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The physical properties of the postsynaptic membrane (PSM), including its viscosity, determine its capacity to regulate the net flux of
synaptic membrane proteins such as neurotransmitter receptors. To address these properties, we studied the lateral diffusion of
glycophosphatidylinositol-anchored green fluorescent protein and cholera toxin bound to the external leaflet of the plasma membrane.
Relative to extrasynaptic regions, their mobility was reduced at synapses and even more at inhibitory than at excitatory ones. This
indicates a higher density of obstacles and/or higher membrane viscosity at inhibitory contacts. Actin depolymerization reduced the
confinement and accelerated a population of fast, mobile molecules. The compaction of obstacles thus depends on actin cytoskeleton
integrity. Cholesterol depletion increased the mobility of the slow diffusing molecules, allowing them to diffuse more rapidly through the
crowded PSM. Thus, the PSM has lipid-raft properties, and the density of obstacles to diffusion depends on filamentous actin. Therefore,
lipid composition and actin-dependent protein compaction regulate viscosity of the PSM and, consequently, the molecular flow in and
out of synapses.

Introduction
Once inserted in the plasma membrane, molecules diffuse later-
ally with random movements that result from the collective ther-
mal agitation of proteins and lipids. This Brownian diffusion is
slowed down by mechanisms that increase the apparent viscosity
of the membrane such as fences formed by submembranous fil-
amentous actin (F-actin), hydrodynamic friction caused by im-
mobile transmembrane molecules or by tethering interactions
with extrinsic or intrinsic membrane molecules (Saxton and Ja-
cobson, 1997). Lipid domains of different viscosity (lipid rafts)
can also reduce the lateral mobility of proteins associated with
them (for review, see Marguet et al., 2006). Receptors for neuro-
transmitters are concentrated and stabilized at postsynaptic sites
by interactions with the underlying protein scaffold (for review,
see Sheng and Hoogenraad, 2007). Lipid composition may also
be involved in this stabilization (for review, see Allen et al., 2007).
Nevertheless, the stabilization of receptors is transient and they
continuously diffuse laterally in and out of synapses (for review,
see Triller and Choquet, 2005, 2008; Renner et al., 2008a).

F-actin is concentrated at postsynaptic membranes (PSMs)
beneath excitatory and inhibitory postsynaptic membranes. Ex-
citatory synapses on dendritic spines are enriched in F-actin,
which is modulated by synaptic activity (for review, see Dillon
and Goda, 2005). Actin polymerization may control the number
of neurotransmitter receptors at synapses. Such is the case for the

excitatory glutamate AMPA receptors (Allison et al., 1998) and
for glycine receptors (GlyRs) (Kirsch and Betz, 1995). This con-
trol results in part from the regulation of the physical character-
istics (confinement and trapping) of lateral receptor diffusion, as
demonstrated for GlyRs in spinal cord neurons (Charrier et al.,
2006). However, several receptors and transmembrane proteins
of the postsynaptic density (PSD) purify with detergent-resistant
membrane (DRM) fractions, indicating a possible association
with lipid rafts. Examples of this are acetylcholine receptors
(Stetzkowski-Marden et al., 2006; references in Allen et al., 2007),
K� channels (Wong and Schlichter, 2004), and glutamatergic
receptors (Hering et al., 2003). Extrinsic membrane scaffolding
proteins associated with excitatory synapses (GRIP, PSD-95)
(Hering et al., 2003) are also purified in DRM fractions. The
palmitoylation of these proteins is required for their accumula-
tion at synapses, emphasizing their putative interactions with
rafts (el-Husseini and Bredt, 2002). Receptors themselves can
also be palmitoylated, leading to their postsynaptic accumula-
tion, as shown for GABA receptors (GABARs) (Rathenberg et al.,
2004).

Receptors diffuse much slower at synaptic than at extrasynap-
tic membranes (references in Triller and Choquet, 2005, 2008;
Renner et al., 2008a). This reflects their stabilization by scaffold-
ing proteins, but the reduction in mobility can also be attribut-
able to the presence of obstacles and barriers to diffusion. This in
turn can influence the flux of receptors in and out of synapses and
have strong effects on synaptic activity (Heine et al., 2008). Al-
though receptor dynamics has been the focus of many current
studies, the potential dynamic regulation of lipids and lipid-
bound proteins at synaptic and extrasynaptic sites remains un-
discovered. In addition, molecules that are not stabilized at syn-
apses (thus not enriched) and “float” in the outer leaflet of the
plasma membrane, such as lipids or lipid-bound proteins, can
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serve as probes to analyze the apparent viscosity of the synaptic
membrane. In this study, we have followed the lateral dynamics
of two lipid-bound proteins that are lipid raft markers, cholera
toxin (ChTx) and a glycophosphatidylinositol-anchored green
fluorescent protein (GPI–GFP) using fluorescence recovery after
photobleaching (FRAP) and single-particle tracking (SPT) tech-
niques. We found that the diffusion of these lipid-bound proteins
is slower at inhibitory postsynaptic membranes than at excitatory
ones. F-actin depolymerization affects mostly the more mobile
molecules, and cholesterol depletion increases the mobility only
of the less mobile ones.

Materials and Methods
Cell culture and transfection. Hippocampal neurons from 18-d-old
Sprague Dawley rat embryos were cultured at a density of 6 � 10 4 cells/
cm 2 on coverslips precoated with 80 �g/ml poly-D,L-ornithine (Sigma-
Aldrich) and 5% fetal calf serum (Invitrogen). Cultures were maintained
in serum-free Neurobasal medium supplemented with B27 (1�) and
glutamine (2 mM) (Invitrogen). Neurons were transfected at 2 or 9 d in
vitro (DIV) using Lipofectamine2000 (Invitrogen) following the instruc-
tions of the manufacturer. GFP–GPI plasmid was kindly provided by Dr.
S. Mayor (National Centre for Biological Sciences, Bangalore, India)
(Sharma et al., 2004). Other constructions were described previously
(Hanus et al., 2006; Bats et al., 2007). Cells were imaged 24 h after trans-
fection when transfected at 2 DIV or cultured until synaptic maturation.

FRAP and fluorescence loss in photobleaching. Experiments were con-
ducted using a FRAP system (FRAP L5D; Roper Scientific) run by Meta-
Morph software (Meta Imaging Software; Roper Scientific) using rou-
tines developed by the Curie Institute Imaging Center (Paris, France). It
consist of an inverted microscope (Eclipse TE2000-E; Nikon) equipped
with an autofocus system (Nikon), a DG-4 illumination system (Sutter
Instruments), and appropriate filter sets (Semrock; Optoprim). Cover-
slips were mounted on a custom-made chamber and observed with a
100� objective (Nikon via Roper Scientific). Chamber and objective
were heated at 36°C. For FRAP, two to five circular regions (radius, 0.6
�m) on top of synaptic spots or on extrasynaptic membranes on different
neurites of each cell were bleached by high-intensity 488 nm laser (ER-
ROL) for 5 ms at 65 mW, reducing fluorescence by �80%. Recovery was
monitored by time-lapse acquisitions with a CCD camera (QuantEM
512SC; Roper Scientific) at 1 Hz for 20 s and at 0.2 Hz for the next 60 s.
For fluorescence loss in photobleaching (FLIP), two circular regions 1.2
�m in diameter at each side of a synaptic spot (1.2 �m from it) (see Fig.
1C) were bleached at 1 Hz during 40 s at low laser power (30%). Fluo-
rescence was monitored, taking one image between each laser shot. Data
were normalized and analyzed as by Tsuriel et al. (2006). Briefly, data was
corrected for ongoing photobleaching with the following: Fcorrt � (Ft/
F0)/(Fnbt/Fnb0), where Ft is the fluorescence at time t, F0 is the fluores-
cence before bleaching, Fnbt is the average fluorescence intensity of three
nonbleached spots at time t, and Fnb0 is the average fluorescence inten-
sity of the same nonbleached spots before bleaching.

