(aqueous mounting media) was purchased from Shandon Lipshaw
Co., Lerner Laboratories. All other cell culture media were purchased
from Gibco, Invitrogen.

Formation of SS-BLMs. SS-BLMs were prepared starting with
lipid vesicles in the form of small unilamellar vesicles (SUVs). These
were formed by mixing chloroform solutions of the lipids (1 mg/mL),
and DSPE PEG2000-biotin (0.1 mol % of final mixture). The mixture
was dried with a stream of nitrogen then under vacuum for several
hours. The resulting lipid film was hydrated using phosphate buffer
saline (PBS) at pH 7.4, which was warmed to a temperature higher
than the phase transition temperatures (Tm) of the lipids. After vortex
mixing (ca. 10 min) and sonication in a bath sonicator (ca. 5 min), the
vesicles solution was used for the formation of SS-BLMs or stored at 4
°C. SS-BLMs were prepared as previously reported,25 starting with a
solution of 5 μm silica beads from Bangs Laboratories (IN, USA),
which were washed by centrifugation (104 rpm for 10 min) and
resuspended at a concentration of 9 × 106 particles/mL in PBS. This
solution was coated with avidin (0.1 mg/mL) and washed by
centrifugation (3× at 104 rpm for 10 min) and resuspension in PBS at
the starting volume. The avidin-coated beads were then mixed with an
equal volume of lipid SUVs, and vortex mixed for at least 20 min. The
resulting lipid-coated beads (i.e., SS-BLMs) were washed by
centrifugation (3× at 7 × 103 rpm for 10 min) and resuspension in
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PBS at the starting volume. Lipid phase separation in SS-BLMs was
subsequently induced by the application of two successive heat/cool
cycles starting at 4 °C and ending at 80 °C (at a controlled rate of 0.1
°C/s), using a TProfessional Thermocycler (Biometra; Göttingen,
Germany).
Cell Culture. Low-density dissociated cell cultures from rat

hippocampal neurons were prepared according to a modified protocol
described by Banker.49 Hippocampi were dissected from E17 embryos,
treated with 0.25% (w/v) trypsin at 37 °C followed by Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum. They were then washed twice Hank’s balanced salt
solution (HBSS) followed by serum-free Neurobasal medium where
they were mechanically dissociated with a glass Pasteur pipet. The
dissociated neurons were plated at low density (ca. 1.75 × 104 cm−1)
in serum-free Neurobasal medium supplemented with L-glutamine,
penicillin, streptomycin, and B-27 on glass coverslips from Ted Pella
Inc. previously coated with poly-L-lysine. The cell culture was kept in a
humidified 5% CO2 atmosphere at 37 °C and one-third of the medium
was replaced every 3 days. All animal work was performed at the
Montreal Neurological Institute in accordance with the Canadian
Council of Animal Care Guidelines.
Neurons/SS-BLMs Cocultures. SS-BLMs in sterile PBS solution

at pH 7.4 were added dropwise to hippocampal neurons (cultured for
at least 14 days in vitro (DIV)) at a concentration of ca. 1.0 × 105

beads/coverslip. After incubation for 24 h in a humidified 5% CO2
atmosphere at 37 °C, the cells/SS-BLMs cocultures were fixed using
4% (w/v) paraformaldehyde in phosphate buffer at pH 7.4, for 15 min
and washed (3× with PBS). Immunofluorescence labeling was
achieved by incubating the cells in blocking solution (PBS at pH =
7.4, containing 4% normal donkey serum (NDS) and 0.1% (w/v)
saponin) for 30 min, followed by primary antibody solution (1:100 (v/
v) rabbit anti-synaptophysin, 1:500 (v/v) mouse anti-bassoon, and/or
1:500 (v/v) rabbit anti-synapsin I in PBS at pH 7.4 containing 0.1%
(w/v) saponin and 0.5% (w/v) NDS) overight at 4 °C. After washing
(3× in PBS), the cells were incubated in secondary antibody solution
(1:500 (v/v) antibodies coupled to Alexa-488, Alexa-543, or Alexa-647
(as appropriate) in PBS at pH 7.4 containing 0.5% (w/v) NDS) for 30
min, then washed (3× in PBS). For F-actin labeling, Alexa-488 or
Alexa-647−phalloidin (as appropriate) was used (1:50 (v/v) in the
secondary antibody solution). The immunolabeled samples were
mounted on microscopic slides using GelTol and sealed prior to
imaging.
Confocal Microscopy. Fixed samples were imaged using a LSM-

710 confocal microscope (Carl Zeiss AG, Germany) with a 63×/1.4
oil-immersion objective lens. Image fields were first selected using the
brightfield (i.e., differential interference contrast, DIC) channel. One
(or a combination) of the following optical settings were then applied
to acquire the fluorescence images: (i) λex 488 nm/λem LP > 505 nm
(single channel imaging) or λem BP 505−550 nm (multichannel
imaging), (ii) λex 543 nm/λem LP > 565 nm, and (iii) λex 633 nm/λem
LP > 685 nm. For multichannel imaging, sequential scanning was used.
Laser power and detector gain were adjusted to avoid intensity
saturation in all acquired images. Z-series image stacks were acquired
at a sampling rate which satisfies the Nyquist frequency condition. The
acquired image stacks were deconvolved using the blind deconvolution
algorithm in AutoQuant X3 software. All images were subject to
background subtraction and contrast enhancement (for presentation
purposes only) using Imaris 7.4.0 software.
Fluorescence Intensity and Colocalization Quantification.

Immunofluorescence and colocalization quantification were calculated
using ImageJ 1.49 software for at least 50 beads per experiment and
averaged across three separate experiments per condition. Results are
presented in histograms which are prepared in KaleidaGraph 4.1
software and display the data mean and standard deviation. The
significant difference between experiments is assessed using the two-
tailed Student’s t test after correction for nonequal variance (see
Supporting Information for details and equations of statistical
analyses). For intensity quantification, the fluorescence ratio is
calculated (using ImageJ 1.49 software) from the average pixel overlap
area values within an ROI at the SS-BLM location divided by that of

another ROI of exactly the same size and located directly adjacent to
the SS-BLM along the neuron (see Supporting Information Figure
S3). For analyzing colocalization between synaptic and cytoskeletal
proteins with lipid domains, the overlap of their respective
fluorescence intensity signals across the surface of the SS-BLM was
examined. Colocalization was analyzed quantitatively by calculating the
area of overlap between the different fluorescence channels from their
respective binary images. Additionally, pixel intensity correlation was
performed using the colocalization plugin (Coloc 2) in ImageJ 1.49
software which expressed the Pearson correlation coefficient (PCC)
for the colocalization between the fluorescently labeled lipid domains
(i.e., So domains) and fluorescently labeled proteins.
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