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Real-Time Analysis of the Effects of Cholesterol on Lipid Raft Behavior

Using Atomic Force Microscopy

Jared C. Lawrence, David E. Saslowsky, J. Michael Edwardson, and Robert M. Henderson
Deparment of Phammacology, University of Cambridge, Cambridge, United Kingdom

ABSTRACT Cholesterol plays a crucial role in cell membranes, and has been implicated in the assembly and maintenance of
sphingolipid-rich rafts. We have examined the cholesterol-dependence of model rafis (sphingomyelin-rich domains) in
supported lipid monolayers and bilayers using atomic force microscopy. Sphingomyelin-rich domains were observed in lipid
monolayers in the absence and presence of cholesterol, except at high cholesterol concentrations, when separate domains
were suppressed. The effect of manipulating cholesterol levels on the behavior of these sphingomyelin-rich domains in bilayers
was observed in real ime. Depletion of cholesterol resulted in dissolution of the model lipid rafts, whereas cholesterol addition
resulted in an increased size of the sphingomyelin-rich domains and eventually the formation of a single raftlike lipid phase.
Cholesterol colocalization with sphingomyelin-rich domains was confirmed using the sterol binding agent filipin.

INTRODUCTION

Cholesterol 15 an essential component of cukaryotic cell
membrancs, and plays numerous roles in membrane function
(Smmons and Tkonen, 2(00). Recently, it has been suggested
that cholesterol 15 Involved in the assembly and mantenance
of sphingolipid-nch microdomaimns or “mafis,” which arc
proposcd to act as platforms for the preferental sorting of
proteins (Simons and Tkonen, 1997). The ralt hypothesis 1s
bascd on the observation that detergent-resistant membrancs,
which are ennched m sphingohpids and cholesterol, can
be isolated wsing cold non-ionic detergents (Brown and
London, 1998, 2000 Brown and Rosc, 1992).

Model membrane studics have shown that hpd-lipad
mitcrachions arc sufficient to induce the formation of rafthke
domaimns (Dictnich et al, 2001a; Saslowsky et al., 2002). It
15 well established that phase separaton can occur m b
nary lipid mixtures consisting of hipids that have differcnt
phase transibon lemperatures. Typically, a gel phase, which
15 charactenzed by tightly-packed hpids that have limited
latcral mobility, co-cxists with a Awmd or hgud-disordered
phasc in which the hpids are loosely packed and have a high
degree of lateral mobility. Addition of cholesterol has been
reported to modify the gel phase component of such systems
resulting in the so-called hguid-ordered phase in which the
hipids arc stll tghtly packed but acquire a relabively high
degree of lateral movement (Sankaram and Thompson,
1990). Lipid rafis arc proposcd to exist in a state similar to
the hguid-ordered phase surmmounded by a Alud hpid mainx.

To mvestgate hipid raft charactenstics in model mem
brancs, sphingomychn (SM) 15 commonly combincd with
a fud-phase hpid, such as diwleoylphosphatdylcholine
(DOPC), and cholesicrol. SM hipids typically have long,
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saturatcd acyl chains that facilitale close packing, an
important feature of hpid raft organzation (Ahmed et al.,
1997; Brown and London, 2000). For this rcason, SM
cnnched domams in a bilayer are thicker than arcas ennched
in more Aud, unsaturated hipuds, which have kinked chains
that effectively shorten the molecules. SM hpids also have
sigmificantly highcer phasc transition temperatures than phos
phocholine ipids (e.g.. the transibon temperature of brain
SM 1z 37-41°C). In addition, there is a favorable intecrac
tion between SM and cholesterol, and there s strong evi
dence that they are colocalized m cell membranes, where
cholesterol 15 thought to promote the formation and stability
of hpid rafts (Simons and Tkoncn, 2000, Slotic, 1999). The
SM/cholesierol interachion 13 most likely strengthened by
hydrogen bonding between the 3°-0OH group of cholesterol
and the amide of the SM head group (Bittman ct al., 1994).
Currently, the requirement for cholesicrol in raft formabon
15 unclear. For mstance, it has been reported that raft do
mains disappear after cholesterol depletion from the plasma
membrane in cxpenments using cultured cells (Cemeus
ct al., 1993; Hangumaran and Hocssh, 1998). Howcever,
cholesterol-independent raft domains have also been e
poricd in both model membranes (Milhoet et al., 2002;
Saslowsky ct al., 2002}, and in the brush border membrane of
enterocytes (Hansen ct al., 2001).