Best fits of FRAP recovery curves were made according to the following
equation: Ft � Pf [1 � (1 � Fbl) exp (�t/�f)] � (1 � Pf ) [1 � (1 � Fbl)
exp (�t/�s)], where Pf is the relative size of the fast pool (expressed as a
fraction of 1), Fbl is the normalized fluorescence immediately after the
photobleaching procedure, and �f and �s are the recovery time constants
for the fast and slow pools, respectively.

Single-particle imaging of GFP–GPI, ChTx, and receptors. For SPT of
GFP–GPI, quantum dots (QDs) emitting at 605 nm conjugated with goat
F(ab�)2 anti-rabbit IgG (Invitrogen) were previously coupled with an
anti-GFP antibody (rabbit polyclonal; Synaptic Systems) (supplemental
information, available at www.jneurosci.org as supplemental material).
QDs (30 nM) were incubated first with the antibody (5 nM, 30 min) and
then for an additional 15 min with casein to block unspecific binding.
Cells were incubated for 10 min at 37°C with the precoupled QDs (0.06
nM) and rinsed. ChTx (Sigma-Aldrich) was biotinylated with the EZ-
Link Sulfo-NHS-Biotin kit (Pierce via Perbio Science France), using a
low ratio of ChTx/biotin (1:2). Neurons were incubated for 10 min with
biotinylated ChTx (2 �M), washed, and incubated for 1 min with

streptavidin-coated QDs emitting at 605 nm (0.2– 0.3 nM; Invitrogen) as
in the study by Bannai et al. (2006). In case of receptors, neurons were
first incubated for 5 min with the corresponding primary antibody: anti-
GluR2 for AMPA receptors (AMPARs) (1:200; BD PharMingen) and
anti-�2 for GABARs (1:150; Alomone Labs). After rinsing, cells were
incubated 5 min with the corresponding biotinylated secondary antibody
[1:250, F(ab�)2 fragments; Jackson ImmunoResearch], rinsed, and incu-
bated with streptavidin-coated QDs as above. All incubation steps and
washes were performed at 37°C in MEM recording medium (MEMr)
(containing phenol red-free MEM, 33 mM glucose, 20 mM HEPES, 2
mM glutamine, 1 mM Na-pyruvate, and 1� B27). Cells were imaged
within 30 min after QD staining. Neurons were imaged in the MEMr
at 37°C in an open chamber mounted on a IX70 inverted microscope
(Olympus) equipped with a 60� objective [numerical aperture (NA)
1.45; Olympus]. Fluorescence was detected using an Hg� lamp, ap-
propriate filters [QD: D455/70x, HQ605/20m; Discosoma red
(DsRed) and FM4-64 (N-(3-triethylammoniumpropyl)-4-(6-(4-
diethylamino)phenyl)hexatrienyl)pyridinium dibromide): D535/
50x, E590lpv2; GFP and Venus: HQ500/20 and HQ535/30m; Chroma
Technology via Roper Scientific], and a CCD camera (Cascade
512BFT; Roper Scientific). QDs were recorded during 1000 consecu-
tive frames at 33 Hz.

Single-fluorophore imaging of cyanine 5-ChTx. Cyanine 5 (Cy5) fluoro-
phore was coupled to ChTx (Sigma-Aldrich) at 1:7 ratio following the
instructions of the manufacturer (GE Healthcare). Coverslips were first
incubated at 37°C for 5 min with 2 mM rhodamine 123 (Rh123) (Invitro-
gen) and then for 10 min at room temperature with Cy5–ChTx (0.1 �M).
For image acquisition, an inverted microscope (Olympus IX70) with a
100� oil-immersion objective (NA 1.4) was used. Samples were illumi-
nated for 15 ms at 633 nm by a helium–neon laser for Cy5 detection (JDS
Uniphase). An appropriate filter set (DCLP650, HQ575/50; Chroma
Technology via Roper Scientific) was used for detection with a CCD
camera (Micromax; Princeton Instruments). Rh123 was imaged using a
532 nm YAG laser (Coherent) using another filter set [DCLP498
(Chroma Technology) and A515 (Omega Optical)].

Drug treatment. Actin filaments were depolymerized with latrunculin
A (3 �M; Sigma-Aldrich) solubilized in DMSO (Sigma-Aldrich). Cells
were preincubated for 30 min with latrunculin or the control solution
(0.002% DMSO) and were then incubated with ChTx diluted in
latrunculin- or DMSO-containing MEMr. SPT recordings were per-
formed in the presence of the drugs. For cholesterol depletion, cells were
treated for 30 min with cholesterol oxidase (COase) (10 U/ml final con-
centration; Sigma-Aldrich) and then labeled for SPT. After the experi-
ment, cells were fixed in 4% (w/v) paraformaldehyde (Serva Feinbio-
chemica) and incubated for 5 min with filipin (100 �g/ml; Sigma-
Aldrich) to check cholesterol reduction.

Tracking and quantitative analysis. Single QDs were identified by their
blinking (Dahan et al., 2003). Single Cy5–ChTx molecules were identi-
fied by their one-step photobleaching (Tardin et al., 2003). Synaptic stain
images were filtered using a multidimensional image analysis interface
run by MetaMorph software (Racine et al., 2007). Trajectories were de-
fined as synaptic if they colocalized with a synaptic cluster (Dahan et al.,
2003). Tracking was performed with homemade software in Matlab
(MathWorks). The center of the spot fluorescence was determined by a
two-dimensional Gaussian fit. Spatial resolution was �10 –20 nm. The
spots in a given frame were associated with the maximum likely trajec-
tories estimated on previous frames of the image sequence. For QDs, only
trajectories with at least 15 consecutive frames were used. The mean
square displacement (MSD) was calculated using MSD(ndt) � (N �
n) �1�i � 1

N � n((xi � n � xi)
2 � (( yi � n � yi)

2), where xi and yi are the
coordinates of an object on frame i, N is the total number of steps in the
trajectory, dt is the time interval between two successive frames, and ndt
is the time interval over which displacement is averaged. The diffusion
coefficient D was calculated by fitting the first two to five points of the
MSD plot versus time with the equation MSD(t) � 4 D2–5t � 4�x

2, where
�x is the spot localization accuracy in one direction (Ehrensperger et al.,
2007 and references therein). Given the resolution, trajectories with D �
10 4 �m 2/s for QDs and with D � 10 3 �m 2/s for Cy5–ChTx were classi-
fied as immobile. Because of the large dispersal of values of D, we com-
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pared the median values. The size of the average
confinement area was calculated fitting the av-
erage MSD plot with the equation proposed by
Kusumi et al. (1993). Dwell time was calculated
as in the study by Charrier et al. (2006).

Statistical analyses were done using built-in
functions in Matlab using two-tailed Student’s t
test, the Mann–Whitney (MW) test, or Kol-
mogorov–Smirnov (KS) test. Images were pre-
pared using Photoshop (Adobe Systems).

