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ABSTRACT Wnt3 is a morphogen that activates the Wnt signaling pathway and regulates a multitude of biological processes
ranging from cell proliferation and cell fate specification to differentiation over embryonic induction to neural patterning. Recent
studies have shown that the palmitoylation of Wnt3 by Porcupine, a membrane-bound O-acyltransferase, plays a significant role
in the intracellular membrane trafficking of Wnt3 and subsequently, its secretion in live zebrafish embryos, where chemical
inhibition of Porcupine reduced the membrane-bound and secreted fractions of Wnt3 and eventually led to defective brain
development. However, the membrane distribution of Wnt3 in cells remains not fully understood. Here, we determine the
membrane organization of functionally active Wnt3-EGFP in cerebellar cells of live transgenic zebrafish embryos and the
role of palmitoylation in its organization using single plane illumination microscopy-fluorescence correlation spectroscopy
(SPIM-FCS), a multiplexed modality of FCS, which generates maps of molecular dynamics, concentration, and interaction of
biomolecules. The FCS diffusion law was applied to SPIM-FCS data to study the subresolution membrane organization of
Wnt3. We find that at the plasma membrane in vivo, Wnt3 is associated with cholesterol-dependent domains. This association
reduces with increasing concentrations of Porcupine inhibitor (C59), confirming the importance of palmitoylation of Wnt3 for
its association with cholesterol-dependent domains. Reduction of membrane cholesterol also results in a decrease of Wnt3
association with cholesterol-dependent domains in live zebrafish. This demonstrates for the first time, to our knowledge, in
live vertebrate embryos that Wnt3 is associated with cholesterol-dependent domains.
INTRODUCTION
The development of a complex multicellular organism
from a fertilized egg involves the concerted regulation
of cell proliferation, migration, differentiation, and death
in synchrony over a wide range of spatial and temporal
scales. Wnt3, a signaling molecule that belongs to the
Wnt family of cysteine-rich proto-oncogene signaling
glycoproteins (Wnts), regulates such processes and is
evolutionally conserved in metazoans. Its signaling plays
key roles in numerous biological processes including,
but not limited to, neural pattering and vertebrate primary
axis formation (1–6), and regulation of neurogenesis
by inhibiting granule cell progenitors that leads to
the suppression of medulloblastoma formation (7). The
impairment of Wnt3 signaling by a homozygous non-
sense mutation in the human Wnt3 gene leads to a rare
human genetic disorder known as Tetra-amelia, char-
Submitted February 4, 2016, and accepted for publication June 16, 2016.

*Correspondence: twohland@nus.edu.sg

Editor: Paul Wiseman.

418 Biophysical Journal 111, 418–429, July 26, 2016

http://dx.doi.org/10.1016/j.bpj.2016.06.021

� 2016 Biophysical Society.
acterized by the failure to develop all four limbs and
miscarriage (8).

There is increasing interest in the intracellular trafficking
pathway of functional Wnts in Wnt-producing cells and in
particular their localization on cell membranes, necessary
for secretion (9,10). The membrane targeting ability of
Wnts in Wnt-producing cells is imparted by a posttransla-
tional lipid modification, known as palmitoylation, that
Wnts undergo in the endoplasmic reticulum (ER), which
confers hydrophobicity upon them. Palmitoylation of
murine Wnt3a occurs at the cysteine residue (C77) with
palmitic acid and at the serine residue (S209) with palmito-
leic acid (11,12). These palmitoylation sites are highly
conserved among all members of the Wnt family except
Drosophila WntD, suggesting similar lipid modifications
in Wnt proteins (11–13). Palmitoylation of proteins is vital
for their membrane targeting, binding, and localization into
plasma membrane domains and their respective functional-
ities (14–17). For Wnt proteins, palmitoylation is proposed
to be regulated by Porcupine, a membrane-bound O-acyl-
transferase, in the ER (18–21).
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Wnt3 is Associated with Domains in Vivo
Currently, there is limited information on the membrane
domain association of palmitoylated Wnts. Most studies
used biochemical experiments in vitro and ex vivo that are
prone to artifacts and provide only indirect evidence of
domain localization (12,22,23). Furthermore, in two-dimen-
sional cell cultures, transiently transfected Wnts often
remain in the ER and do not reach the plasma membrane
(9,24). This was also observed by our group previously
for Wnt3 (unpublished results). Therefore, it is important
to study Wnt proteins, and in particular Wnt3, in a three-
dimensional physiological environment that does not
compromise Wnt3 distribution and function.

In this study, we used the wnt3 promoter-driven zebrafish
transgenic line, Tg(�4.0wnt3:Wnt3EGFP)F3, previously
generated by our group, which expresses functional Wnt3-
EGFP in the brain, particularly the cerebellum. We already
used these transgenics and a combination of confocal fluo-
rescence correlation spectroscopy (FCS) and imaging tech-
niques to study the effect of membrane trafficking and
secretion of functionally activeWnt3 proteins on cerebellum
development (25). Our previous results confirmed the mem-
brane localization of Wnt3-EGFP and the presence of a
secreted soluble Wnt3 fraction by confocal imaging and
FCS in live zebrafish embryos (25). In this study, we extend
the previous work by employing single plane illumination
microscopy-fluorescence correlation spectroscopy (SPIM-
FCS) tomeasure protein diffusion in live cells and live zebra-
fish embryos (26). SPIM-FCS is a multiplexed camera-based
imaging FCSmodality (26–30) that combines SPIMwith fast
array detectors such as an electron-multiplying charged
coupled device (EMCCD) camera (29). SPIM-FCS allows
simultaneous FCS measurements on thousands of adjacent
observation volumes to provide spatial maps of the diffusion
coefficient (D) of a sample.

However, the results of SPIM-FCS measurements are
diffraction-limited, which prevents the study of subresolu-
tion membrane domains. We thus adapt, in this study, the
FCS diffusion law (31) to SPIM-FCS (SPIM-FCS diffusion
law). The FCS diffusion law utilizes the spatial dependence
of the diffusion coefficient of the probe molecule obtained
from diffraction-limited FCS measurements to investigate
the type of nanoscopic membrane organization exhibited
by the probe. By using observation areas of different size,
one can obtain information on whether the molecule dif-
fuses freely or is hindered by obstacles, e.g., domains that
can trap a particle or meshworks that constitute diffusion
barriers. The FCS diffusion law is easily incorporated into
SPIM-FCS due to the ability to perform binning of pixels
postacquisition to create multiple observation areas from
a single FCS measurement. Similar postprocessing was
done earlier for the applications of imaging total internal
reflection-FCS (ITIR-FCS), another imaging FCS modality,
in live cells (32). Along with the excellent penetration abil-
ity of light sheet illumination of SPIM (33) into thick sam-
ples, the combination of SPIM-FCS with the FCS diffusion
law presents a useful tool to investigate the membrane orga-
nization of proteins in live organisms.

To the best of our knowledge, this is the first demonstra-
tion of the FCS diffusion law adapted to SPIM-FCS and
applied to in vivo samples. Our results show that Wnt3-
EGFP in cerebellar cells of live, three days postfertilized
(dpf) zebrafish embryos are confined in cholesterol-depen-
dent membrane domains. Inhibition of Porcupine, and thus
reduction of palmitoylation of Wnt3, by the small molecule
Wnt inhibitor C59 reduces the extent of Wnt3-EGFP
domain confinement in a dose-dependent manner. This indi-
cates the importance of Wnt3 palmitoylation for its associ-
ation with cholesterol-dependent domains of the plasma
membrane.
MATERIALS AND METHODS

Sample preparations for giant unilamellar vesicles (GUVs), live cells and

live zebrafish, and confocal imaging and FCS descriptions are provided

in the Supporting Material.
SPIM-FCS instrumentation and data acquisition

SPIM-FCS measurements were conducted on a home-built SPIM system,

for which the instrumental description is given in Krieger et al. (28) and

Singh et al. (29). The SPIM setup has two diode-pumped solid-state laser

lines, 488 nm (OBIS 488 nm LX; Coherent, Santa Clara, CA) and

561 nm (LMX-561S-25-COL-PP; Oxxius, Lannion, France), as excitation

light sources. The 488- and 561-nm laser lines are beam-expanded by fac-

tors of 3.33 and 3.75, respectively, with a set of achromatic lenses (488 nm:

f1 ¼ 45 mm and f2 ¼ 150 mm; and 561 nm: f1 ¼ 40 mm and f2 ¼ 150 mm,

Edmund Optics, Singapore). The 561-nm laser line is reflected by a dichroic

beamsplitter (LM01-613-25; Semrock, Rochester, NY) and passes through

another dichroic beamsplitter (LM01-503-25; Semrock) that reflects the

488-nm laser line and couples it to the 561-nm laser line. Both laser lines

are then reflected by a gimbal mirror to another beam expansion unit

(f1 ¼ 100 mm and f2 ¼ 230 mm, Edmund Optics) and passed through an

achromatic cylindrical lens (f ¼ 75 mm, Edmund Optics) mounted on a

combination of linear and rotation stages (z-stage: MVT 40B-Z, rotation

stage: DT 40-D25; all stages are from OWIS, Staufen, Germany) to

generate their respective light sheets. Each light sheet then overilluminates

the back-focal plane of a low numerical aperture illumination objective

(SLMPLN 20�/0.25; Olympus, Singapore) and is focused to produce a

thin light sheet with thickness of ~1.2 mm. The working distance of

21 mm of the illumination objective provides sufficient space to bring the

light sheets to the focal plane of the detection objective (LUMPLFLN

60�/1.0W, working distance ¼ 2.0 mm; Olympus) placed orthogonal to

the illumination objective. The sample mounting unit includes a custom-

built sample chamber and motorized linear x-, y-, and z-stages along with

a rotation stage (XYZ-linear stages: 3 � 8MT184-13DC and rotation stage:

