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Abstract We describe a method based on fluorescence-
lifetime imaging microscopy (FLIM) to assess the fluidity
of various membranes in neuronal cells at different stages
of development [day 12 (E12) and day 16 (E16) of gesta-
tion]. For the FLIM measurements, we use the Laurdan
probe which is commonly used to assess membrane water
penetration in model and in biological membranes using
spectral information. Using the FLIM approach, we build a
fluidity scale based on calibration with model systems of
different lipid compositions. In neuronal cells, we found a
marked difference in fluidity between the internal mem-
branes and the plasma membrane, being the plasma
membrane the less fluid. However, we found no significant
differences between the two cell groups, E12 and El6.
Comparison with NIH3T3 cells shows that the plasma
membranes of E12 and E16 cells are significantly more
fluid than the plasma membrane of the cancer cells.
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Introduction

Membrane fluidity changes are implicated in a range of
biological processes including signaling, membrane fusion,
endocytosis, and many others. Although the role of mem-
brane fluidity during development has been discussed [1-
10], a systematic study of changes in membrane fluidity
during embryo development has not been carried out.
Lipids and lipid domains play a fundamental role in the
structural organization of the cytoplasmatic membrane of
eukaryotic cells. Lipids in biological membranes are fun-
damental for the boundary functions of cells, including
stimuli to growth and to immunological and stress
response, i.e., information delivered from the environment
to the cell interior. Membranes of internal organelles allow
the compartmentalization of cell functions.

The complexity of the membrane lipid composition has
suggested the coexistence of domains characterized by
different dynamical properties in the membrane plane as
sites for a putative preferential partitioning of proteins and
solutes, for modulating membrane activity and for diffu-
sion along the plane and through the bilayer [11-19]. In the
last two decades, studies on brain lipids have unequivocally
demonstrated that many lipids have critical cell signaling
functions [20-26]. They are called “bioactive lipids.”
Lipid microdomains show high affinity to specific cell
signaling proteins such as growth factors or cytokine
receptors, which lead to clustering and activation of these
receptors [27-34]. These domains are areas in the cell
membrane (or intracellular membranes) that arise from the
self-assembly of lipids in an ordered (Lo) structure in the
liquid phase of the membrane. The lipid raft hypothesis has
had a wide impact on the field of cellular biology, espe-
cially in neural cells as functional membrane domains for
cell—cell interactions and signal transduction [20-26]. The
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minimum lipid composition of a raft is cholesterol and
sphingomyelin, which is associated with glycerolsphingo-
lipids (GSLs) or with a glycerolphospholipid such as
phosphatidylcholine. Glycerophospholipids, cholesterol,
and the sphingolipid backbone ceramide are synthesized at
the ER. Considering the bidirectional vesicular connection
between the ER and the plasma membrane, the most
remarkable feature of the lipid organization in mammalian
cells is the enrichment of sphingolipids and cholesterol in
the late Golgi, plasma membrane, and endosomes. Cho-
lesterol spontaneously moves between and across mem-
branes as a monomer. Its location is determined by its high
affinity for sphingolipids and saturated glycerophospho-
lipids. The composition and concentration of gangliosides,
or sialic acid-containing GSLs, change dramatically during
central nervous system (CNS) development. This change in
the composition of gangliosides is correlated with defined
developmental events and is evolutionarily conserved
among many mammalian species [35-41]. In general,
during CNS development, the composition of GSLs begins
with a relatively simple pattern, with GM3 and GD3 pre-
dominating in early neuroectoderm. This pattern is soon
followed by the transient appearance of c-series ganglio-
sides during the period of neural tube formation, followed
by a more complex pattern, with four gangliosides of the a-
and b-series, GM1, GD1a, GD1b, and GT1b. These latter
complex gangliosides constitute the major gangliosides in
mature brain [35-41]. Subcellular localization studies
revealed that GM1 and GD1a are localized mainly on the
plasma membrane and partly in the cytoplasm, both as
punctate clusters. This punctate distribution suggests
localization of GM1 and/or GD1a in specialized structures,
such as membrane microdomains.

It has been suggested that in mammalian neural cells,
membrane lipid rafts could serve as key assembly and
sorting platforms for cell-cell interactions or signal trans-
duction complexes and modulate multiple cellular pro-
cesses, such as axonal growth and guidance for neuronal
growth cones, cytokine/growth factor receptor signaling,
neuron/glia interactions, neuronal survival and death, and
many more [28, 42-48].