Results
We analyzed the diffusion of two lipid raft
markers, GFP–GPI and the � subunit of
ChTx, which binds specifically to the gan-
glioside GM1 (Lencer and Tsai, 2003). We
chose these lipid-bound proteins for tech-
nical reasons (final size of the probe and
specificity of binding). We used cultured
hippocampal neurons with mature syn-
apses (21 to 24 DIV).

Lateral diffusion of GFP–GPI is reduced
at synapses
We first used FRAP in neurons cotrans-
fected with GFP–GPI and the postsynaptic
proteins gephyrin–monomeric red fluores-
cent protein (mRFP) or Homer1c–DsRed to
label inhibitory or excitatory PSDs, respec-
tively (Fig. 1A) (supplemental information,
available at www.jneurosci.org as supple-
mental material). GFP–GPI fluorescence
was evenly distributed within neurons
without any enrichment detectable at syn-
apses [intensity per pixel in arbitrary units:
3314 	 83 (n � 75), 3155 	 121 (n � 54),
and 3148 	 78 (n � 75) at extrasynaptic,
inhibitory, and excitatory synaptic mem-
branes respectively; differences not signif-
icant, two-tailed t test] (Fig. 1A1,A2).
Gephyrin is the scaffolding protein that
anchors GlyRs in spinal cord neurons and GABAA receptors in
the hippocampus (Kirsch et al., 1993; Kneussel et al., 1999).
Gephyrin–mRFP formed clusters on dendritic shafts apposed to
synapsin1 (94.32 	 0.71% of the clusters) (supplemental Fig.
S1A,B, available at www.jneurosci.org as supplemental mate-
rial). Homer1c is a scaffolding protein that interacts with
metabotropic glutamate receptors and members of the Shank
family (Usui et al., 2003). Homer1c–DsRed exhibited brighter
spots at the tips of the spines perfectly colocalized with PSD-95
and apposed to synapsin1 puncta (94.34 	 0.60% of the clusters)
(supplemental Fig. S1C,D, available at www.jneurosci.org as sup-
plemental material).

Circular regions (0.6 �m radius) were bleached in synaptic or
extrasynaptic regions on different neurites (see Materials and
Methods). The recovery of GFP–GPI fluorescence was fast and
continuous, indicating a recovery by lateral diffusion instead of
insertion of exocytotic vesicles (that would induce a quantal in-
crease of fluorescence). More importantly, the recovery was sig-
nificantly slower at synaptic regions compared with extrasynaptic
ones (Fig. 1B). Because of the small size of the PSD (�0.3 �m in
diameter, close to the point spread function limitation) and their
movements around their mean position (Fischer et al., 2000; Ha-
nus et al., 2006), we bleached an area larger than that of the PSD

(1.2 �m in diameter). As a consequence, the recovery curves
contained information from the recovery at the PSD and at the
perisynaptic area. Therefore, to ascertain FRAP results, we ana-
lyzed the FLIP, a measurement that is not influenced by the size of
the bleaching region. To this aim, we continuously bleached two
extrasynaptic regions on each side of the area analyzed (see
scheme in Fig. 1C). In agreement with FRAP curves, the loss of
fluorescence was slower at synaptic than at nearby extrasynaptic
areas (Fig. 1C).

Because of the lack of appropriate models, FLIP curves could
not be used to derive kinetic constants. FRAP curves were fitted
with a double-exponential function with two different kinetic
constants (fast and slow) (Tsuriel et al., 2006) (supplemental
information, Fig. S2A,B, available at www.jneurosci.org as sup-
plemental material). At extrasynaptic locations, the fast pool had
a time constant of 3.95 	 0.17 s, significantly faster than that
observed at synapses (one-way ANOVA, p � 0.0001), both inhib-
itory (4.76 	 0.21 s; two-tailed t test, p � 0.01) and excitatory
(5.67 	 0.34 s; two-tailed t test, p � 0.0001) ones (Fig. 1D). In
contrast, for the slow pool, the slowest recovery was found at
inhibitory sites (extrasynaptic, 158 	 10 s; inhibitory, 342 	 45 s,
p � 0.0001; excitatory, 267 	 34 s, p � 0.01; one-way ANOVA,
p � 0.0006) (Fig. 1E).

Figure 1. Bulk fluorescence dynamics of GFP–GPI on cultured hippocampal neurons (24 DIV) analyzed by FRAP and FLIP. A, In
vivo fluorescence of GFP–GPI and a postsynaptic protein to label inhibitory (A1) or excitatory (A2) synapses. A1, A2, Neurites with
GFP–GPI (green) and gephyrin–mRFP (red, A1) or Homer1c–DsRed (blue, A2). Scale bar, 2 �m. B, FRAP of GFP–GPI (mean 	
SEM) at extrasynaptic (black; n � 55 spots) and inhibitory (red; n � 54) or excitatory (blue; n � 58) synapses. Inset, Blowup of
the curves between 0 and 25 s. C, FLIP at inhibitory (red; n � 9) or excitatory (blue; n � 9) synapses or at extrasynaptic locations
(black; n � 9). Inset, Green, Loci for bleach; red and blue, loci for recording at inhibitory and excitatory postsynaptic membranes,
respectively; open circle, locus for extrasynaptic recording (arrow). D, E, Time constant (mean 	 SEM) for the fast (D) and slow (E)
pool, obtained from the double-exponential fit (see Materials and Methods) applied to the data in B for extrasynaptic (extrasyn,
black) and inhibitory (I, red) or excitatory (E, blue) synapses. Two-tailed t test, significance toward extrasynaptic locus: **p �
0.01; ***p � 0.001. n � 4 independent experiments using cells from four different cultures.
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Single-particle analysis of GFP–GPI
The above-mentioned results suggest a different viscosity of the
PSM in excitatory and inhibitory synapses, which are different
from the extrasynaptic membrane. However, FRAP experiments
do not give access to the mechanisms underlying these differ-
ences. Furthermore, measurements are complicated by spatial
and anisotropic constraints that make difficult the calculation of
diffusion coefficients in complex morphologies such as those of
neuronal cells (Holcman and Triller, 2006; Triller and Choquet,
2008). Moreover, their resolution is limited by the point-spread
function, and, thus, it is impossible to resolve movements in areas
smaller than the optical resolution (�300 nm, the size of the