In vitro studics of hpid raft bechavior have mamly used
Huorcscence microscopy to monitor the disinbution of fuo
rescent raft markers (Dictrich ct al., 2001 a,b; Samsonov ct al.,
20001; Wang ct al., 2000). However, rocently, the direct
visualizahon of raftlike domains in model membrancs has
been achieved using atomic force microscopy (AFM; Milhict
ct al., 2001, 2002; Rima ct al., 2001; Saslowsky ct al., 2002).
AFM 15 a pariicularly sutable techmigque for studying
supportced hpid layers because of 1is ability to disciminate
Angstrom-scale height differences between lipid domains,
and also to visualize surfaces under aqueouws conditions
(Dufrénc ct al., 1997). Previously, AFM has been used
to mmvestigate model raft domains at 3 number of fixed
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cholesterol concentrabons. These studics have provided
usciul mformation about the cffect of cholesterol on rafi
thickness and arca. In the present study, we have used AFM
o analyze in real ime the effects of manipulating cholesterol
levels in supported model membranes contaimng DOPC and
SM. In addition, we have used the cholesterol binding agent
hhpin, to reveal the lateral distnbution of cholesterol
supporicd hipid bilayers contaiming model rafis.

MATERIALS AND METHODS
Materials

1.2-Dioleoyl-sn-glycero-3-phosphatidylcholine (D), brain  sphingo-
myclin (5M), and cholesterol (Avant Polar Lipids, Birmingham, AL,
LISA) were uwsed as received. Methyl-f-cyclodextrin (MBCD), water-
soluble cholesterol (MBCD loaded with cholesterol) and filipin complex
(minimum 75% flipn 1) were purchased from Sigma (UK). Water was
obtained from a Millipore water punficabion system.

Formation of supported lipid monolayers

Lipid monolayers were formed by the Langmuir-Blodpgett method usimg
a Mima Scnes 2001 trough (Coventry, UK). Lipid solutions consisting of
AMDOPC (121 molimol) with varving amounts of cholesterol werne
prepared in chloroform at a total ipsd concentrabion, incleding cholesterol,
of 1 mg/ml. To prepare lipid monolayers for transfer onto a freshly cleaved
mica support (Coodbellow, Huntngdon, UK), the lipid solution was
deposited omto the ar-water imterface of the Langmuir-Blodgett trough
using watcr as the subphase. Monolayers were compressed to a surface
pressure of 3 mN/m, released, and then recompressed three tmes, and
allored o rest for 10 mim on the third compression before being transferred
to mica at 10 mmymimn. Cholesterol extraction expenmicnts were performed
using a subphase contaming 100 mM MECD dissolved i water.

Formation of supported lipid bilayers

Vesicles were preparcd by combinimg DOPC, 5M, and cholesterol from
chloroform stocks. The chloroform was evaporated wnder a stream of
nitrogen gas and the ipads were rehydrated overmght mowater to give a total
concentration of 2 ma/ml. The hipid mixture was then vortexed to produce
large multilamellar vesicles from which small unilamellar vesicles wene
preparcd by sonicating in a heated (50°C) hath sonicator (Decon Lab-
oratories, Hove, LK) for 30 min. Sopported hpid hlayers were formed by
depositing 10 ul of vesicle solution followed by 50 @l of buffer (100 mM
Mal(’l, 50 mM Hepes, 2 mM Ca(’l,, pH 7.6; HES) onto mica. Afier 3-5 min
incubation at room temperatune (22°C7), the sample was pently rinsed with
the same buffer and transfermed to the AFM.