Apart from invasive methods that use membrane isola-
tion, which does not allow real-time in situ measurements
and may lead to artifacts because lipids can migrate
between different cellular compartments during the mem-
brane isolation, fluorescence spectroscopy is one of the
most commonly used tools for the investigation of lipid
dynamical properties. The information on membrane
packing and dynamics is obtained from the spectroscopic
properties of fluorescent probes in the membrane such as
excitation and emission spectra, polarization, and lifetime.
Among several fluorescent probes, the sensitivity of
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2-dimethylamino-6-lauroylnaphthalene (Laurdan) to the
polarity of the membrane environment presents several
advantages for membrane studies [49-52]. This sensitivity
arises from the greater than 50-nm red shift of the emission
maximum in polar versus nonpolar environments, so that
simple fluorescence intensity measurements at two prop-
erly selected wavelengths provide information on the
membrane polarity. Several studies have shown that
Laurdan spectroscopic properties reflect local water con-
tent in the membrane [53—-60] and indirectly, membrane
fluidity. Laurdan is a molecule whose spectroscopic prop-
erties are influenced by both the composition and dynamics
of its local surroundings [61-63]. In other words, Laur-
dan’s fluorescence properties are dependent on two major
factors: the polarity of the environment (ground state of the
fluorophore) and the rate of dipolar relaxation of molecules
or molecular residues that can reorient around Laurdan’s
fluorescent moiety during its excited-state lifetime [64, 65].
In this work, we propose a detection scheme that isolates
different wavelength bands of Laurdan’s emission in such a
way that changes in polarity (ground state) are detected
independently on changes in dipolar relaxation (excited
state). Using fluorescence-lifetime imaging microscopy
(FLIM) and analyzing the data with the phasor approach,
we first acquired the fluorescence decay at each pixel of an
image and then we applied the phasor transformation to the
decay measured at each pixel. The transformed points (two
coordinates for each pixel of the image) are then plotted on
the phasor plot. We report the analysis of the fluorescence
decay of Laurdan as a tool to detect changes in membrane
lipid packing in live cell membranes, based on polarity and
dipolar relaxations. In the phasor plot, different trajectories
for changes in polarity versus changes in cholesterol con-
tent are visualized [66—69]. This analytical procedure gives
the ability to investigate in vivo membranes with different
properties such as water content and cholesterol content
and thus to perform a more comprehensive analysis of cell-
membrane heterogeneity during development [49-70].
Our results on neural precursor cells from mouse
embryos at different stages of development (E12 and
E16 day of gestation) show that there are at least two
independent causes that determine the direction of changes
in the phasor location. One is the polarity of the environ-
ment (which changes the true lifetime), and the other is the
capability of water to give rise to the dipolar relaxation
phenomenon (which moves the phasor distribution outside
of the universal circle). Therefore, using Laurdan’s lifetime
decay in two detection channels (blue and green), we can
disentangle the effects of polarity from dipolar relaxations
due to addition/subtraction of cholesterol, giving us
unprecedented details about cholesterol and heterogeneous
distribution of polarity/fluidity in cell membranes.
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Methods
Primary Cell Culture

Pregnant wild-type CD14 mice were used for obtaining
embryos at E12 and E16. Cerebral cortices were dissected
and the dissociated cells passed through a sterile nylon
sieve (82 um pores) and then pooled and seeded in culture
dishes to generate cultures of mouse fetal-derived neural
stem/precursor cells (NSPCs).

Cultures of NSPCs were grown floating in suspension as
neurospheres in Dulbecco’s modified Eagle’s medium with
B27, N2, 1 mM sodium pyruvate, 2 mM glutamine, 1 mM
N-acetylcysteine (Sigma-Aldrich, St. Louis, USA), 20 ng/
ml epidermal growth factor, (EGF), (BD Biosciences,
Bedford, MA, USA), 10 ng/ml fibroblast growth factor,
(FGF) (BD Biosciences, Bedford, MA, USA), and 2 pg/ml
heparin (Sigma-Aldrich St. Louis, IN, USA).

All chemical reagents were from Gibco (Invitrogen,
Grand Island, NY, USA) unless otherwise specified and of
the highest purity available. Neurospheres are a heteroge-
neous collection of cells that includes a small number of
stem cells, a greater number of more specified progenitor
cells, and a few differentiated cells such as astrocytes and
neurons. Neurospheres were dissociated using NeuroCult
medium kit (Stem Cell Technologies, Vancouver, Canada),
and the resulting individual cells were plated on laminin-
coated glass bottom dishes and adhered for 24 h prior to
FLIM analysis.