PSD). Therefore, we used SPT and single-
molecule fluorescence microscopy (SMT),
which provide good spatial and temporal
resolution. GFP–GPI molecules were la-
beled with QDs coupled to an anti-GFP
antibody (QD–GFPGPI). The labeling was
performed at low concentration to allow
the detection and tracking of individual
molecules (supplemental information,
Fig. S2C, available at www.jneurosci.org
as supplemental material). QD–GFPGPI
were detected with a pointing accuracy of
10 –20 nm (Dahan et al., 2003) and tracked
at 33 Hz. Single QDs were identified by
their blinking property (Dahan et al.,
2003). Portions of trajectories were de-
fined as synaptic when they colocalized
with the synaptic marker (see Materials
and Methods). Most QD trajectories ex-
changed between a synaptic and a nonsyn-
aptic location during the recording session
(Fig. 2A1,A2) (supplemental movie, avail-
able at www.jneurosci.org as supplemental
material). In this case, each part of the tra-
jectory was analyzed separately. The diffu-
sion coefficient D was derived from the
initial slope of the MSD versus the time
interval � plot (MSD � 4D�). The mean
diffusive behavior, free or confined, was
deduced from the shape of the average
MSD versus � curve: in free “Brownian”
diffusion, the MSD depends linearly on �,
whereas in the case of confined motion, it
reaches a plateau (Saxton and Jacobson,
1997). In our study, particles with D �
10�4 �m 2/s�1 were defined as immobile
and not analyzed further (typically, �1%).
We did not observe QDs displaying di-
rected movement, which is a landmark of
vesicular transport (Saxton and Jacobson,
1997) and, therefore, of endocytosis. Dur-
ing the 30 s recording session, most QD–
GFPGPI explored large surface areas of
neurites (Fig. 2A1,A2). They exchanged
between extrasynaptic and synaptic areas
reducing their mobility when entering the
synaptic region (Fig. 2B), displaying free
and confined behavior, respectively (Fig.
2C). The diffusion of QD–GFPGPI was
significantly reduced at synapses ( p �
0.0001 for both synapse types, KS test) and

slower at inhibitory than at excitatory PSMs ( p � 0.0001, KS test)
(Fig. 2D). Median values were 17.2 � 10�2 �m2/s�1 (extrasynap-
tic), 2.3 � 10�2 �m2/s�1 (inhibitory), and 4.6 � 10�2 �m2/s�1

(excitatory) (supplemental table, available at www.jneurosci.org as
supplemental material). Excitatory and inhibitory PSMs also ex-
hibit lateral movements themselves (Fischer et al., 2000; Hanus et
al., 2006). However, the movement of gephyrin–mRFP or
Homer1c–DsRed clusters was �50 times slower than that of QD–
GFPGPI [median D values, 5.5 � 10�4 �m 2/s�1 (n � 518) and
8 � 10�4 �m 2/s�1 (n � 467), respectively]. QD–GFPGPI diffu-
sion was more confined at inhibitory synapses than at excitatory
ones (Fig. 2E). For comparison, we pooled the MSD values be-

Figure 2. SPT of QD–GFPGPI on hippocampal neurons cotransfected with Homer1c–DsRed or gephyrin–mRFP. A, Examples of
trajectories of QD–GFPGPI with extrasynaptic (black) and synaptic portions in inhibitory (red, A1) or excitatory (blue, A2) syn-
apses. Inhibitory and excitatory PSMs are identified by the presence of cotransfected gephyrin–mRFP (orange) and Homer1c–
DsRed (light blue), respectively. Scale bar: (in A1) A1, 0.3 �m; A2, 0.5 �m. B, Diffusion coefficient D over time for the trajectory
illustrated in A2. Top lines indicate extrasynaptic (black) and synaptic (blue) recording periods. C, Examples of MSD for the
trajectories over inhibitory (red, from A1) or excitatory (blue, from A2) synaptic portions and at extrasynaptic (black, from A2) loci.
D, Cumulative frequency distribution of D for QD–GFPGPI trajectories on extrasynaptic (black; n � 11,475 trajectories) and
inhibitory (red; n �211) or excitatory (blue; n �449) synaptic membranes. n �4 independent experiments using cells from two
different cultures. E, Average MSD (mean 	 SEM) plot of the same trajectories analyzed in D. Same color coding as in D. Inset,
Surface of the areas explored (mean 	 SEM) of inhibitory (red) or excitatory (blue) synaptic trajectories between intervals of time
0.3– 0.4 s (***p 
 0.0001, MW test).
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tween 0.3 and 0.4 s time intervals, which
were significantly larger in excitatory syn-
apses (Fig. 2E, inset) ( p � 0.0001, MW
test). The estimates of the areas explored
(assuming circular confinement areas and
using the MSD plot) (Kusumi et al., 1993)
had diameters of 380 and 475 nm at inhib-
itory and excitatory sites, respectively
(see Materials and Methods), with mean
dwell times of 0.88 	 0.14 and 0.75 	
0.07 s, respectively. At extrasynaptic lo-
cations, QD–GFPGPI displayed mostly
free diffusion, but the MSD plot is not
perfectly linear. This deviation probably
arises from, on one side, a geometrical
effect (neurites have a limited diameter)
and, on the other side, from the presence
of local inhomogeneities of the extrasyn-
aptic membrane not studied in this
work.

Diffusion of GM1-bound ChTx at
inhibitory and excitatory synapses
The overexpression of GFP–GPI could al-
ter the diffusive properties of the plasma
membrane through modification of its
composition. We therefore used ChTx to
track the endogenous lipid GM1. ChTx
forms pentamers and thus binds one to
five GM1 molecules. To identify excitatory
and inhibitory PSMs in the same cell, neu-
rons were cotransfected with Homer1c-
enhanced GFP (EGFP) and gephyrin–
mRFP (Fig. 3A,B). We checked the
distribution of ChTx on the membrane of
living cells labeling transfected neurons
with Alexa488-coupled ChTx, which did
not show any enrichment at synapses
(supplemental information, available at
www.jneurosci.org as supplemental mate-
rial). For SPT, neurons were first incubated with biotinylated
ChTx and then labeled with streptavidin-coupled QDs (Bannai et
al., 2006). Endocytosis of QD-bound ChTx (QD–ChTx) was not
observed during the experiments (supplemental information,
available at www.jneurosci.org as supplemental material). Detec-
tion and tracking of individual QDs (33 Hz during 30 s) were
monitored on transfected neurites only. In some traces (as exem-
plified in Fig. 3B), the same QD–ChTx passed over Homer1c–
EGFP and gephyrin–mRFP. As for QD–GFPGPI, QD–ChTx had
significantly lower mobility at the synaptic versus extrasynaptic
areas. The reduction was again more pronounced at inhibitory
synapses (Fig. 3C). The median D decreased sixfold ( p � 0.0001,
KS test) and 12-fold ( p � 0.0001, KS test) in excitatory and
inhibitory synapses, respectively (extrasynaptic, 18.3 � 10�2

�m 2/s�1; synaptic excitatory, 2.9 � 10�2 �m 2/s�1; synaptic in-
hibitory, 1.5 � 10�2 �m 2/s�1) (supplemental table, available at
www.jneurosci.org as supplemental material). QD–ChTx was
also confined at PSMs (Fig. 3D) with a higher confinement at
inhibitory ones (Fig. 3D, inset) ( p � 0.0001, MW test). The size
of the confinement areas were 328 and 456 nm over gephyrin and
Homer clusters, respectively, with mean dwell times of 0.66 	
0.11 and 0.45 	 0.05 s.

Influence of the presence of the presynaptic terminal and QDs
on ChTx diffusion
An important concern about QD labeling is the size of the probe.
The cleft between the presynaptic and postsynaptic membranes is
narrow and thus may contribute to the reduced mobility. There-
fore, we made use of two complementary strategies: we followed
the diffusion of ChTx directly labeled with a single Cy5 fluoro-
chrome, and we analyzed the movements of QD–ChTx in artifi-
cial inhibitory PSDs not apposed to presynaptic terminals.