Filipin treatment of supported lipid bilayers

Supported hipid bilayers were preformed on a mica substrate and treated with
filipin complex (100 uM) diluted from a dimethyl solfoxide stock (final
dimethyl sulfoxide concentration 1.3% v/v). Incubation of the bilayer with
filipin was conducted at room temperature in the dark for 30 min. The
samples were gently nnsed with buffer before imaging.

Atomic force microscopy

A Manoscope [ Multmode AFM (Digeital Instruments, Santa Barbara, CA
LISA) equipped with a J-scanner was used for all imaging. Monolayers wene
mmaged o ar in erther contact mode usimg  oxide-sharpencd DNP-5
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cantilevers with a spnng constant of (L6 M/m (Dhgtal Instroments) or
tapping mode wsng sihcon cantilevers (NMCH Pomiprobes, Nanosensors,
Weizlar-Blankenfeld, (Germany). Supported hpd bilayers were imaged
HES m fluxd tapping mode using oxide-sharpened DNP-5 cantibevers with
a spring constant of (.32 Nfm (Dimital Instruments). For fud tapping mode
maging the cantilever oscillation was tuned to a fregquency between 39 kHz
and the dnve amphitude was adpsted to produce a RMS ampliiude of (0.5
05 V. Force was minimized by adjusting the setpoint to just below the
jumpoft point of the tip. The scan rate was typically 1-2 Hz All scanning
was camied out at room temperature (22°C). Images were flatiened using the
Manoscope 111 softwane.

RESULTS

To mmveshgate rmaft bchavior in hpud monolayers, the
Langmuir-Blodgett technique was wsed to transfer mono
layers containing SM/DOPC (1:1 molfmol), with varying
amounts of cholesterol, to a mica support for AFM maging.
Scparatc microdomaims were observed in monolayers in the
absence of cholesterol (Fig. 1 A) and also in monolayers
containing 10 and 20 mol% cholesterol (Fig. 1, B and C), as
descnbed previously (Milhiet et al., 2001). The percent
age surface arca occupicd by the thicker SM-nich domains
(lighter gray areas) incrcascd with increasing cholesterol
concentration (24 + 2%, 33 * 2%, and 43 * 6% (n = 5)
for (0, 10, and 20 mol% cholesterol, respectively). The step
height between the DOPC-nich and the SM-nich arcas was
~{).5 nm, although this value was strongly dependent on the
tip charactenstics and whether tapping- or contact-mode
AFM was uscd. At a concentration of 33 mol% cholesterol,
the two phases began to coalesee (Fig. 1 D), and at 50 mol%
cholesterol no distinet domains could be detected (Fig. 1 E).
To further investigate the relaionship between cholesterol
conceniration and the presence of discrete SM-nich domains,
the cholesicrol-sequestering  agent  methyl-B-cyclodexinn
(MBCD; 10 mM) was used to extract cholesterol from
a monolayer (SM/DOPC 1:1 mol/fmol) contaiming 5() mol%

FIGUERE 1 Effect of cholesterod on raft behavior in SM/DOPC mono-
layers. SMDOPC monolayers (1:1 mol/mol) contaimng varyimg amounts of
cholesterol were deposited onto mica from the air-water mterface using the
Langmuir-Blodeett method at a surface pressure of 34 mMN/m. (4) No cho-
lesterol, (£ 10 mol% cholesterol, () 20 mol % cholesterol, (£ 33% mol cho-
lesterol, (£) 50 mol% cholesterol, and (F) 50 mol% cholesterol monolayer
deposited from a subphase containmg 10 mM MEBCDL Scale bar: SO0 nm.
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cholesterol. After partial cholesterol depletion from  the
monolayer (cholesterol was extracted away from the ar-
wiler interface into the subphase), SM-nich domains were
rcformed, and could be visualized afier transfer to a mica
support (Fig. 1 F). In a control expenment, MBCD treatment
wias found to have no cffect on cither the hipid domain
stucture or the surface pressure of a cholesterol-free SMY
DOPC monolayer (data not shown). Hence, in our expen-
ments, MBCD was specifically extracting cholesterol.