8MR174-1-20; Standa, Vilnius, Lithuania). The water-immersion, high-

numerical aperture, detection objective is placed in a mounting hole on

one side of the chamber and mounted on a piezo flexure objective scanner

(P-721 PIFOC; Physik Instruments, Singapore) for controlling the objective

with nanometer precision. The sample is placed in the sample chamber and

excited with the respective laser light sheets (488 nm: GFP-glycosylphos-

phatidylinositol (GPI) anchored protein (AP), Wnt3-EGFP, and Lyn-

EGFP; 561 nm: RhoPE and DiI-C18) to emit fluorescence that is collected

by the detection objective and passed through an objective tube lens

(LU074700, f ¼ 180 mm; Olympus). The fluorescence signal is then split

into two channels by a dual imaging optics unit (DV2; Photometrics,
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Tucson, AZ, and razor edge 568-nm notch filter; Thorlabs, Newton, NJ;

BLP01-488R-25, FF03-525/50-25, and LP02-568RU-25; Semrock), which

consists of a 568-nm notch filter and a 488-nm long-pass filter for rejection

of scattered laser light and two emission filters to select for the green and

red channels, respectively, for detection by an EMCCD camera (Andor

iXon3 860, 128 � 128 pixels; Andor Technology, South Windsor, CT).

The pixel size in the object plane is 0.4 mm before 60� magnification

from 24 mm of pixel size in the image plane and each channel consists of

64 � 128 pixels.

For data acquisition in SPIM-FCS, a stack of 50,000 images with variable

regions of interest, depending on the sample under study, were taken by the

software Andor Solis for Imaging (ver. 4.18.30004.0; Andor Technology)

of the EMCCD camera at frame rates of 500 (for GFP-GPI AP, Wnt3-

EGFP, and Lyn-EGFP) and 1000 (for RhoPE and DiI-C18) frames per sec-

ond. The background is accounted for by taking the lowest count value in a

given file. The stack of images was then saved as a 16-bit Tiff file and data

analysis was conducted by loading the image stack in Imaging_FCS 1.45, a

home-written plugin in the software ImageJ (U. S. National Institutes

of Health, Bethesda, MD; available at: http://staff.science.nus.edu.sg/

~chmwt/imfcs_image_j_plugin.html). The fluorescence fluctuations of

each pixel were fitted with the SPIM-FCS fitting model:
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Equation 1 describes the theoretical model of the autocorrelation function

(ACF) G(t) as a function of lag time (t) for a three-dimensional diffusion

process provided by the SPIM illumination scheme and EMCCD detection

(28,29,34). The character a is the camera pixel side length in the object

plane, uxy and uz are the 1/e
2 radii of the point spread function in the lateral

and axial direction respectively of the maximum intensity (I0) at the focus

of the observation volume, D is the diffusion coefficient of the particle, hCi
is the average concentration and GN is the convergence value of the ACF at

infinity lag times. The camera pixel size a at the object plane is 400 nm. The

value uxy was calibrated with 100-nm fluorescent microspheres in 1 � PBS

by the method described by our group previously (28,29,35). The value uz

was approximated from the measured light sheet width fitted with a

Gaussian function of 1/e2 radii and calibrated before every experiment.

The fitting parameters are the number of particles (N), diffusion coefficient

(D), and the convergence value (GN). For membrane measurements, uzwas

set at a large value, close to infinity, in Eq. 1 to fit for lateral membrane

diffusion of membrane probes. Maps of the diffusion coefficient (D) and

the number of particles (N) are then obtained. The goodness of fit is deter-

mined by the c2-value of the fit.
FCS diffusion law for SPIM

The theory of the FCS diffusion law and its various implementation are

given here (31,36,37). Briefly, the FCS diffusion law utilizes the spatial

dependence of the diffusion coefficient of membrane probes to gain access

to various membrane organizational features. The FCS diffusion law anal-

ysis plots the diffusion time (tD) of a probe against the observation area

(Aeff). In the case of free diffusion, the FCS diffusion law plot is linear.

On the other hand, both hindered diffusion with domain confinement and

hop diffusion due to meshwork compartmentalization exhibit specific tran-

sitions that lead to nonlinearity in the FCS diffusion law plots. However,
420 Biophysical Journal 111, 418–429, July 26, 2016
because the diffraction-limited observation areas created by most optical

setups are larger than either the domains or mesh sizes expected in the bio-

logical samples, such nonlinear transitions cannot be observed directly. To

resolve this limitation, one can extrapolate the experimental FCS diffusion

law plots to zero observation area to obtain the y-intercept value (t0), which

is positive for hindered diffusion with domain confinement, negative for

hop diffusion due to meshwork compartmentalization, and zero for free

diffusion. The stronger the domain confinement, the larger is the positive

t0 value. Domain density, domain size, and partitioning probability into

domains are increasing functions of the positive t0 values for domain

confinement. On the other hand, the absolute magnitude of the negative

t0 value for meshwork compartmentalization is influenced by mesh size,

density, and hop frequency of the probe.

The abovementioned dependence of diffusion time with area can be

empirically integrated into the following SPIM-FCS diffusion law equation:

tD
�
Aeff

� ¼ t0 þ Aeff

Deff

; (2)

where Deff is the effective diffusion coefficient defined as the inverse of the

slope of the FCS diffusion law plot and t0 is the so-called FCS diffusion law

intercept that takes zero, positive, and negative values depending on the

diffusion modes. Various observation areas are created by pixel-binning

postacquisition because different bin sizes in imaging FCS can be accu-

rately determined by convoluting the detection area (a) of a given bin

size (e.g., 1�1, 2�2, 3�3, etc.) with the uxy of the SPIM optical system

(34,35). The SPIM-FCS diffusion law analysis was also performed in the

Imaging_FCS 1.45 ImageJ plugin mentioned earlier.
RESULTS AND DISCUSSION

SPIM-FCS provides two important advantages in imaging
FCS. First, it allows us to create three-dimensional diffusion
coefficient maps by scanning the light sheet through the
sample and provide a z-stack of diffusion maps. Proof-of-
principle experiments on GUVs and cells are given in the
Figs. S1 and S2 and Table S1 in the Supporting Material.
They demonstrate that, due to the asymmetry of the
SPIM-FCS observation volume, the measured diffusion co-
efficients need in general to be corrected for geometrical ef-
fects (Fig. S3). However, for angles of the membrane in
respect to the light sheet of<40� the bias in D is well within
the SD of the measurement. This curvature effect is more
pronounced in GUVs, shown by a progressive decrease of
D with increasing curvature (from z ¼ 0 mm to z ¼ 6.0
mm; Table S1); however, it is negligible for cells, with no
z-dependence of D (Table S1), due to the more flattened ge-
ometry of cells compared to GUVs. One should note, how-
ever, that if there are strong undulations in terms of
membrane ripples, the diffusion coefficient would change
irrespective of the overall membrane inclination (38,39).
Second, SPIM-FCS allows applying the FCS diffusion law
to probe the nanoscopic organization of the sample. For
the FCS diffusion law, though, the measurements have to
be taken simultaneously on multiple contiguous pixels,
which is not the case in a sequentially acquired z-stack.
Therefore, to avoid any geometrical artifacts and to be
able to apply the FCS diffusion law, all measurements in
live cells and zebrafish were conducted by aligning the

http://staff.science.nus.edu.sg/%7Echmwt/imfcs_image_j_plugin.html
http://staff.science.nus.edu.sg/%7Echmwt/imfcs_image_j_plugin.html


Wnt3 is Associated with Domains in Vivo
membrane of interest parallel to the light sheet by rotating
the sample (Fig. 1 A).
SPIM-FCS investigates membrane diffusion and
organization of probes in live SH-SY5Y cells

We tested the feasibility of the SPIM-FCS diffusion law by
determining the diffusion coefficients and membrane orga-
nization of commonly used membrane probes. For this pur-
pose, DiI-C18 was used as a marker for free diffusion and
GFP-GPI AP as a cholesterol-dependent domain marker in
SH-SY5Y cell membranes (40,41). In this context, it is
worth noting that plasma membrane domains can be broadly
classified into two categories: (1) cholesterol-dependent do-
mains including lipid rafts (enriched with sphingolipids and
cholesterol) and caveolae domains (mainly contains glyco-
sphingolipids and cholesterol), which are disturbed by
membrane cholesterol removal; and (2) cholesterol-inde-
pendent domains that remain undisturbed upon membrane
cholesterol removal (42,43). These domains are suggested
to influence and regulate cellular processes such as mem-
brane trafficking, endocytosis, signal transduction, and
host–pathogen interactions (42–47). Live-cell SPIM-FCS
measurements were conducted by placing the upper mem-
brane of the cell at the focal plane of the detection objective,
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aligned to the thinnest portion of the light sheet (Fig. 1 A)
(27). As mentioned earlier, we orient the upper membrane
of cells parallel to the light sheet, to avoid artifacts due to
the nonisotropic observation volume (see the Supporting
Material). This provides larger areas for measurements
(Fig. S3 and Table S1), as required for FCS diffusion law
analysis because a homogenous membrane coverage is
needed for binning of pixels to generate points on the FCS
diffusion law plot at various binned areas. This cannot be
achieved at z-positions below the upper membrane, which
consists of only the membrane boundary, resulting in insuf-
ficient membrane area for FCS diffusion law analysis. The
coverslip is tilted at ~5� to prevent reflection and scattering
of the light sheet it generates.