NIH3T3 Cell Cultures

NIH/3T3 (mouse fibroblast) cell line was purchased from
Sigma-Aldrich. The cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplemented with
1.5 g/ sodium bicarbonate, 10 mM HEPES, pH 7.4,
100 U/mL penicillin G, 100 L/g/mL streptomycin, and 10
% fetal calf serum at 37 °C in a humidified atmosphere
consisting of 95 % air and 5 % CO,. Cells were passaged
by removing 90 % of the supernatant and replacing it with
fresh medium approximately twice a week and detachment
using a 0.25 % trypsin-EDTA solution. For FLIM experi-
ments, the cells were scraped and plated on glass bottom
dishes (MatTeck, AshLand, U.S.A.) coated with 10 pg/ml
poly-p-lysine (MP Biomedicals, California, U.S.A.) and
20 pg/ml laminin (Sigma-Aldrich), 1 day prior the
analysis.

FLIM Analysis

FLIM data were acquired with a Zeiss LSM710 META
Laser scanning microscope, coupled to a 2-Photon

Ti:Sapphire laser (Spectra-Physics Mai Tai, Newport
Beach, CA) producing 80 fs pulses at a repetition of
80 MHz and a ISS A320 FastFLIMBox for the lifetime
data. A 40x water immersion objective 1.2 N.A. (Zeiss,
Oberkochen, Germany) was used for all experiments. The
excitation wavelength was set at 780 nm. A SP 760-nm
dichroic filter was used to separate the fluorescence signal
from the laser light. For FLIM data, the fluorescence signal
was directed through a 495 LP filter and the signal was split
between two photo-multiplier detectors (H7422P-40,
Hamamatsu, Japan), with the following bandwidth filters in
front of each: blue channel 460/40 and green 540/25,
respectively. For image acquisition, the pixel frame size
was set to 256 x 256 and the pixel dwell time was
25.61 ps/pixel. The average laser power at the sample was
maintained at the mW level.

The Phasor Transformation and its Interpretation

In a FLIM measurement, the fluorescence decay is obtained
at each pixel generally using a photon counting system that
measures the histograms of time delays between the exci-
tation of the molecule due to the laser pulse excitation and
the emission of a photon from the excited state of the
molecule. In each pixel, an average of about 100-500
photons is collected. Analysis of the decay using expo-
nential models cannot be done accurately using such a low
number of photons in the histogram, and specifically for
Laurdan, an exponential decay is inadequate to describe the
decay since Laurdan decay is affected by excited-state
reactions. In the phasor approach, only few moments of the
delay histogram are used to determine some proprieties of
the decay. The phasor approach applies a transformation
(the phasor transformation) to the measured decay histo-
gram as shown in Egs. 1 and 2, where /(1) is the histogram
of photon delays measured at pixel (i,j). At each pixel, the
phasor transformation provides two coordinates g and s,
which are plotted in a polar plot called the phasor plot.
Jo 1;(t) cos(ot)dt

giti(w) B fglij(l)d[ (1)

_ Jo 1ij(0) sin(er)dr
T Th(nde

There is a relationship between the exponential decay
and points in the phasor plot (Fig. 1). If the fluorescence
decay is single exponential, the phasor transformation
gives points that lay on a semicircle called the universal
circle.

The phasor transformation has the property that the
coordinates g and s behave like coordinates of a vector.
The consequence of this mathematical property is that if in

sij(w) (2)
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Fig. 1 Schematic of the phasor

transformation. Decay curves

with different single-

exponential lifetime map in

different position in the phasor

plot with points on the universal

circle. The faster is the

exponential decay, the more the

point is to the right rl

a pixel we have molecules that decay with two different
exponential constants, the phasor of each of the molecules
will lay on different points on the universal circle, but their
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linear combination (which depends on their fractional
intensity contribution to the decay in that pixel) must be on
the line joining the two points on the universal circle, as
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Fig. 2 Linear combination property of phasors. a The combination in
one pixel of two single exponentials gives a phasor value on the line
joining the phasors corresponding to the two exponentials. b If in one
pixel (the size of the PSF, about 300 nm) there are Laurdan molecules
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Fig. 3 Empirical sensitivity scale for Laurdan in two extreme phases,
gel and liquid crystalline. The red cursor marks the position of the gel
phase as found in the GUVs at room temperature, and the green
cursor corresponds to the phasor position of DLPC at room
temperature, which is in the liquid-disordered phase. Note that the

shown in Fig. 2a. This linear combination property holds
even for the phasors of the two species that are not on the
universal circle (Fig. 2b). Since the decay of Laurdan is
nonexponential, if in one pixel we have coexistence of
regions of different decay properties, the measured phasor
must be on the line corresponding to these different decay
properties. For example, if in one pixel we have coexis-
tence of regions (microdomains below the pixel resolution)
of liquid order and liquid disorder, then the phasor position
must be along the line joining the phasor of the liquid order
and liquid-disordered membrane phases (Fig.3).