In experiments with Cy5–ChTx done on nontransfected neu-
rons, synapses were labeled with the mitochondrial marker rho-
damine 123 (Groc et al., 2007; Renner et al., 2008b) (Fig. 4A–C).
At the end of the experiments, only �15–20% of the ChTx mol-
ecules were internalized (see supplemental information, available
at www.jneurosci.org as supplemental material). Single Cy5–
ChTx molecules were recognized by their one-step photobleach-
ing (Tardin et al., 2003) and tracked at 18 Hz. Given the pointing
accuracy of �50 nm, molecules with D � 10�3 �m 2/s�1 were
considered as immobile and were excluded from the analysis.
Diffusion of Cy5–ChTx was significantly reduced in synapses
(extrasynaptic, median D � 10.7 � 10�2 �m 2/s�1; synaptic,
3.3 � 10�2 �m 2/s�1; p � 0.05, KS test) (Fig. 4B) (supplemental
table, available at www.jneurosci.org as supplemental material),

Figure 3. SPT of QD–ChTx on hippocampal neurons cotransfected with Homer1c–EGFP and gephyrin–mRFP. A, Simultaneous
labeling of inhibitory and excitatory synapses. The raw fluorescence images (A1) were filtered after segmentation and wavelet
transformation (see Materials and Methods) to delineate the synaptic spots (A2). A1, Fluorescence of gephyrin–mRFP (red) and
Homer1c–EGFP (green) on nonfixed cells. A2, Transmitted differential interference contrast (DIC) image from the same neurites
in A1 overlaid with the filtered synaptic spots. B, Example of trajectory from a QD–ChTx diffusing between a Homer1c–EGFP (blue)
and a gephyrin–mRFP (red) cluster. The extrasynaptic trajectory is white; synaptic portions are red and blue over inhibitory and
excitatory postsynaptic differentiations, respectively. Scale bar: (in B) A1, A2, 3 �m; B, 0.3 �m. C, Cumulative frequency distri-
bution of D for QD–ChTx trajectories on extrasynaptic (black; n � 7494 trajectories) and inhibitory (red; n � 115) or excitatory
(blue; n � 137) synaptic membranes. n � 6 independent experiments using cells from three different cultures. D, Averaged MSD
plot (mean 	 SEM) of the same trajectories analyzed in C. Same color coding as in C. Inset, Surface of the areas explored (mean 	
SEM) of inhibitory (red) or excitatory (blue) synaptic trajectories between intervals of time 0.3– 0.4 s (***p 
 0.0001, MW test).

2930 • J. Neurosci., March 4, 2009 • 29(9):2926 –2937 Renner et al. • Postsynaptic Membrane Viscosity



displaying confined movements (Fig. 4C). Unfortunately trajec-
tories were short (typically 0.4 – 0.5 s) because of the rapid pho-
tobleaching of organic dyes, such as Cy5. Therefore, the average
MSD plot of Cy5–ChTx was less precise than with QDs. However,
the median D was comparable with that measured with QDs.

In a second approach, we created arti-
ficial inhibitory PSDs as described previ-
ously (Meier et al., 2001; Ehrensperger et
al., 2007). More precisely, cotransfection
of Venus-tagged gephyrin (Ve::Ge) with a
modified �1 subunit of GlyR (�1�gb, con-
taining the binding sequence to gephyrin)
leads to the formation of receptor– gephy-
rin clusters at the plasma membrane.
GlyRs have over these clusters a diffusing
behavior comparable with what is seen at
mature synapses (Ehrensperger et al.,
2007). In similar clusters in hippocampal
neurons (Fig. 4D), we found that QD–
ChTx diffusion was greatly reduced (Fig.
4E). The median D decreased from 11.8 to
3.3 � 10�2 �m 2/s�1 outside and within
clusters, respectively ( p � 0.0001, KS test)
(Fig. 4F). The diffusion and confined be-
havior in these artificial clusters were not
significantly different from that seen in
mature inhibitory synapses (Fig. 4G).

Confinement of synaptic ChTx depends
on F-actin
Lateral diffusion of transmembrane pro-
teins can be constrained by the cytoskeletal
network below the membrane. Cytoskel-
etal filaments are fences themselves and
anchor transmembrane proteins, which
behave as pickets restricting the diffusion
of other molecules on both leaflets of the
plasma membrane [the anchored protein–
picket model (Kusumi et al., 2005)]. At
synapses, the cytoskeleton is important for
the stabilization of the PSD (Kirsch and
Betz, 1995; Allison et al., 2000; Kuriu et al.,
2006). The actin cytoskeleton also affects
the lateral diffusion of GlyRs in spinal cord
neurons (Charrier et al., 2006). We thus
analyzed the effect of actin depolymeriza-
tion using latrunculin A (3 �M) on lipid
confinement at synapses. Both gephyrin
and Homer1c interact with actin-
regulating proteins, such as collybistin and
profilin in the case of gephyrin (Charrier et
al., 2006 and references therein) and cor-
tactin and debrin in the case of Homer
(Naisbitt et al., 1999; Kuriu et al., 2006 and
references therein). F-actin disruption de-
creases the size of their clusters (Kirsch
and Betz, 1995; Usui et al., 2003; Charrier
et al., 2006). In our experiments, we used
low concentration and a short incubation
time, and, consequently, latrunculin re-
duced only slightly (10%) the surface area
of gephyrin–mRFP and Homer1c–EGFP
puncta (supplemental information, Fig.
S3A–C, available at www.jneurosci.org as

supplemental material). Spine shape and number as well as the ratio
of inhibitory versus excitatory synapses were not modified (supple-
mental information, Fig. S3C, available at www.jneurosci.org
as supplemental material).

Figure 4. Influence of QD size and presynaptic terminals on ChTx diffusion. A, Single-molecule fluorescence microscopy of
Cy5–ChTx. Top, DIC image of neurites showing in green the labeling of rhodamine 123 used to stain synapses. The trajectories of
all the single molecules detected in this field over a 100 s recording period are overlaid in blue [extrasynaptic (extrasyn)] or in red
[synaptic (syn)]. Bottom, A higher magnification of the region indicated by the rectangle in the top image. Scale bar, 0.5 �m. B,
Distribution of D [median and 25–75% interquartile range (IQR); whiskers, 5 and 95% confidence intervals] for Cy5–ChTx in
extrasynaptic (blue; n � 1317 trajectories) and synaptic (red; n � 51) membranes (*p � 0.05, KS test). C, Averaged MSD plot
(mean 	 SEM) of the same trajectories analyzed in B. Same color coding as in B. n � 5 independent experiments using cells from
three different cultures. D, Hippocampal neurons at 3 DIV cotransfected with Venus-tagged gephyrin (Ve::Ge; green) and a
modified � subunit of glycine receptor (�1�gb–myc; red). Top, Overlay of Ve::Ge fluorescence (green) and �1�gb–myc immu-
noreactivity (red). Below, Higher magnification of the indicated region in the top image, emphasizing Ve::Ge and �1�gb–myc
colocalization. From left to right, Ve::Ge (green), �1�gb–myc (red), and colocalization (yellow). E, Examples of trajectories (red)
of QD–ChTx (blue, arrowheads) colocalizing or not with Ve::Ge clusters (green). Scale bar: (in D, top) D, top, 3.8 �m; D, bottom,
5 �m; E, 800 nm. F, Distribution of D (median and 25–75% IQR; whiskers, 5 and 95% confidence intervals) for QD–ChTx over 3– 4
DIV neurons compared with 21–24 DIV neurons transfected as in Figure 3A. EC, Trajectories outside Ve::Ge clusters (blue; n �
6388); IC, trajectories over Ve::Ge clusters (green; n � 68); ES, IS, trajectories over extrasynaptic (black; n � 2025) or inhibitory
(red; n � 31) postsynaptic membranes, respectively. n � 4 independent experiments using cells from two different cultures. G,
Averaged MSD plot (mean 	 SEM) of the same trajectories analyzed in F. Same color coding as in F.
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Latrunculin treatment increased the mobility of QD–ChTx in
both the synaptic ( p � 0.05, KS test) (Fig. 5A1) and extrasynaptic
( p � 0.0001, KS test; data not shown) membranes with respect to
DMSO-treated controls (supplemental table, available at www.