TheD of DiI-C18 and GFP-GPI AP labeled live SH-SY5Y
cell membranes were 2.24 5 0.67 mm2/s and 0.35 5 0.15
mm2/s, respectively (Table 1), which agrees well with previ-
ous measurements at the lower plasma membrane of the
same cell line by ITIR-FCS (48). The representative ACFs
and corresponding fits for both probes for a representative
cell are depicted in Fig. 1, B and C, respectively. The
representative D maps of both membrane probes are also
portrayed in the insets of Fig. 1, B and C, to show heteroge-
neous diffusion of both probes and their vast difference on
the cell membrane. The D values indicated in Fig. 1, B
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FIGURE 1 SPIM-FCS and SPIM-FCS diffusion

law measurements on the upper membranes of live

SH-SY5Y cells and the effect of cholesterol extrac-

tion on the membrane localization of DiI-C18 and

GFP-GPI AP on live SH-SY5Y cell membranes.

(A) Schematic of SPIM-FCS measurement on a

live cell. Representative ACFs of (B) DiI-C18

(non-raft marker) labeled SH-SY5Y cell and (C)

GFP-GPI AP (raft marker) transfected SH-SY5Y

cell. In the inset, the Dmaps are shown. (D) Repre-

sentative SPIM-FCS diffusion law plots of the

plasma membranes of DiI-C18 labeled cells and

GFP-GPI AP transfected cells before and after

2.5 mM mbCD treatment (30 min) and 1 U/mL

COase treatment (30 min) for GFP-GPI AP trans-

fected cells only. The grey shaded area represents

the range of the limit of the SPIM-FCS diffusion

law intercept (t0) for free diffusion. (E) D and t0
values for DiI-C18 (3 cells with 337 ACFs

collected), GFP-GPI AP (5 cells with 446 ACFs

collected), 2.5 mM mbCD-treated DiI-C18 (4 cells

with 362 ACFs collected), 2.5 mM mbCD-treated

GFP-GPI AP (2 cells with 164 ACFs collected),

and 1 U/mL COase-treated GFP-GPI AP labeled

SH-SY5Y cells (6 cells with 263 ACFs collected).

To see this figure in color, go online.
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TABLE 1 SPIM-FCS and SPIM-FCS Diffusion Law Results of Various Probes in Live SH-SY5Y Cells and Live Zebrafish Embryos

Sample D [mm2/s] t0 [s] Ncells/fish Nmeasurement NACFs

SH-SY5Y cells

DiI-C18 2.24 5 0.67 �0.115 0.07 3 5 337

DiI-C18 2.5 mM mbCD 2.19 5 0.75 0.10 5 0.06 4 4 362

GFP-GPI AP 0.35 5 0.15 2.24 5 0.09 5 5 446

GFP-GPI AP 2.5 mM mbCD 0.61 5 0.24 0.86 5 0.01 2 2 164

GFP-GPI AP 1 U/mL COase 0.66 5 0.23 0.56 5 0.12 6 6 263

Zebrafish

Wnt3-EGFP 0.98 5 0.38 0.88 5 0.13 3 4 164

Wnt3-EGFP 1% DMSO 1.01 5 0.43 0.91 5 0.18 3 5 180

Wnt3-EGFP 2.5 mM C59 1.21 5 0.54 0.67 5 0.06 2 4 144

Wnt3-EGFP 5.0 mM C59 1.53 5 0.68 0.36 5 0.08 1 4 144

Wnt3-EGFP 7.5 mM C59 1.96 5 0.77 0.31 5 0.03 3 4 144

Wnt3-EGFP 2.5 mM mbCD 2.02 5 1.07 0.34 5 0.03 2 5 180

Wnt3-EGFP 1 U/mL COase 1.51 5 0.71 0.40 5 0.09 3 5 180

Lyn-EGFP 0.97 5 0.58 0.81 5 0.33 2 3 121

Lyn-EGFP 5.0 mM C59 0.94 5 0.44 0.83 5 0.10 2 3 108

Lyn-EGFP 2.5 mM mbCD 1.82 5 0.83 0.27 5 0.03 2 4 144

Data are represented as mean 5 SD of number of ACFs for D and mean 5 SD of number of measurements for t0.
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and C, are obtained from the representative D maps. For
similar experiments on other cell lines, refer to Bag et al.
(32,48). These D values are calculated after averaging
over multiple measurements (337 ACFs for DiI-C18 from
three cells and 446 ACFs for GFP-GPI AP from five cells).
D values of GFP-GPI AP for individual measurements can
be found in Fig. S4 A. The ratio of D of DiI-C18 and GFP-
GPI AP is 6.4 (Table 1), which is close to the factor of
~5 observed for HeLa cells at 298 K measured by ITIR-FCS
(48). This is consistent with their respective localization, as
DiI-C18 resides mainly in the fluid matrix of unsaturated
phospholipids in the membrane, which exhibits free diffu-
sion with negligible confinement. In contrast, GFP-GPI
AP localizes primarily in cholesterol-dependent domains,
which impedes its mobility and leads to confinement
as these domains are more ordered and tightly packed
than the surrounding fluid lipid matrix of unsaturated
phospholipids (41).

SPIM-FCS diffusion law analysis was performed on
DiI-C18- and GFP-GPI AP-labeled live SH-SY5Y cell
membranes to investigate their diffusion modes. The areas
of the upper membrane where SPIM-FCS measurements
were conducted to generate the D maps for both DiI-C18

and GFP-GPI AP-labeled SH-SY5Y cells were also used
to deduce the type of membrane organization each probe ex-
hibits by the FCS diffusion law analysis. Because the preci-
sion of the FCS diffusion law is affected by pixel size in the
object plane of the optical system (34), it is important to
determine the margin of error of the FCS diffusion law inter-
cept (t0) for free diffusion in SPIM-FCS diffusion law. This
was found to vary between 5 0.2 s from measurements at
the upper membrane of RhoPE-labeled freely diffusing
DOPC/DOPG (10:1) GUVs (Fig. S5 A). Processes with t0
values found within this range are indistinguishable from
free diffusion by SPIM-FCS diffusion law. This is shown
as a shaded area in all the SPIM-FCS diffusion law plots
422 Biophysical Journal 111, 418–429, July 26, 2016
(Fig. 1 D; and see Figs. 3 A and 4 A). For SH-SY5Y cells,
the intercept of the FCS diffusion law plot of DiI-C18 was
�0.11 5 0.07 s, well within 5 0.2 s and thus indicating
free diffusion, while GFP-GPI AP shows domain confine-
ment with t0 of 2.24 5 0.09 s (Fig. 1, D and E; Table 1).
Measurements were performed on 3–5 cells and the individ-
ual t0 values of GFP-GPI AP were consistent for multiple
cells (Fig. S4 A). This is in agreement with the large factor
of difference of 6.4 in their diffusion coefficients, which
presumably is a result of fast and free diffusion of DiI-C18

in the fluid phospholipid region of the plasma membrane
and confined diffusion of GFP-GPI AP localized in more
viscous and ordered cholesterol-dependent domains. The
SPIM-FCS diffusion law intercepts that were obtained for
model and live-cell membranes are consistent with previous
ITIR-FCS measurements (Fig. S5 and Table S2).