We next used real-ime AFM imaging to inveshgate
the cffect of mampulating the cholesterol content of sup-
ported hpid bilayers. Imibally, bilayers were formed on a
mica subsiralc via vesicle fusion. As with the monolayers,
scpardic domains could be detected n the bilayers (SMY/
DOPC, 1:1 mol/mol) both in the absence of cholesterol and
also at 10, 20, and 33 mol% cholesterol (data not shown).
We could not form hilayers successfully from vesicles con-
taining 50 mol% cholesterol. Whereas microdomains in mo-
nolayers were of a similar size and occupied a similar arca
between mopeal expenments, microdomains in bilayers ex-
hibited a much greater vanation n both these atinbutes.
Typically, the SM-nch domains in bilayers were more ir-
regularly shaped, with a greater vanation in size, from the
nanomeler o micrometer range. It 15 not known how the
microdomains in supporied bilayers arc related to micro-
domains in the vesicles before vesicle fusion. For example,
a vesicle with a diameter of 50 nm would contribute —().(08
pm” in the supported bilayer. Some domains are much larger
than this, mdicating that some hpid rearmangement must
occur after fusion. However, there was no detectable moor-
gamizabon or diffusion of the SM-nch microdomains over
the time scale investgated, of up to scveral hours.

When supporicd bilayers (10 mol%  cholesterol/SM/
DOPC) were treated with MBCD (10 mM) to deplete them
of cholesterol, the SM-nch domains were found to dissolve
mio the surrounding Awd hpid bilayer (Fig. 2). To confirm
that the rearrangement of the layer after MBCD treat-
ment was due to cholesterol extrachon, a SM/DOPC bilayer
containing no cholestcrol was treated wsing MBCD In a
similar manner. In this instance, no loss of domains was
obscrved (data not shown). When water-soluble cholesterol
(30 pg/ml) was added to preformed ilayers (10 mol%
cholesterol/SM/DOPC), the sime of SM-nich domains was
obscrved to mercase over me, and the height difference
between the DOPC-nich and SM-nich regions was reduced
from an imbal value of (.7-0.8 nm to a point where scparate
lipid domams could no longer be detected (Fig. 3). By
treating a cholesterol-saturated mlayer (Fig. 4 A) with
MBCD (20 mM), it was possible to observe the behavior of
the layer as the cholesterol concentrabon decrcased from
high concentrations (no rafis) through o nlcrmediate
concentrations, at which scparate SM-nch domains reap-
pearcd. As the cholesicrol concentration decreased further,
the domains again dissolved into the surrounding bilayer
(Fig. 4 B) as in Fig. 2. Unfortunately, it was not possible
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FIGURE 2 Effect of cholesterol depletion on hiped rafis in supported hipid
bilayers. (A) SM/DOPC (1:1 mol/mol) bhilayer contaming 100 mol%
cholesterol. Lipid rafts can be clearly scen. (F) Addition of MECD (10
mM ) at the beginning of the scan resulted i the loss of lipid raft domains in
the bilayer. The disturbance at the bottom of the scan shows the point at
which the MBCLD was injected. Images 510 were captured sequentially by
scanning over the same arca of the sample. The directions of the scans and
the times clapsed at the end of cach scan are indicated. Scale bars 1 pm.

to gquaniitate the cholesterol concentration or the rate of cx-
traction dunng thc AFM maging.

The cholesterol-binding agent ilipin was used to examine
the lalcral distnbubon of cholesterol i supported hpad
bilayers. Filipin had no effect on supported hpid bilayers that
lacked cholestcrol (Fig. 5 A); however, in bilayers contain-
mg 10 mol% cholesterol a highly ordered and sinated array
could be scen, which was exclusively locahzed to the SM-
nich arcas (Fig. 5 B). The hlipin-induced features protruded
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FIGURE 3 Effect of cholesterol addition on lipid rafts in supported hipid
bilayers. (A) SM/DOPC (1:1 molfmol) bilayer containing cholesterol (- 10
mol%). () Water-soluble cholesterol (50 ppfml) was added at the
beginning of the scan and the system was allowed to equilibrate bricfly
before capturing sequential images (). The directions of the scans and
the times clapsed at the end of cach scan are indicated. Scale bars 1 pm.
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