jneurosci.org as supplemental material). The median D increased
1.46-fold (control, 1.3 � 10�2 �m 2/s�1; latrunculin, 1.9 � 10�2

�m 2/s�1), and 2.75-fold (control, 2 � 10�2 �m 2/s�1; latruncu-
lin, 5.5 � 10�2 �m 2/s�1) at inhibitory and excitatory PSMs,

Figure 5. Effect of F-actin depolymerization by latrunculin on QD–ChTx diffusion. A1, Cumulative frequency distribution of D for QD–ChTx trajectories in synapses without (solid lines) or with
(broken lines) latrunculin treatment. Left, Inhibitory synaptic trajectories (control, n � 109; latrunculin, n � 70). Right, Excitatory synaptic trajectories (control, n � 90; latrunculin, n � 102). n �
4 independent experiments using cells from three different cultures. A2, Subtraction histograms calculated from the cumulative distributions in A1 (control � latrunculin) emphasizing the set of
trajectories affected by actin depolymerization (for explanation, see Results). Horizontal broken line, No difference; vertical broken line, median D in control conditions. Positive and negative values
indicate increased and reduced diffusion rates. B, Average MSD plot of the same trajectories analyzed in A (synaptic inhibitory in red; synaptic excitatory in blue). Solid and broken lines, Control and
latrunculin treated, respectively. C, Surface of the area explored (mean 	 SEM) by the trajectories in A between 0.3 and 0.4 s time intervals in control (C) and latrunculin (L) conditions, for inhibitory
(inhib; control, n � 436; latrunculin, n � 280) and excitatory (excit; control, n � 320; latrunculin, n � 408) synapses. Two-tailed t test, ***p � 0.001. D, Cumulative frequency distribution of D
for QD–ChTx trajectories in synapses pooled together (inhibitory � excitatory) without (solid lines) or with (broken lines) latrunculin treatment (control, n � 199; latrunculin, n � 172). Inset,
Subtraction histogram calculated as in A2 (control � latrunculin). E, Average MSD plot of the trajectories analyzed in D, separated into slow (D � Dmedian) and fast (D 
 Dmedian) groups. Solid and
broken lines, Control and latrunculin treated, respectively. F, Examples of trajectories (red) of Cy5–ChTx (white, arrowheads) over the synaptic staining (green); obtained in control conditions or after
30 min of latrunculin. Top, Time is in milliseconds. Scale bar, 0.5 �m. G, Square displacements (�r 2�) versus time interval plots of Cy5–ChTx trajectories. The slow and rapid groups were obtained by
a statistical analysis of the distributions of �r 2� as in the study by Schütz et al. (1997) (control, n � 72; latrunculin, n � 133).
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respectively. Subtractive curves (control minus latrunculin) em-
phasize that the faster molecules were further accelerated after
latrunculin treatment (Fig. 5A2). After this treatment, the con-
finement at PSMs was markedly reduced (Fig. 5B), with the effect
being more important at excitatory PSMs: the MSD values be-
tween 0.3 and 0.4 s time intervals were significantly larger after
F-actin depolymerization (Fig. 5C). Similar experiments on non-
transfected cells, in which the presynaptic terminal boutons were

labeled with FM4-64, confirmed these re-
sults and excluded a bias that could result
from the overexpression of scaffolding
molecules (supplemental information, Fig.
S3D, available at www.jneurosci.org as
supplemental material). Notably, although
QD–ChTx was much less confined at exci-
tatory synapses, it still diffused less than at
extrasynaptic sites.

After pooling all the synaptic trajecto-
ries (Fig. 5D), it was then possible to sepa-
rate the trajectories into fast and a slow
ones (with D larger or smaller than the me-
dian value, respectively). After latrunculin
treatment, the areas explored of both
groups were significantly increased (slow
group, p � 0.05, MW test; fast group, p �
0.0001, MW test). However, the slow
group maintained its confined diffusion
behavior, whereas the fast group was no
longer confined (Fig. 5E). This result was
further confirmed with the small size probe
Cy5–ChTx (Fig. 5F). Because of the limited
trajectory lengths in these experiments, we
had to use a statistical approach to separate
the trajectories into subpopulations
(Schütz et al., 1997; Tardin et al., 2003).
Three categories of movements were dis-
tinguished: immobile and slowly or rapidly
mobile groups. After F-actin depolymeriza-
tion, Cy5–ChTx of the slowly mobile group
still exhibited confinement (but with a larger
confinement area), and the rapidly mobile
group displayed free diffusion (Fig. 5G).

Cholesterol depletion differentially
affects the mobility of QD–ChTx
The lipid composition of the plasma mem-
brane could also alter the diffusion of QD–
ChTx. Cholesterol is thought to aid the
formation of lipid rafts packing glyco-
sphingolipids and phospholipids with sat-
urated fatty acid chains (Edidin, 2003).
Outside rafts, cholesterol can also affect the
fluidity of the membrane (London, 2005).
These changes in lipid mobility have been
studied with SPT and FRAP in other cell
types (for review, see Marguet et al., 2006).
In our study, we used COase (10 U/ml)
(Lenne et al., 2006) to deplete cholesterol
from the plasma membrane. COase was
preferred because methyl-� cyclodextrin
has side effects that alter the amount of
F-actin and phosphatidylinositol-4,
5-biphosphate (Kwik et al., 2003). Actu-

ally, COase had effects that are different from F-actin stabilizing
or destabilizing drugs (Lenne et al., 2006), this was also seen by
us (see below). After 30 min of COase, filipin labeling de-
creased to 37.25 	 5.96% of the control value, indicating par-
tial cholesterol depletion (Hering et al., 2003) (supplemental
information, Fig. S3E, available at www.jneurosci.org as sup-
plemental material). This short-term COase treatment did not
modify the neuronal shape and spines (Fig. 6 A1,A2), the size