Next, we tested the sensitivity of the SPIM-FCS diffusion
law to detect changes in membrane organization. GFP-GPI
AP-labeled cells were incubated with 2.5 mM methyl-b-
cyclodextrin (mbCD), a reagent that depletes membrane
cholesterol, and were measured before treatment and
30 min after. The concentration of 2.5 mM mbCD used in
this study does not affect the viability of cells (49). Our re-
sults show that after mbCD treatment, domain confinement
of GFP-GPI AP decreased, where its t0 value decreased to
0.86 5 0.01 s (decrease by 61.6%) with a concomitant
increase in its D value to 0.61 5 0.24 mm2/s (increase
by 74.3%) (Fig. 1, D and E; Table 1). This suggests that
GFP-GPI AP is confined to cholesterol-dependent domains,
which is consistent with previous ITIR-FCS measurements
made on the lower membrane of GFP-GPI AP-transfected
CHO-K1 cells (32). Interestingly, the confinement of GFP-
GPI AP was not completely removed even after 30 min of
mbCD treatment. This could be due to either incomplete
cholesterol removal as a result of mbCD saturation (32) or
the recruitment of more lipids to the plasma membrane by
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the cell as a response to perturbation caused by a drug,
which may cause some recovery of the membrane properties
(50). The SPIM-FCS results are similar to measurements
by ITIR-FCS on the same biological system, showing the
applicability of the SPIM-FCS diffusion law to determine
mobility and membrane organization of molecules of inter-
est. However, cholesterol removal leads to a somewhat
smaller decrease of t0 on the upper cell membrane of SH-
SY5Y cells compared to the lower membrane measured in
CHO-K1 cells by ITIR-FCS in our earlier work (32), where
GFP-GPI AP reverted to free diffusion, i.e., t0 < 0.2 s after
mbCD treatment. This could be due to a difference between
cell lines or membranes (attached membrane mimics baso-
lateral membrane in living tissue versus unattached mem-
brane, which mimics apical membrane in living tissue).
This problem has to be addressed in the future. Neverthe-
less, GFP-GPI AP showed a consistent strong decrease of
t0 (~60%) in all measurements. As a control, DiI-C18-
labeled SH-SY5Y cells were also treated with 2.5 mM
mbCD for 30 min and measured. Both D (2.24 5 0.67
mm2/s to 2.19 5 0.75 mm2/s) and t0 (�0.11 5 0.07 s to
0.10 5 0.06 s; these parameters indicate free diffusion)
values of DiI-C18 remain almost unchanged before and after
cholesterol removal (Fig. 1, D and E; Table 1). This indi-
cates that mbCD treatment does not affect the membrane
dynamics and organization of freely diffusing DiI-C18 in
the fluid matrix of unsaturated phospholipids in the mem-
brane and that the reduction in domain confinement and
increased membrane diffusion of GFP-GPI AP after choles-
terol removal by mbCD likely originates from the disruption
of cholesterol-dependent domains of the plasma membrane,
where GFP-GPI AP localizes.

Because it was reported that mbCD removes cholesterol
preferentially from the liquid-disordered phase in phase-
separated GUVs (51), we treated GFP-GPI AP-transfected
SH-SY5Y cells with 1 U/mL cholesterol oxidase (COase),
which reduces cholesterol content with no phase preference
by catalyzing the oxidation of cholesterol to cholestenone as
a secondary drug treatment method for the investigation of
cholesterol-dependent domain confinement of GFP-GPI
AP. SH-SY5Y cells transfected with GFP-GPI AP were
treated with 1 U/mL COase for 30 min at 37�C in 5%
(v/v) CO2 humidified environment and measured thereafter.
Similar to 2.5 mMmbCD treatment, domain confinement of
GFP-GPI AP decreased upon 1 U/mL COase treatment,
where t0 decreased by 75% (2.24 5 0.09 s to 0.56 5
0.12 s), and GFP-GPI AP became more freely diffusing
with an increase of 88.6% in D (0.35 5 0.15 mm2/s to
0.66 5 0.23 mm2/s) (Fig. 1, D and E; Table 1). Lenne
et al. (52) observed similar outcomes for GFP-GPI AP-
transfected COS-7 cells where GFP-GPI AP’s confinement
was abolished after 1 U/mL COase treatment (30 min). Re-
sidual domain confinement of GFP-GPI AP in SH-SY5Y
cells was also observed in this experiment, after 30 min of
1 U/mL COase treatment as opposed to a previous report
(52). This is likely due to reasons explained earlier for the
incomplete removal of domain confinement of GFP-GPI
AP by mbCD treatment. Therefore, cholesterol depletion
by both 2.5 mM mbCD and 1 U/mL COase treatment reor-
ganizes the plasma membrane and reduces the domain
confinement of GFP-GPI AP probably by disrupting
cholesterol-dependent domains. This is consistent with
STED-FCS diffusion law measurements where both
mbCD and COase treatments reduced the trapping time of
GPI-anchored protein in Ptk2 cells (53).
Comparative analysis of Wnt3-EGFP diffusion by
confocal FCS and SPIM-FCS

The dynamics of both membrane-bound and fast-diffusing
Wnt3-EGFP in live transgenic zebrafish embryos were re-
ported earlier by our group based on confocal FCS measure-
ments (25). The confocal FCS data on membrane was fitted
with a two-component model with triplet state contribution
to yield the diffusion coefficients and fractions of two diffu-
sive species: (1) a fast component, which corresponds to that
of fast-diffusing Wnt3 in the intracellular and extracellular
space (D ~30 mm2/s, Fraction ~40%); and (2) a slow-moving
component, which represents the membrane-bound Wnt3-
EGFP (D ~1 mm2/s, Fraction ~60%). Although confocal
FCS provides information on Wnt3-EGFP diffusion in live
zebrafish, it can only measure one point at a given time,
which limits the statistical reliability of data collected. Us-
ing Wnt3-EGFP in live zebrafish as an example, the number
of ACFs collected per cerebellar cell of the zebrafish em-
bryo for a single SPIM-FCS measurement is 36 at the apical
membrane with a measurement time of 100 s. On the other
hand, the number of ACFs collected in a given cerebellar
cell for sequential confocal FCS measurements is typically
9 (3 points � 3 measurements per point) with a measure-
ment time of 30 s for each measurement (total measurement
time of 270 s). Thus SPIM-FCS outperforms confocal FCS
in terms of its greater statistics of data generated in a much
shorter measurement time compared to confocal FCS for
the same number of measurement points. Because a single
multiplexed SPIM-FCS measurement contains multiple
well-defined observation areas required for the FCS diffu-
sion law analysis, one can directly determine the membrane
organization of the probe molecule from the same raw data.
It is possible to obtain the FCS diffusion law plot with
confocal FCS by conducting multiple confocal FCS mea-
surements at different spot sizes. However, it is technically
demanding to create spots of different sizes in the confocal
system as it requires modification of the original confocal
instrument by including a diaphragm or motorized variable
beam expander (31,54). Furthermore, conducting multiple
measurements at the same position in the live zebrafish is
challenging, when we consider sample movement and drift,
which becomes more significant with longer measurement
times.
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We first applied SPIM-FCS to study the diffusion proper-
ties of Wnt3-EGFP on cell membranes of the cerebellum
and subsequently performed SPIM-FCS diffusion law
analysis on the same set of data to investigate its membrane
organization in live zebrafish. Three dpf-old Wnt3-EGFP-
expressing zebrafish embryos were anesthetized with
0.05% (w/v) tricaine solution for 30 min and mounted into
a capillary tube with 1% low melting point agarose. Mea-
surements were then conducted at the upper (apical)
membrane of cerebellar cells expressing Wnt3-EGFP as
illustrated in the bright-field and SPIM fluorescence images
in Fig. 2 A. The focusing of the upper membrane was con-
ducted similar to that described earlier for cells in culture.
The membrane localization of Wnt3 in the cerebellar cells
of live zebrafish embryos with and without C59 treatment
(7.5 mM) was validated by imaging and confocal FCS mea-
surements on deyolked Wnt3-EGFP transgenics in Fig. S6.
The slow component in the confocal FCS measurements
that reflects the membrane diffusion of Wnt3 is consistent
with that of SPIM-FCS measurements for both untreated
(Confocal FCS: 0.83 5 0.28 mm2/s, SPIM-FCS: 0.98 5
0.38 mm2/s) and 7.5 mM C59-treated embryos (Confocal
FCS: 1.60 5 0.30 mm2/s, SPIM-FCS: 1.96 5 0.77 mm2/s)
(Fig. S6 D; Table 1). The fast diffusion component in the
confocal FCS results, corresponding to the soluble fraction
of Wnt3, is too fast to be captured by the slow frame rate
of SPIM-FCS (500 Hz) (Fig. S6 D). The D of Wnt3-
EGFP in the zebrafish embryos was 0.98 5 0.38 mm2/s
(Table 1; and the representative ACFs from a single cell
are shown in Fig. 2 B). D values of Wnt3-EGFP for individ-
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ual measurements can be found in Fig. S4 B. The D of
Wnt3-EGFP in live zebrafish from SPIM-FCS measure-
ments is comparable to that of the membrane-bound fraction
(~1 mm2/s) of Wnt3-EGFP measured by confocal FCS but is
far off the D of the fast-diffusing cytosolic and secreted
Wnt3-EGFP fraction (~30 mm2/s) from confocal FCS mea-
surements (25). The low time resolution of SPIM-FCS used
in this study (~1 ms) compared to confocal FCS (<1 ms)
limits the measurement of the fast diffusing component
(34). Although in some cases (~16% of all pixels) a two-
component model with a fast diffusing coefficient on the or-
der of 20 mm2/s seems to provide acceptable fits, we in fact
verified by Bayes model selection on the SPIM-FCS data
that the one-component model is always preferred over
the two-component model for the SPIM-FCS data (55–58).