Sensitivity to Membrane Fluidity Changes

To establish an empirical scale of fluidity, we measured the
phasor positions of Laurdan in an artificial system

B
Experimental point
, ®
S ‘P2
) . ‘n PS;
. ‘ /',. .
)_\‘P
f2 1

with different environments, although each environment is decaying
as a complex exponential, they will combine linearly to give
experimental points in the line joining the phasors of the two
different environments

Cells Lo

9

cell values (E12 and E16 cells) are not on the linear combination line
of these two extreme values but they lay on or close to the universal
circle indicating that the cell membrane is quite different than the
pure phospholipid phases (Color figure online)

composed of two different lipids that at the same temper-
ature form two different phases, liquid and gel. Of course,
we do not expect these two phases to exist in biological
systems, but we are using this scale as an indication of the
maximum range of changes expected in lipid bilayer
systems.

Results

FLIM images were collected for the E12, E16, and a
control group of NIH3T3 cells. Figure 4 shows a typical
phasor plot analysis for E12 and E16 (N = 8cells).

The red cursor selects pixels with more rigid mem-
branes while the green cursor selects more fluid regions.
The statistical analysis of all cells measured and of the
NIH3T3 control group is shown in Table 1. There is a

@ Springer



790

Cell Biochem Biophys (2014) 70:785-794

Fig. 4 Phasor analysis of E12 and E16 cells (Channel 1). The
compound phasor plot for each group (E12 and E16) is shown at right.
For this analysis, the position of the red and green cursor selectors
was not changed. For each cell, the number of pixels in the red and

Table 1 Number of pixel recorded in red and green cursor

o

green cursor was recorded. The results of the average number of
pixels and the significance of the observed difference are shown in
Table 1 (Color figure online)

R1 Gl G1/R1 R2 G2 G2/R2
E12 (N =38) 0.488/0.178 0.371/0.150 0.76 p0.25 0.262/0.122 0.447/0.146 1.70 p0.25
E16 (N =38 0.381/0.085 0.437/0.119 1.15- 0.207/0.049 0.375/0.073 1.81-
NIH3T3 (N = 20) 0.488/0.086 0.284/0.076 0.57 p0.01 0.309/0.061 0.271/0.056 0.87 p0.01

Results of the average number of pixels and their significance

clear separation between the red- and the green-colored
pixels, with the red pixels preferentially localized on the
plasma membrane. As shown in the statistical analysis in
Table 1, there is no significant difference between the
relative fraction of red- and green-colored pixels for the
two groups E12 and E16, while there is a significant
difference between the NIH3T3 cell groups shown in
Fig. 2.

Also, for the NIH3T3 cells, the red-colored pixels are
prevalent in the plasma membrane (Fig. 5). However, the
NIH3T3 cells show a larger fraction of red pixels which are
associated with the plasma membranes, which could be
attributed to different state of development of these cells
compared to the E12 and E16 with more rigid external
membranes.

@ Springer

So far, we have investigated the statistics of pixels
corresponding to the red and green cursor selection. The
question remains in regard to the distribution of pixels in
the plasma membrane alone rather than in the plasma
membrane and in the internal membranes. This separation
requires selection of pixels in the plasma membrane and a
proper statistical evaluation of the fluidity at these pixels.
For this purpose, we generated a mask based on intensity
selection which mainly selects pixels with high concen-
tration of the Laurdan probe. Figure 6 shows the mask with
two color cursors which divide the regions, which previ-
ously (in Fig. 4) was selected by the red cursor (more rigid,
selecting the plasma membrane). The statistics of pixels in
the two sub-cursors again shows no significant difference
between the E12 and E16 cells (p value = 0.78).
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Fig. 5 Phasor analysis of NIH3T3 cells. The positions of the red and
green cursor selectors are the same as in Fig. 1. The statistics of the
pixels in each of the cursors is shown in table 1. The fraction of