Figure 6. Diffusion QD–ChTx after cholesterol depletion by COase. A, Fluorescence of GFP–GPI (to delineate neurites and
spines) and a fluorescent postsynaptic protein to label inhibitory (A1) or excitatory (A2) synapses in nonfixed cells, after COase
treatment (10 U/ml, 30 min). A1, A2, Neurites with GFP–GPI (green) and gephyrin–mRFP (red, A1) or Homer1c–DsRed (blue,
A2). Scale bar, 4 �m. B1, Cumulative frequency distribution of D for QD–ChTx trajectories without (solid lines) or with (broken
lines) COase treatment. Left, Inhibitory synaptic trajectories (control, n � 109; COase, n � 68). Right, Excitatory synaptic
trajectories (control, n � 67; COase, n � 230). B2, Subtraction histograms calculated from the cumulative distributions in B1
(control � COase) emphasizing the set of trajectories affected by cholesterol depletion (for explanation, see Results). Horizontal
broken line, No difference; vertical broken line, median D in control conditions. Positive and negative values indicate increased and
reduced diffusion rates. n�4 independent experiments using cells from three different cultures. C, Average MSD plot of the trajectories in
B (synaptic inhibitory in red; synaptic excitatory in blue). Solid and broken lines, Control and COase treated, respectively. D, Surface of the
area explored (mean 	 SEM) by the trajectories in B between 0.3 and 0.4 s time interval in control (C) and COase (CO) conditions, for
inhibitory (inhib; control, n�439; COase, n�271) and excitatory (excit; control, n�268; COase, n�914) synapses. Two-tailed t test;
ns, not significant; ***p�0.001. E, Cumulative frequency distribution of D for QD–ChTx trajectories in synapses pooled together; without
(solid lines) or with (broken lines) COase treatment (control, n�174; latrunculin, n�298). Inset, Subtraction histogram calculated as in
B2 (control � COase). F, Average MSD plot of the trajectories analyzed in E, separated into slow (D � Dmedian) and fast (D 
 Dmedian)
groups. Solid and broken lines, Control and COase treated, respectively.
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and number of inhibitory and excitatory
PSMs, or GABA and AMPA receptor im-
munoreactivities (supplemental infor-
mation, available at www.jneurosci.org
as supplemental material).

After partial cholesterol depletion,
QD–ChTx diffused more rapidly at in-
hibitory (median D: control, 1.4 � 10 �2

�m 2/s �1; COase, 2.3 � 10 �2 �m 2/s �1;
p � 0.01, KS test) and at excitatory PSMs
(median D: control, 3 � 10 �2 �m 2/s �1;
COase, 3.5 � 10 �2 �m 2/s �1; p � 0.05,
KS test) (Fig. 6 B1) (supplemental table,
available at www.jneurosci.org as sup-
plemental material). However, QD–
ChTx moved slower at the extrasynaptic
membrane (median D: control, 20.2 �
10 �2 �m 2/s �1; COase, 17.4 � 10 �2

�m 2/s �1; p � 0.0001, KS test) (data not
shown). The acceleration at synapses
predominated on the slower lipids, in
contrast to what was observed after actin
depolymerization (Fig. 6 B2). As previ-
ously, the effect of COase on confine-
ment prevailed at excitatory PSMs (Fig.
6C). However, the area explored at syn-
apses was only slightly and not signifi-
cantly increased (Fig. 6 D). When we
pooled all the synaptic trajectories (Fig.
6 E), COase treatment did not modify
the confined diffusion behavior of the
fast or slow groups (Fig. 6 F). The area
explored was not significantly increased
( p � 0.1 for both groups, MW test).

These results indicate that, after cho-
lesterol deprivation, the amount of obstacles or barriers to
diffusion that are responsible for the confinement did not
decrease significantly. We then wondered whether cholesterol
depletion could affect the lateral diffusion of receptors.

Effects of cholesterol depletion on the lateral diffusion of
GABA and AMPA receptors
QD-bound GABA or AMPA receptor movements were analyzed
on neurons transfected with Homer–EGFP and gephyrin–mRFP.
After partial cholesterol depletion by COase, the mobility of QD-
bound GABA receptors was increased at the extrasynaptic mem-
brane (median D: control, 8.29 � 10�2 �m 2/s�1; COase,
10.27 � 10�2 �m 2/s�1; p � 0.0001, KS test) (Fig. 7A). At syn-
apses, median D values of QD–GABARs were 2.34 � 10�2 �m 2/
s�1 (control) and 3.03 � 10�2 �m 2/s�1 (COase). The slowest
GABARs (below the median value of the distribution, �2.34 �
10�2 �m 2/s�1) were accelerated ( p � 0.0046, KS test), and the
more rapid ones (�2.34 � 10�2 �m 2/s�1) were not (Fig. 7B).
This behavior is comparable with that of cholera toxin-bound
QD after COase treatment (Fig. 6B1,B2). The behavior of AM-
PAR after COase was different (Fig. 7C,D): extrasynaptic AMPA
receptors were slowed down (median D: control, 7.98 � 10�2

�m 2/s�1; COase, 5.80 � 10�2 �m 2/s�1; p � 0.001, KS test) (Fig.
7C), but synaptic AMPA receptors were not affected (median D:
control, 1.53 � 10�2 �m 2/s�1; COase, 1.63 � 10�2 �m 2/s�1;
p � 0.89, KS test) (Fig. 7D).

Discussion
Inhibitory and excitatory receptors have specific diffusive behav-
iors at their respective synapses that differ from those at extrasyn-
aptic membranes (Triller and Choquet, 2008 and references
therein). Lipids are also slowed down at the synapse (Renner et
al., 2008b). This indicates that the PSM presents obstacles to
diffusion even for molecules at the outer leaflet of the plasma
membrane, reflecting an increased “apparent viscosity” favoring
receptor trapping at synapses. The question of the factors respon-
sible for the constrained diffusion at the origin of the increased
viscosity was left open. We have now compared the behavior of
lipid markers at inhibitory and excitatory synapses and its depen-
dence on cytoskeleton integrity and cholesterol content.

Diffusion of GFP–GPI and ChTx is reduced at synapses
In FRAP experiments, GFP–GPI exhibited global slower recovery
dynamics at synaptic versus extrasynaptic membranes. SPT ex-
periments revealed that the diffusion of individual QD–GFPGPI
and QD–ChTx is markedly reduced at the PSM. Nevertheless,
their dwell time at synapses (0.5– 0.8 s) is much shorter than that
of synaptic receptors (e.g., 16 	 6 s for GlyR) (Charrier et al.,
2006). This is likely attributable to the absence of binding to
stable proteins, such as the interaction between receptors and
scaffolding proteins. Neither GFP–GPI nor ChTx was enriched at
synaptic sites, indicating that, as expected in a steady state (Mayor
and Rao, 2004), the reduction of diffusion does not lead to their
accumulation. In other words, at steady state, the net flux of
molecules equals zero. The reduction in mobility is not attribut-

Figure 7. Effect of COase treatment on the lateral diffusion of GABA and AMPA receptors. A, B, Cumulative frequency distri-
bution of D for QD–GABAR trajectories on control (full lines, black) or COase-treated (broken lines, red) neurons. n � 3 indepen-
dent experiments using cells from two different cultures. A, Extrasynaptic trajectories (control, n � 1054; COase, n � 1780). B,
Inhibitory synaptic trajectories (control, n � 63; COase, n � 59). C, D, Cumulative frequency distribution of D for QD–AMPAR
trajectories on control (full lines, black) or COase-treated (broken lines, red) neurons. n � 3 independent experiments using cells
from two different cultures. C, Extrasynaptic trajectories (control, n � 625; COase, n � 800). D, Excitatory synaptic trajectories
(control, n � 75; COase, n � 91).
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able to the size of the QD complex or the labeling with QDs,
because it was also observed with FRAP and SMT experiments as
well as by SPT over artificial PSMs.