The palmitoylation of Wnt proteins is driven by Porcu-
pine in the ER for its membrane targeting (18–21). This
is further supported by the binding of Porcupine to the
N-terminal 24-amino-acid domain of Drosophila Wingless
at residues 83–106 (19), which contains the acylation site
at cysteine residue (C93) (9). Furthermore, Takada et al.
(12) determined that stable reduction in expression levels
of Porcupine by siRNA treatment in L cell (mouse fibro-
blast) transfectants led to the reduction of Wnt3a acylation.
Porcupine was also found to influence Wnt secretion, intra-
cellular trafficking, and signaling (13,22,59–61). Therefore,
we treated Wnt3-EGFP transgenic zebrafish embryos
with 5 mM of Porcupine inhibitor C59 to determine the
effect of palmitoylation on the membrane diffusion of
Wnt3. Treatment with C59 led to a ~56% increase in D of
μm

1
s]

2.52.01.51.00.5
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FIGURE 2 SPIM-FCSmeasurements on the api-

cal membrane of cerebellar cells of live Wnt3-

EGFP transgenic zebrafish. (A) Bright-field image
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Wnt3-EGFP to 1.53 5 0.68 mm2/s (Table 1; and the repre-
sentative ACFs from a single cell are shown in Fig. 2 C).
The overall increase in the membrane diffusion of Wnt3-
EGFP was also reflected in the spatial distribution of D
from the D maps before and after treatment with C59
(Fig. 2, B and C, insets). This increase in D was also re-
ported in previous confocal FCS measurements (from 1 to
2.7 mm2/s) (25). However, the D measured by confocal
FCS increased by a factor of ~2.7 while the D measured
by SPIM-FCS only increased by a factor of ~1.5. This
discrepancy could be due to the different expression
levels of Wnt3-EGFP of the different zebrafish trans-
genic lines used for confocal FCS and SPIM-FCS. The
Tg(�4.0wnt3:Wnt3EGFP)F2 zebrafish transgenic line
was used for the confocal FCS measurements while
the Tg(�4.0wnt3:Wnt3EGFP)F3 line was used in SPIM-
FCS measurements in this study. The Tg(�4.0wnt3:
Wnt3EGFP)F3 line has a higher level of Wnt3-EGFP
expression than the Tg(�4.0wnt3:Wnt3EGFP)F2, which is
required for SPIM-FCS measurements to achieve a suffi-
cient signal/noise ratio. Therefore, with the same concentra-
tion of 5 mM C59 used to treat both transgenic lines, it is
likely that the higher Wnt3 expression of Tg(�4.0wnt3:
Wnt3EGFP)F3 compensates for the palmitoylation inhibi-
tion of Wnt3 as compared to Tg(�4.0wnt3:Wnt3EGFP)F2,
which led to a smaller increase in D of Wnt3 for
Tg(�4.0wnt3:Wnt3EGFP)F3 in SPIM-FCS measurements
than Tg(�4.0wnt3:Wnt3EGFP)F2 in the confocal FCS re-
sults. This is further supported by confocal FCS measure-
ments conducted on deyolked embryos of the same
Tg(�4.0wnt3:Wnt3EGFP)F3 line as that used for SPIM-
FCS, where the D increased by similar factors of 1.8
(Confocal FCS) and 2 (SPIM-FCS) after treatment with
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7.5 mMC59 (Fig. S6 D; Table 1). Nevertheless, this increase
inD is indicative of the reduced confinement of Wnt3-EGFP
on the plasma membrane upon the inhibition of palmitoyla-
tion of Wnt3 by C59.
C59 dose-dependence of Wnt3-EGFP membrane
confinement in live zebrafish

We applied the SPIM-FCS diffusion law to the diffraction-
limited in vivo SPIM-FCS data to study the nanoscopic
membrane organization of Wnt3-EGFP in the cerebellum
of live zebrafish. As mentioned earlier, one of the main ad-
vantages of SPIM-FCS is the possibility to generate variable
observation areas from a single measurement to carry out
FCS diffusion law analysis in vivo. Firstly, Wnt3-EGFP
was confined to the plasma membrane domains with a pos-
itive t0 value of 0.885 0.13 s (Fig. 3, A and B; Table 1). The
t0 values of Wnt3-EGFP for three measurements can be
found in Fig. S4 B. These domains cannot be detected by
SPIM imaging as their size is below the diffraction-limit
(Fig. 2 A, rightmost image). C59 was shown to influence
the mobility (Fig. 2, B and C) and secretion of Wnt3-
EGFP (25). Thus we performed SPIM-FCS diffusion law
analysis on Wnt3-EGFP-expressing live zebrafish at various
C59 concentrations. The decrease of t0 and concomitant in-
crease of D with increasing C59 dosage demonstrates that
membrane-boundWnt3-EGFP is less confined in membrane
domains (Fig. 3, A and B; Table 1). These results further
support the previous study, where diffusion coefficient
and membrane fraction of Wnt3-EGFP on cerebellar cells
increased and decreased, respectively, with increasing C59
dosage (25). The reduction of membrane confinement of
Wnt3-EGFP with C59 treatment could be due to several
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reasons. Firstly, the inhibition of Porcupine by C59 could
have reduced the amount of Wnt3 transported to the plasma
membrane from the ER and led to a decrease of the mem-
brane-bound Wnt3 and thus reducing its domain confine-
ment (t0) (13,62). This is substantiated by the previous
confocal FCS results, where the membrane-bound fraction
of Wnt3 decreased with C59 concentration (25). The
increasing of D of Wnt3 that correlates with increase of
C59 concentration suggests a possible change in the palmi-
toylation states of Wnt3 from bipalmitoylated Wnt3 (both
cysteine and serine sites) to monopalmitoylated Wnt3 and
an overall alteration of its membrane organization upon Por-
cupine inhibition. Moreover, Porcupine catalyzes the palmi-
toylation of the serine residue, but not the cysteine residue
of Wnt1 and Wnt3a proteins, further supporting the change
in palmitoylation state of Wnt3 after C59 treatment (63,64).
Monopalmitoylated Wnt3 proteins are likely to partition
less into membrane domains than bipalmitoylated Wnt3
and localize mainly in the fluid phospholipid matrix of the
membrane (Fig. 3 C, schematics), leading to an overall
faster diffusion and decreased domain confinement of
Wnt3 with increasing C59 concentration. In any scenario,
the lipid modification of Wnt3 by Porcupine must be crucial
for the membrane domain localization of Wnt3. As has been
shown for other peripheral membrane proteins, palmitoyla-
tion can be a decisive factor in lipid raft localization
(14–17). The C59 dose-dependent response of Wnt3-
EGFP diffusion and domain confinement indicates that
Porcupine may not be completely inhibited at lower concen-
trations of C59 and a certain degree of palmitoylation activ-
ity remains. The highest concentration of C59 that we
could administer for accurate quantification of Wnt3-
EGFP dynamics and domain confinement was 7.5 mM.
Further increase of C59 concentration leads to inhibitor
precipitation in solution. In addition, high dose of C59
severely disturbs cerebellum development and affects its
morphology. This poses a great challenge in conducting
and comparing SPIM-FCS measurements in the same brain
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area. For instance, at concentrations of C59 above 50 mM
administered to 36 h postfertilized (hpf) zebrafish larvae,
cerebellum was distorted to an extent that prevented mea-
surements of Wnt3-EGFP diffusion by SPIM-FCS. Note
that administering concentrations of C59 above 5 mM to
young (10 hpf) embryos caused the same effect. To ensure
that t0 and D responses of Wnt3-EGFP are specific to Por-
cupine inhibition by C59, we conducted measurements on
Wnt3-EGFP-expressing zebrafish embryos soaked in 1%
DMSO, the solvent required to keep C59 in solution, and
found no changes in t0 and D from the untreated control
Wnt3-EGFP zebrafish (Figs. 3 A and 4 B; Table 1). Given
residual membrane domain confinement of Wnt3-EGFP
even at the highest concentration of 7.5 mM of C59 (t0 ¼
0.31 5 0.03 s; Table 1), perhaps there are other pathways
or lipid modifications not regulated by Porcupine essential
for transport of Wnt3-EGFP into membrane domains. This
problem could be reevaluated when alternative efficient
stage-specific methods of inhibition and/or genetic ablation
of Porcupine activity will be available.

Because Porcupine, a membrane-bound O-acyl trans-
ferase, is known to participate in the palmitoylation of Wnt
proteins (12,19,20), our results suggest that the palmitoyla-
tion of Wnt proteins at both palmitoylation sites (cysteine
and serine) is important for their intracellular trafficking
intomembrane domains.Our results are consistentwith those
of Zhai et al. (22), who demonstrated the importance of
palmitoylation of Wingless, a Drosophila Wnt protein, by
Porcupine for its eventual targeting to the cell membrane
domains by the comparison of the solubility and detergent-
resistant membranes-association of Wingless in whole ani-
mal lysates of wild-type and porcupine-deficient mutant of
Drosophila. Themembrane domain localization of palmitoy-
latedWnts may serve to concentrateWnts and facilitate their
extracellular trafficking by glypicans, the integral membrane
proteins linked to the membrane via a glycosylphosphatidy-
linositol (GPI) chain found to be localized in microdomains
and exposed to the extracellular matrix, which in turn
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regulate Wnt signaling (65). Overall, our results show that
Wnt3-EGFP is confined in membrane domains in live zebra-
fish embryos and this confinement is reduced upon inhibition
of Porcupine by C59.
Lyn-EGFP as a negative control of palmitoylation-
dependent domain confinement

We used Lyn-EGFP, a membrane tethered, raft-localized
protein as a negative control to test the specificity of palmi-
toylation on Wnt3-EGFP domain confinement (66,67).
SPIM-FCS diffusion law measurements were conducted
in vivo on Lyn-EGFP. The SPIM-FCS diffusion law analysis
confirmed that Lyn-EGFP is domain-confined to a similar
extent as Wnt3-EGFP (t0 ¼ 0.815 0.33 s, Table 1). Unlike
Wnt3-EGFP, 5 mM C59 treatment on Lyn-EGFP-expressing
embryos did not change either t0 or D, which is consistent
with the unchanged diffusion coefficient and membrane
fraction of Lyn-EGFP previously reported by confocal
FCS (25). This indicates that C59 is not influencing the
membrane organization proper and that its effects are
specific to Wnts, including Wnt3-EGFP (Fig. 4, A and B;
Table 1).