E12

E16

Fig. 6 Selection of pixels with prevalent distribution in the plasma
membrane. The red cursor selection in Fig. 1 was subdivided in two
parts using the pink and green cursor. The green cursor in Fig. 1 was
substituted with a black cursor, effectively painting in black all pixels
of high fluidity. The statistical analysis of the pixels painted with the

Discussion

In this work, we explored a method to measure the fluidity
of membranes with very high spatial resolution and with
high sensitivity to membrane fluidity. The spatial resolu-
tion (in the order of 1-2 pixels, about 300 nm) is needed to
separate the contribution of the plasma membrane from

0 05 1

green-colored pixels is larger for the group of (N = 20) NIH3T3 cells
than for the neuronal cells (Color figure online)

two different colors show no significant difference between the two
groups of cells (E12 and E16). The white arrows indicate some
regions along the plasma membrane of apparent different fluidity
(Color figure online)

that of internal membranes. In all type of cell measured, we
found that the plasma membrane is more rigid than internal
membranes and that for the cell line NIH3T3 the plasma
membrane is more rigid compared to the E12 and E16
cells. Although one of the purposes of this investigation
was to establish if the fluidity of the plasma membrane of
neuronal cells changes at different gestation days, we found
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that there is no significant change. This conclusion could
depend on the S/N ratio which does not allow sufficient
separation of pixel in the fluidity scale. However, we were
able to detect a significantly different spatial organization
of the membranes according to their fluidity index with the
plasma membrane being always more rigid than the inter-
nal membranes. This difference presumably is a reflection
of the expected different lipid composition of the mem-
branes in neuronal cells, as well as in all other type of cells.
The plasma membrane in many types of cells has a lipid
composition very different from that of the internal mem-
branes. Cellular membranes contain glycerophospholipids,
comprising one of the several head groups attached via
glycerol to two acyl chains, one of which is usually
unsaturated. Although glycerophospholipids are sufficient
to form bilayers, most eukaryotic cells, like neurons, con-
tain two additional classes of lipids: sterols and sphingo-
lipids. The sterols are based on a rigid four-ring structure,
with cholesterol being the principle form found in verte-
brates. Sterols and sphingolipids are present at low levels in
internal membranes and indeed are synthesized in the
endoplasmic reticulum (ER) and Golgi, respectively, but
are at high levels in the plasma membrane and endosome
[71, 72]. Along the plasma membrane, we can notice
regions of distinct fluidity (see for example Fig. 6). This
can be due to relatively large regions of different lipid
composition or to the proximity in these pixels of internal
membranes that have a different fluidity. We would like to
stress that cellular membranes contain hundreds of lipid
species that differ in their polar headgroups and fatty tails.
But, even if the matrix of cellular membranes is the classic
fluid lipid bilayer, the vesicular transport is bidirectional
and fast as compared to the turnover of membrane com-
ponents. One important question now arises: how cells
maintain the identities of the membranes of their organ-
elles. Remarkably, in the endoplasmic reticulum (ER) and
in the other membrane fluidized by cholesterol, the dif-
ferent mutual affinities of lipids generally unsaturated and
saturated can yield coexisting lipid phases of different
fluidity (i.e., liquid-ordered vs. disordered). Because of its
high levels of unsaturated lipids and low levels of sphin-
golipids and cholesterol, the ER membrane is highly flex-
ible with a high rate of spontaneous transbilayer lipid
translocation.

By comparing the results obtained with the NIH3T3
cells versus the mouse neural stem/precursor cells
(mNPSCs) at different stage of prenatal development (E12
and E16), cellular membranes in the mouse fibroblast
NIH3T3 appear to be more rigid. This result is justified by
the highly defined competence of the fibroblasts devoted to
a structural function, exemplified by a branched cytoplasm
surrounding an elliptical, speckled nucleus having two or
more nucleoli.
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The size of microdomains (rafts) is predicted to be
below the resolution of our microscope so that the obser-
vation of relatively large regions in the plasma membrane
(see Fig. 6, regions marked by white arrows) of different
fluidity should be further investigated. In conclusion,
Laurdan has sufficient sensitivity to separate different
membranes in neuronal cells typically internal membranes
from external membranes. With respect to development of
neuronal cells, we have not observed significant changes
between the E12 and E16 groups in regard to overall
changes in membrane fluidity. This result could indicate
that at this stage of development, the membrane of neu-
ronal cells is already organized or that the S/N ratio pro-
vided by the phasor-FLIM technique is insufficient to
detect subtle changes in membrane composition.
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