Diffusion of QD–ChTx depends on cytoskeleton integrity
Lipids on the outer leaflet of the plasma membrane sense the
cytoskeleton meshwork through the transmembrane proteins
bound to it (Kusumi et al., 2005). Immobilized molecules reduce
the diffusion of mobile ones by obstruction and hydrodynamic
friction, and this is increased by their crowding (Saxton and Ja-
cobson, 1997; Frick et al., 2007). The PSM, which contains a

number of immobile or low-mobility molecules such as receptors
and adhesion proteins (Sheng and Hoogenraad, 2007; Chen et al.,
2008), is probably a crowded patch of membrane (Fig. 8A).
Therefore, free and raft-associated lipids diffuse in the gaps be-
tween the clusters of proteins. Molecular crowding can be mod-
ified by actin depolymerization, which changes the compaction
of receptors and associated scaffolding molecules at the PSM
(Kirsch and Betz, 1995; Allison et al., 1998; Charrier et al., 2006;
Kuriu et al., 2006). Actually, the mobility of QD–ChTx was in-
creased after F-actin depolymerization (Fig. 8B), denoting an
enlargement of the space available to move. As seen for the GlyRs
(Charrier et al., 2006), this increases the diffusion of weakly or
nonstabilized molecules favoring their exchange between extra-
synaptic and synaptic areas.

Cholesterol depletion increases the diffusion of slowly mobile
QD–ChTx at synapses
Lipid phase segregation may affect the lateral diffusion of mole-
cules belonging to rafts such as GM1 or GPI-anchored proteins,
because they are transiently trapped and slowed down in these
domains whose existence depends on cholesterol (Edidin, 2003;
Marguet et al., 2006). However, this phase segregation has not
been demonstrated directly in biological membranes, mainly be-
cause they have a complex lipid composition and are far from
equilibrium (Mayor and Rao, 2004). One of the current models
proposes that rafts are small and transient nanoclusters contain-
ing few molecules (Mayor and Rao, 2004) not directly observable
by classical fluorescence microscopy, which is limited by the op-
tical resolution. Any mobility reduction by these transient nan-
odomains is likely to be undetected (Kenworthy et al., 2004)
because of other effects of cholesterol depletion, such as a reduc-
tion in general membrane fluidity (Nishimura et al., 2006) or
modifications of cytoskeleton stability (Kwik et al., 2003).

In our experiments, GFP–GPI and ChTx had an even distribu-
tion in living cells, as reported for many other raft proteins or lipids
in immunofluorescence studies (Mayor and Rao, 2004). Moreover,
cholesterol depletion by cholesterol oxidase slightly decreased QD–
ChTx diffusion in the extrasynaptic membrane. In a previous study,
we found that L-�-dioleoylphosphatidylethanolamine (DOPE), a
lipid that does not belong to lipid rafts, is also confined at rhodamine
123-labeled synapses (Renner et al., 2008b). This indicates that the
confinement of molecules at the PSM also concern non-raft lipids.
Here, we show that lipid confinement depends mainly on actin fila-
ment integrity.

Nevertheless, COase treatment exerted an effect on a sub-
population of synaptic QD–ChTx. The increased diffusion of the
slow pool of QD–ChTx probably results from a reduced amount
of raft nanoclusters (Fig. 8C). The selective effect on the less
mobile molecules hints that the synaptic membrane has “raft-
like” properties that could arise from the crowding of stabilized
transmembrane proteins. The rigidity of lipids that surround in-
tegral proteins is strongly affected by the protein (Anderson and
Jacobson, 2002; Lee, 2003). In a protein-crowded environment,
the proportion of protein-associated lipids increases, thus in-
creasing membrane stiffness (Kusumi et al., 2004). As a conse-
quence, rigid PSMs could facilitate the recruitment and stabiliza-
tion of “raft-friendly” molecules and vice versa. Actually, long-
term depletion of cholesterol (several days) leads to a gradual loss
of inhibitory and excitatory synapses (Hering et al., 2003). At
neuronal synapses, the protein–lipid cooperation could generate
a permanent signaling platform, reflecting the collective behavior
of lipids and proteins and their particularities at defined mem-
brane subdomains.

Figure 8. Top view of a model of the postsynaptic membrane, emphasizing the partition
between transmembrane proteins, cytoskeleton, lipid rafts, and free lipids. Transmembrane
proteins (orange) are associated with lipids around them (green). They constitute obstacles for
other molecules. Some lipids are clustered in rafts (slow diffusers, red); others are free (rapid
diffusers, blue). Dotted circles represent the resulting confinement domain at the PSM. The MSD
of each type of diffusion particle is exemplified on the right. A, In basal conditions, the density of
transmembrane proteins is maintained by the cytoskeleton and associated scaffold (gray). The
global compaction of the structure contributes to the confined diffusion of lipids belonging or
not to raft nanodomains. B, After F-actin depolymerization, some transmembrane proteins exit
the PSM and the compaction is reduced; therefore, the free space for diffusion increases. The
rapid diffusers display free diffusion, whereas the slower diffusers are still confined. C, Choles-
terol depletion reduces the proportion of raft-associated lipids; therefore, the slower diffusers
are accelerated. The compaction of obstacles does not change.
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Comparison between excitatory and inhibitory synapses
SPT experiments indicate that diffusion is more constrained at
inhibitory than at excitatory contacts. However, in FRAP exper-
iments, the faster pool of GFP–GPI recovered faster on gephyrin
than on Homer clusters. This may result from geometrical con-
straints because excitatory synapses are located at spine heads,
and the spine neck imposes a barrier to the diffusion of AMPA
receptors (Ashby et al., 2006). Latrunculin treatment had a stron-
ger effect on the diffusion behavior of QD–ChTx at excitatory
than at inhibitory PSMs, reflecting differences in actin–PSM in-
teractions. F-actin depolymerization reduces the amount of AM-
PAR and NMDAR at excitatory synapses, but GABAR number is
not modified (Allison et al., 1998, 2000). However, COase treat-
ment accelerated the diffusion of the slowest lipids labeled with
ChTx as well as GABARs. Interestingly, the diffusion of synaptic
AMPARs was not modified by cholesterol depletion, and, at the
extrasynaptic membrane, GABARs and AMPARs were affected in
an opposite way. This suggests that these receptors have a differ-
ent dependence on the composition of the membrane. Indeed,
GABARs are palmitoylated (Rathenberg et al., 2004). Altogether,
these results indicate that inhibitory PSMs are stiffer than excita-
tory ones. The lower viscosity at excitatory synapse may favor a
higher reactivity of the latter during plastic modification in long-
term potentiation and long-term depression.

Regulation of lateral diffusion at synapses
In summary, F-actin depolymerization increased the mobility of
molecules not enriched at synapses (thus not stabilized) and not
directly linked to the cytoskeleton. Therefore, the actin cytoskel-
eton organizes the obstacles to diffusion at the postsynaptic
membrane. The dependence of the obstacles on F-actin is less
important at inhibitory synapses. Cholesterol depletion in-
creased the mobility of the slow subpopulation of ChTx without
changing their confinement; thus, it is likely that the amount of
obstacles was unchanged.

The notion that synaptic molecular components exchange
continuously and rapidly between extrasynaptic and synaptic lo-
calizations is now well established (Charrier et al., 2006; Heine et
al., 2008; Renner et al., 2008a; Triller and Choquet, 2008). The
differences in lipid diffusion raise the issue of specific protein–
lipid interplay at inhibitory and excitatory PSM that could help to
maintain its organization. Several questions remain to be solved:
does PSM stiffness depend on protein number or protein identity
or both? Are there specific biophysical properties of the proteins
that regulate their effects on lipid diffusion? Is lipid composition
regulated during synaptic plasticity? Which are the consequences
for the dynamics of exchange and trapping of synaptic molecules?
One should now consider the composition and organization of
the synaptic membrane as important players in the stability and
plasticity of neuronal synapses.
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