Interestingly, upon treatment of 3-dpf-old zebrafish em-
bryos with 2.5 mM mbCD (68), the domain confinement
of both Wnt3-EGFP and Lyn-EGFP was reduced by similar
extents to t0 ¼ 0.34 5 0.03 s and t0 ¼ 0.27 5 0.03 s,
respectively, with a concomitant increase in diffusion coef-
ficients by a factor of ~2 (Fig. 4 B; Table 1). The effects of
cholesterol removal on the two proteins suggest that both
proteins are similarly confined to cholesterol-dependent do-
mains. As a further test, cholesterol was removed by COase
treatment of Wnt3-EGFP-expressing zebrafish embryos.
COase oxidizes cholesterol to cholestenone without any
phase preference, as opposed to mbCD (51). For this
purpose, 3-dpf-old zebrafish embryos were treated with
1 U/mL COase for 40 min at room temperature and
measured. The effects on the domain confinement and diffu-
sion coefficient of Wnt3-EGFP were similar for 1 U/mL
COase and 2.5 mM mbCD treatment, where t0 decreased
to 0.40 5 0.09 s and D increased to 1.51 5 0.71 mm2/s
(Fig. 4, A and B; Table 1). This shows that a decrease in
cholesterol levels indeed led to a redistribution of Wnt3-
EGFP on the membrane with reduced domain confinement.
Most likely this is due to the disruption of cholesterol-
dependent domains. It is worth noting that 7.5 mM C59,
2.5 mMmbCD, and 1 U/mL COase treatments yielded com-
parable t0 and D values for Wnt3-EGFP, which further sup-
ports an idea that palmitoylated Wnt3-EGFP associates with
cholesterol-dependent domains (Fig. 4 B).
CONCLUSIONS

In this work, we investigated the diffusion properties
and membrane organization of Wnt3, a proto-oncogene
signaling protein. These measurements could not be con-
ducted in single cells as Wnt3 proteins do not properly
locate to the membrane when expressed in two-dimensional
cell culture (9,24). Therefore it was necessary to use SPIM-
FCS in combination with the FCS diffusion law to conduct
experiments in live transgenic zebrafish embryos expressing
the functional Wnt3-EGFP fusion protein (25). Our results
demonstrate that Wnt3-EGFP is associated with choles-
terol-dependent domains in the apical membrane of cere-
bellar cells and its confinement is directly influenced by
the activity of Porcupine, a membrane-bound O-acyltrans-
ferase, required for the palmitoylation of Wnt proteins in
the ER. This membrane localization could be essential for
facilitating the extracellular trafficking of Wnt3 from
Wnt3-producing cells to neighboring receiving cells for
proper neural patterning and development. This is, to our
knowledge, the first application of SPIM-FCS to determine
the membrane organization of a probe in vivo and the first
demonstration that Wnt3 is associated with cholesterol-
dependent lipid domains.
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Materials and Methods 

Lipids, dyes and drugs 

The lipids used in this study were 1,2-dioleoyl-sn-glycero-3-phophocholine (DOPC) and 1,2-

dioleoyl-sn-glycero-3-phosphoglycerol (DOPG). Head group labeled rhodamine dye 1,2-

dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

(ammonium salt) (RhoPE) was used as the fluorophore. All lipids and dyes were purchased from 

Avanti Polar Lipids (Alabaster, AL, USA) and prepared in chloroform. Methyl-β-cyclodextrin 

(mβCD) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and prepared in 1 × 

phosphate buffered saline (PBS) for GUV measurements, 1 × Hanks’ balanced salt solution 

(HBSS; Life Technologies, Grand Island, NY, USA) for live cell measurements and 1 × 

Danieau’s solution (100 × Danieau’s solution: 1740 mM NaCl, 21 mM KCl, 12 mM 

MgSO4·7H2O, 18 mM Ca(NO3)2, 150 mM HEPES, pH 7.6) for zebrafish measurements. 

Cholesterol oxidase from Streptomyces sp. (Sigma-Aldrich, St. Louis, MO, USA; stock solution 

50 U/mL in 50 mM potassium phosphate buffer, pH 7) (COase) was dissolved in 1 × HBSS for 

treatment in live cells and 1 × Danieau’s solution for treatment in live zebrafish embryos. 

Porcupine inhibitor, C59 (500496) was purchased from Merck (Germany). 1,1’-dioctadecyl-

3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI-C18) purchased from Life Technologies 

(Grand Island, NY, USA) was used for cell membrane staining. The stock DiI-C18 solution was 

prepared in dimethyl sulfoxide (DMSO) and its concentration was calculated from the 

absorbance measurement in UV–Visible spectrometer (NanoDrop, Thermo Scientific, Waltham, 

MA, USA), assuming a molar extinction coefficient of 144,000 M
-1

cm
-1

. Ethyl 3-aminobenzoate 

methanesulfonate (Tricaine) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and 

dissolved in 1 × Danieau’s solution to anesthetize the zebrafish larvae before SPIM-FCS 

measurements. 

Preparation of giant unilamellar vesicles (GUVs) 

Giant unilamellar vesicles (GUVs) were prepared by the gentle hydration method (1). Briefly, 

calculated amounts of lipid(s) and RhoPE dye solutions were first mixed in a clean round bottom 
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flask and rotary evaporated (Rotavap R-210, Buchi; Switzerland) for 3 hours. The thin film of 

lipid left at the bottom of the round bottom flask was then resuspended gently with 2 mL of 0.5 

M sucrose solution. The DOPC:DOPG (10:1) GUV solution was incubated overnight at 37 °C 

for GUV swelling and then stored at 4 °C. Before measurements were conducted, custom-cut 

No. 1 cover slips (0.13 – 0.16 mm thickness) (Marienfeld, Germany) are coated with 100 µg/mL 

Poly-L-Lysine solution (PLL) (Sigma-Aldrich, St. Louis, MO, USA) for GUV attachment. Next, 

GUVs were diluted ~20 × with 0.5 M glucose solution and added onto the PLL-coated cover 

slips which are then incubated for 2 h at room temperature for GUV attachment on glass. 

Unattached GUVs were then removed by washing with the imaging medium (1 × PBS). The 

cover slips were then mounted in the SPIM chamber containing 1 × PBS for SPIM-FCS 

measurements.  

Cell culture, DiI-C18 staining and GFP-GPI AP transfection 

SH-SY5Y cells obtained from ATCC (Manassas, VA, USA) were cultivated in DMEM medium 

(Dulbecco's Modified Eagle Medium; HyClone, GE Healthcare Life Sciences, South Logan, UT, 

USA), supplemented with 10% FBS (fetal bovine serum; HyClone, GE Healthcare Life 

Sciences, South Logan, UT, USA) and 1% PS (penicillin and streptomycin, PAA, Austria) at 37 

°C in 5% (v/v) CO2 humidified environment. For DiI-C18 staining, the stock DiI-C18 solution (in 

DMSO) was diluted to a final concentration of 50 nM with 1 × HBSS. The culture medium 

(DMEM, 10% FBS and 1% PS) was first removed from the 35 mm dish containing custom-cut 

cover slips previously seeded with cells and the cells were washed twice with 1 × HBSS before 

adding the 50 nM DiI-C18 solution. Cells were then incubated at 37 °C in 5% (v/v) CO2 

humidified environment for 25 minutes. After incubation, the cells were then rinsed with 1 × 

HBSS twice and placed into the SPIM chamber containing 1 × HBSS for SPIM-FCS 

measurements. 

Green fluorescent protein-tagged glycosylphosphatidylinositol anchored protein (GFP-GPI AP) 

was a kind gift from John Dangerfield (Anovasia Pte Ltd, Singapore). GFP-GPI AP was 

transfected into live SH-SY5Y cells by electroporation using the Neon™ Transfection System 

from Life Technologies (Grand Island, NY, USA). SH-SY5Y cells ~90% confluent in a 25 cm
2
 

culture flask were washed with 1 × PBS twice and trypsinized with 0.5 mL of 1 × Trypsin 

solution for 1 minute at 37 °C. After trypsinization, cells were resuspended with 3.5 mL of 

culture medium and pelleted by centrifugation. The cell pellet was then re-suspended with 10 µL 

of resuspension R buffer, mixed with appropriate amount of plasmids, drawn into a 10 µL Neon 

transfection tip and electroporated in the Neon transfection tube containing 3 mL of 

electroporation E buffer with the optimized experimental conditions for SH-SY5Y cell line. 

After transfection, cells were plated onto a 35 mm dish containing custom-cut cover slips and 

grown in culture medium (DMEM and 10% FBS) at 37 °C in 5% (v/v) CO2 humidified 

environment. SPIM-FCS measurements were conducted 48–60 hours post-transfection in 1 × 

HBSS. Transfected SH-SY5Y cells were washed twice with 1 × HBSS and filled with 1 × HBSS 

before measurements. For mβCD treatment, the original imaging medium (1 × HBSS) was 

replaced from the SPIM sample chamber with 2.5 mM mβCD dissolved in the imaging medium. 

For COase treatment, GFP-GPI AP transfected SH-SY5Y cells were incubated with 1 U/mL 

COase dissolved in 1 × HBSS for 30 minutes at 37 °C with 5% (v/v) CO2 humidified 

environment. COase-treated cells on the custom-cut cover slip were then placed into the SPIM 

sample chamber with 1 × HBSS as the imaging medium. 
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Zebrafish maintenance and preparation 

Transgenic lines used in this work were Tg(-8.0cldnB:lynEGFP), used for its weak membrane-

tethered EGFP expression in the cerebellum (2), and wnt3 promoter-driven transgenic line Tg(-

4.0wnt3:Wnt3EGFP)
F3

, used for its expression of functional fusion protein Wnt3-EGFP in the 

brain to study both Lyn-EGFP and Wnt3-EGFP diffusion properties and membrane organization 

by SPIM-FCS and SPIM-FCS diffusion law analysis, respectively, in the cerebellum. Transgenic 

adult zebrafish and embryos were maintained and obtained at the zebrafish facility in the 

Institute of Molecular and Cell Biology (IMCB, Singapore) and staged as described (3, 4). The 

Institutional Animal Care and Use Committee (IACUC) in Biological Resource Center (BRC), 

A*STAR Singapore, has approved the entire study (IACUC #120787). Embryos older than 30 

hours post fertilization (hpf) were treated with 1-phenyl-2-thiourea (PTU; Sigma-Aldrich, St. 

Louis, MO, USA) to prevent the pigmentation of the embryos due to the formation of melanin.  

Zebrafish embryo treatments and measurement 

The zebrafish embryos were treated with 1% DMSO (control) and Porcupine inhibitor C59 (2.5 

µM, 5 µM and 7.5 µM) at 36 hpf. All C59 solutions contain 1% DMSO. The zebrafish embryos 

were incubated in these solutions until SPIM-FCS measurements were conducted at 3 days post 

fertilization (dpf). mβCD treatment on the zebrafish embryos were conducted according to the 

protocol by Abu Siniyeh et al. (5). Briefly, 3 dpf zebrafish embryos were incubated with 2.5 mM 

mβCD (dissolved in 1 mL of 1 × Danieau’s solution) for 40 minutes at room temperature. The 

embryos were then washed with 1 × PBS three times. For COase treatment, 3 dpf zebrafish 

embryos were incubated with 1 U/mL COase diluted in 1 × Danieau’s solution (from the stock 

solution of 50 U/mL COase) for 40 minutes at room temperature. After treatment, the embryos 

were then washed thrice with 1 × PBS. Measurements were conducted on untreated and treated 3 

dpf zebrafish embryos after anesthetizing them with 0.05% (w/v) Tricaine dissolved in 1 × 

Danieau’s solution for 30 minutes. Anesthetized embryos were then mounted using 1% low 

melting point agarose into a thin glass capillary tube for SPIM-FCS measurements in 1 × PBS 

containing 0.05% (w/v) of tricaine as the imaging medium. De-yolking of both treated (7.5 µM 

C59) and untreated 3 dpf Wnt3-EGFP-expressing zebrafish embryos were conducted by 

removing the yolk of the embryos with two 27G needles, each attached to 1 mL syringes. De-

yolked embryos were anesthetized with 0.05% (w/v) Tricaine dissolved in 1 × Danieau’s 

solution for 20 minutes and mounted onto a No. 1 35 mm glass-bottom dish (MatTek 

Corporation, Ashland, MA, USA) using 1% low melting point agarose for confocal imaging and 

FCS measurements. 

Confocal imaging and FCS 

The confocal imaging experiments were performed in a commercial Olympus FV1200 laser 

scanning confocal microscope (IX83; Olympus, Singapore). The 488 nm Argon-ion multi-line 

laser beam (Melles Griot, Singapore) was focused on the sample by a water immersion objective 

(UPLSAPO, 60, NA 1.2; Olympus, Singapore) after being reflected by a dichroic mirror 

(DM405/488/543/635 band pass; Olympus, Singapore) and a scanning unit. The fluorescence 

signal from the sample was passed through the same objective, de-scanned and finally through a 

120 µm pinhole in the image plane to block the out-of-focus light and was finally recorded by 

the photomultiplier tube after spectrally filtered by a bandpass emission filter (BA505-605; 
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Olympus, Singapore). Confocal images with a field of view of 640×640 pixels and 330 nm pixel 

size were acquired at a rate of 200 µs/pixel.  

Confocal FCS measurements were performed in the above-described confocal microscope 

(IX83; Olympus, Singapore) equipped with a time-resolved LSM upgrade kit (Microtime 200; 

PicoQuant, GmbH, Berlin, Germany). The fluorescence from the sample first passes through the 

120 µm pinhole, filtered by a 513/17-25 emission filter (Semrock, Rochester, NY, USA) and 

finally was recorded by a single molecule avalanche photodiode (SPAD) (SPCM-AQR-14, 

PerkinElmer Optoelectronics, Quebec, Canada). The signals were further processed to obtain and 

fit the autocorrelation function (ACF) by the Symphotime 400 software (PicoQuant, GmbH, 

Berlin, Germany) using the following model: 
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where         ( ) is the theoretical ACF for two component (2p) 2D Brownian diffusion 

through a Gaussian laser profile with a triplet state contribution (1t), N is the average number of 

molecules in the observation volume, F2 is the mole fraction of the second component, τ is the 

lag time, τD1 and τD2 are the diffusion times, i.e. the time taken for particles to transit the 

observation volume, of the first and second components respectively, K is the structure factor 

which defines the shape of the observation volume, Ftrip is the fraction of the triplet state of the 

fluorophore, τtrip is the relaxation time of the triplet state of the fluorophore, ω0 and z0 are the 

radial and axial distances of the excitation laser beam profile defined at the 1/e
2
 value of the 

maximum intensity at the focus of the observation volume, D is the diffusion coefficient of the 

respective components and G∞ is the convergence value at infinity lag time. 

Results and Discussion 

SPIM-FCS performs three dimensional (3D) mapping of membrane probe diffusion 

In the past we have shown that diffusion coefficient maps can be recorded in 2D samples using 

ITIR-FCS, and in a novel demonstration of the versatility of SPIM-FCS in mapping diffusion of 

fluorescent probes in 3D samples, we constructed the 2D membrane diffusion maps of a RhoPE-

labeled DOPC:DOPG (10:1) GUV and a live SH-SY5Y cell labeled with DiI-C18, a freely 

diffusing membrane marker, in a series of axial sections by means of translating the entire GUV 

or cell in the z-direction of the detection objective using precise microscope positioners. 

Integration of all the D maps from each plane of the axial sections provides a 3D view of the 

RhoPE and DiI-C18 diffusion in the membranes of the GUV and live SH-SY5Y cell respectively 

(Figs. S1 and S2). The simultaneous FCS measurements on all pixels in a ROI at a given plane 
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by SPIM-FCS to generate a D map outperform the sequential point-by-point FCS measurements, 

which require much longer measurement times, in conventional confocal FCS to generate a D 

map with the same statistics. This advantage is more pronounced when multiple planes of D 

maps are acquired to construct a 3D D image. Simultaneous FCS measurements of multiple 

points can also be achieved on a single plane by ITIR-FCS. However, ITIR-FCS measurements 

are restricted to the lower membrane of model lipid bilayers and live cells, close to the cover 

slip, due to the limited penetration depth of the evanescent wave (~100 nm) in total internal 

reflection (TIR) illumination that do not allow the generation of diffusion maps at multiple 

planes. 

The step size and the number of z-stacks can be precisely selected and controlled based on the 

type of sample, sample size, and the light sheet thickness which dictates the smallest achievable 

step size by the motorized stages. In this case, step sizes of 1.5 µm were chosen to enable us to 

capture the membrane diffusion of RhoPE/DiI-C18 at various z-positions of the GUV/cell from 

the upper membrane (z = 0.0 µm) to the membrane boundary close to the lower membrane of the 

GUV/cell (z = 6.0 µm). Note that the optical sectioning ability of the light sheet illumination in 

SPIM allows us to conduct SPIM-FCS measurements at multiple planes without prematurely 

photobleaching other planes that are not focused. Figs. S1 and S2 clearly outline the overlap 

between the SPIM and D images at different z-positions on the membrane of the GUV and SH-

SY5Y cell labeled with RhoPE and DiI-C18 respectively. The average D values for each plane 

were extracted by intensity thresholding the SPIM images to exclude the arbitrary D values from 

the background and tabulated in Table S1 in the supporting information. D decreases with the 

sections z-position from the upper membrane of the DOPC:DOPG (10:1) GUV (Fig. S1 and 

Table S1). As shown in Fig. S3 this z-dependence is a result of the asymmetry of the observation 

volume in SPIM-FCS whose extension is longer in the axial PSF (ωz = 1280 nm) compared to 

the radial (ωxy = 760 nm) direction (6), and the orientation of the membrane, in which the 

diffusion takes place, with respect to the observation volume. At the top of the vesicle the 

membrane is flat and spans across the radial cross section of the observation volume. In this case 

the smallest possible membrane area is observed. As one scans across the vesicle in z-direction 

the membrane is oriented increasingly along the z-direction and larger membrane patches are 

observed, thus increasing the average time a particle needs to pass through the observation 

volume. Thus the apparent diffusion coefficient measured decreases. A similar effect was earlier 

observed by Milon et al. via confocal FCS measurements at different positions of a GUV (7). A 

systematic correction for this artefact requires a precise knowledge of the membrane topology 

and the relative orientation between membrane and observation volume. While possible for 

GUVs, which possess spherical symmetry, this is more difficult for cells. Therefore, we conduct 

all measurements with the light sheet parallel to the membrane to be studied. A solution to this 

problem can be found by either recording z-stack images to determine the membrane topology or 

by using an isotropic observation volume (8, 9). It should be noted that for adherent cells this 

dependence is somewhat smaller as the cells have a more flattened geometry compared to GUVs 

(Fig. S2 and Table S1). 

 



6 
 

 

Fig. S1: 3D maps of Intensity (1
st
 column) and D (2

nd
 column) of a RhoPE-labeled DOPC:DOPG (10:1) GUV of 

diameter 11.2 µm. The z-positions indicate the distance from the upper membrane of the GUV. Representative 

ACFs (3
rd

 column) are displayed for each z-position of their corresponding points indicated on the Intensity stack 

(1
st
 column).  
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Fig. S2: 3D maps of Intensity (1
st
 column) and D (2

nd
 column) for a DiI-C18 labeled live SH-SY5Y cell. The z-

positions indicate the distance from the upper membrane of the cell. Representative ACFs (3
rd

 column) are displayed 

for each z-position of their corresponding points indicated on the Intensity stack (1
st
 column). 
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Fig. S3: Different contributions of the y- and z-components of the light sheet to the observation volume at z-

positions from the upper membrane to the center of the GUV as seen from the top view of the SPIM chamber. 

Table S1: z dependence of D for RhoPE-labeled DOPC:DOPG (10:1) GUV and live SH-SY5Y cell membranes 

labeled with DiI-C18 and GFP-GPI AP respectively. Percentage change in D is given with respect to the D of the 

upper membrane (z = 0.0 µm) and calculated as ΔD/Dz = 0 × 100%. D values are given in mean ± SD. 

Sample z-position from upper membrane [µm] D [µm
2
/s] % change in D 

DOPC:DOPG (10:1) (RhoPE) 

0.0 4.04 ± 1.18 0.0 

1.5 3.47 ± 0.90 - 14.0 

3.0 2.91 ± 0.85 - 28.0 

4.5 2.55 ± 0.95 - 36.9 

6.0 2.47 ± 0.84 - 38.9 

SH-SY5Y (DiI-C18) 

0.0 1.95 ± 0.73 0.0 

1.5 2.02 ± 0.69 + 3.6 

3.0 1.77 ± 0.74 - 9.2 

4.5 1.82 ± 0.63 - 6.7 

6.0 1.94 ± 0.80 - 0.5 

SH-SY5Y (GFP-GPI AP) 

0.0 0.32 ± 0.10 0.0 

1.5 0.32 ± 0.12 0.0 

3.0 0.28 ± 0.13 - 12.5 
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Fig. S4: Values of D and τ0 across various measurements for A) GFP-GPI AP labeled SH-SY5Y cell membranes 

and B) cerebellar cell membranes of live Wnt3-EGFP transgenic zebrafish embryos. The dotted lines represent the 

average D (red) and τ0 (blue) values across all measurements.    

Margin of error for free diffusion of the SPIM-FCS diffusion law intercept (τ0) and 

comparison of τ0 values between SPIM-FCS and ITIR-FCS diffusion laws 

The margin of error of the SPIM-FCS diffusion law intercept where processes exhibit free 

diffusion was determined by conducting SPIM-FCS diffusion law analysis on the upper 

membrane of a freely-diffusing model membrane, RhoPE-labeled DOPC:DOPG (10:1) GUV. 

Overall, 17 measurements were conducted on 11 GUVs and their τ0 values were found to lie 

within ± 0.2 s (Fig. S5A). Therefore, τ0 values which fall within the range of ± 0.2 s were 

designated as free diffusion.  

Next, we compared the τ0 values obtained from the FCS diffusion law analyses of SPIM-FCS 

and ITIR-FCS on similar samples to test the robustness of the SPIM-FCS diffusion law in 

distinguishing membrane heterogeneity. The τ0 values of both RhoPE-labeled DOPC:DOPG 

(10:1) GUVs and DiI-C18 labeled SH-SY5Y cells demonstrated free diffusion, which is 

consistent with their respective localization on the membrane (Fig. S5B, C, D, Table S2). ITIR-

FCS diffusion law analyses also yielded τ0 values within its margin of error of ± 0.1 s (i.e. free 

diffusion) for DOPC supported lipid bilayers and DiI-C18 labeled HeLa and CHO-K1 cells 

(Table S2), further supporting the applicability of the SPIM-FCS diffusion law. The margin of 

errors of the τ0 values for SPIM-FCS and ITIR-FCS diffusion laws vary due to their different 

pixel sizes (SPIM-FCS: 400 nm, ITIR-FCS: 240 nm) and point spread functions (PSFs) (10, 11). 

It was earlier found that pixel size and PSF affect the precision of the FCS diffusion law 

intercept (12). The larger pixel size and PSF of the SPIM optical system decreases the precision 

of τ0 for SPIM-FCS diffusion law and raises its margin of error in comparison to that of the 

ITIR-FCS diffusion law (± 0.2 s for SPIM-FCS vs ± 0.1 s for ITIR-FCS). In the case of raft 

marker GFP-GPI AP, both SPIM-FCS and ITIR-FCS diffusion law intercepts were well above 

their respective margin of errors, indicating domain confinement of the probe for all cases (Fig. 

S5B, C, D, Table S2). The difference in the absolute τ0 values of GFP-GPI AP obtained from 

SPIM-FCS and ITIR-FCS diffusion laws thus could be due to the different cell lines used and the 

influence of  pixel size and PSF as mentioned earlier. This demonstrates the capability of the 

SPIM-FCS diffusion law to accurately determine the type of membrane organization of a given 

probe. 
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Fig. S5: Proof of the SPIM-FCS diffusion law on model and live SH-SY5Y cell membranes. A) SPIM-FCS 

diffusion law intercepts of the upper membrane of freely-diffusing RhoPE-labeled DOPC:DOPG (10:1) GUV for 17 

measurements (11 GUVs, 1147 ACFs). The grey region indicates the margin of error (± 0.2 s) of τ0 values for which 

processes demonstrate free diffusion when investigated by SPIM-FCS. B) Representative SPIM-FCS diffusion law 

plots of the upper membranes of RhoPE-labeled DOPC:DOPG (10:1) GUV, DiI-C18 and GFP-GPI AP labeled SH-

SY5Y cells. C) τ0 values for 5 measurements of RhoPE-labeled DOPC:DOPG (10:1) GUVs, DiI-C18 and GFP-GPI 

AP labeled SH-SY5Y cells respectively. D) Average τ0 values for RhoPE-labeled DOPC:DOPG (10:1) GUVs (11 

GUVs, 17 measurements, 1147 ACFs), DiI-C18 (3 cells, 5 measurements, 337 ACFs) and GFP-GPI AP (5 cells, 5 

measurements, 446 ACFs) labeled SH-SY5Y cells. 

Table S2: Comparison of SPIM-FCS and ITIR-FCS diffusion law intercepts for various probes in model and live 

cell membranes. Data are represented as mean ± SD of number of measurements. 

Fluorophore (Sample) 
Measurement 

mode 
τ0 [s] 

Diffusion 

mode 
NGUVs/cells Nmeasurement NACFs Ref. 

RhoPE (DOPC:DOPG (10:1)) SPIM-FCS 0.11 ± 0.07 Free 11 17 1147 Current  

RhoPE (DOPC) ITIR-FCS -0.04 ± 0.26 Free - - - (11) 

DiI-C18 (SH-SY5Y) SPIM-FCS -0.11 ± 0.07 Free 3 5 337 Current 

DiI-C18 (HeLa)  ITIR-FCS within ± 0.1 Free - - - (13) 

DiI-C18 (CHO-K1) (14) ITIR-FCS -0.05 ± 0.01 Free - - - (14) 

GFP-GPI AP (SH-SY5Y)  SPIM-FCS 2.24 ± 0.09 Confined 5 5 446 Current 

GFP-GPI AP (HeLa) ITIR-FCS 3.96 ± 0.17 Confined - - - (13) 

GFP-GPI AP (CHO-K1) ITIR-FCS 1.27 ± 0.05 Confined - - - (14) 
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Fig. S6: Confocal imaging and FCS measurements of de-yolked Tg(-4.0wnt3:Wnt3EGFP)
F3

 Wnt3-EGFP-expressing 

3 dpf zebrafish embryos. Confocal images of the cerebellum of de-yolked Wnt3-EGFP-expressing embryos A) 

without treatment (control) and B) with 7.5 µM C59 treatment. All scale bars are 50 µm. C) Representative 

normalized ACFs of Wnt3-EGFP dynamics on the cerebellar cell membranes of untreated (control) and 7.5 µM C59 

treated embryos. D) Average Dfast and Dslow values for Wnt3-EGFP measured on the cerebellar cell membranes for 

control (3 fishes, 4 cells, 5 ACFs) and 7.5 µM C59 treated (3 fishes, 5 cells, 5 ACFs) embryos.  
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