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Chapter 1: Correlation between membrane fluidity cellular development
and stem cell differentiation
ABSTRACT
Pakiza Kamal Noutsi

Cell membranes are made up of a complex structure of lipids and proteins that diffuse
laterally giving rise to what we call membrane fluidity. During cellular development, such as
neuronal differentiation, cell membranes undergo dramatic structural changes induced by
proteins such as ARC and Cofilin among others in the case of synaptic modification. In this study
we used the generalized polarization (GP) property of fluorescent probe Laurdan using twophoton microscopy to determine membrane fluidity as a function of time and for various cell
lines. A low GP value corresponds to a higher fluidity and a higher GP value is associated with
a more rigid membrane. Four different cell lines were monitored such as hN2, NIH3T3, HEK293
and L6 cells. As expected, NIH3T3 cells have more rigid membrane at earlier stages of their
development. On the other hand neurons tend to have the highest membrane fluidity early in
their development emphasizing its correlation with plasticity and the need for this malleability
during differentiation. This study sheds light on the involvement of membrane fluidity during
neuronal differentiation and development of other cell lines.
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1.1 INTRODUCTION

1.1.1 Notion of the cell membranes

Cell membranes mark the boundaries of live cells and their organelles and play an
important role in cellular communications and functions [1, 2]. They form dynamic structures
in which lipids are constantly being added or removed. As proposed by Singer and Nickelson
in 1972 cells membrane is a mosaic of proteins and lipids that are in constant motion. The
lateral diffusion of lipids and proteins is termed fluidity (Figure 1). It is one of the major
dynamical macroscopic biophysical properties that depend on the membrane type [3]. Changes
in membrane fluidity, during cellular development, are a good indication of the mechanical
behavior of the cell.
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Figure 1.1 Structure of the cell membrane. The membrane is composed of
phospholipids, cholesterol and proteins that are in constant motion. (Cell;
Structure and function of plasma membrane in Open Stacks, chapter 5 pp: 136).
1.1.2 Lipid raft: a unique membrane microdomain
Lipid bilayers form not only a medium through which membrane proteins diffuse
but also a set of compartmentalized subdomains of different biophysical properties
(Figure2), that affect distribution and function of the associated proteins [4].The
specialized micro-domains are called rafts and have unique lipid composition compared
to other membrane regions [5] [6]. Lipid rafts are rich in cholesterol, sphingolipids,
plasmenethanolamine and arachidonic acid and are tightly packed making them more
rigid than the rest of the cell membrane [6]. Lipid rafts serve as an efficient platform for
interaction of receptors, enzymes, cholesterol transport [7], organization of signaling
protein complexes [8] endocytosis [9] and organization of cell signaling machineries
such as receptor tyrosine kinases [10]
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Figure 1.2 Schematic representation of lipid raft structures in a plasma membrane. Lipid rafts
float in the membrane to form different signaling platforms based on their type and composition
(Ange Maguy et al; 2006).
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1.1.3 Fluorescence generalized polarization
Fluorescence generalized polarization has been widely used to determine dynamic
properties of membrane lipids [33-36]. The information can be obtained from the spectroscopic
properties of a special category of fluorescent probes. One example is 2-dimethylamino-6laurylnaphalene (Laurdan), a lipophilic probe, which is sensitive to the polarity the medium they
are in such as lipid membranes and is widely used for membrane fluidity studies. Generalized
Polarization (GP) is a quantitative spectroscopic measure of membrane fluidity changes at
microscopic levels based on spectral changes rather than on polarization changes. Therefore, GP
measurements do not require polarizers to obtain information on membrane fluidity. Light
scattering is not significant in this case and polarization corrections are not required. On the other
hand, advantages of using 2-photon excitation include less photo bleaching, accurate depth
resolution and the possibility to excite Laurdan without using UV lasers. Spectroscopic
properties of Laurdan are affected by the composition and dynamics of its local surroundings.
Its spectral shift in its emission spectrum is caused by a change in the membrane fluidity because
of the water penetration between the lipid molecules. A blue emission indicates a more rigid
phase with little water penetration, whereas a green emission (towards red spectrum) indicates a
more fluid phase as determined by its GP value which is sensitive to the lipid packing (Figure3)
[33-36].
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Figure 1.3 The Generalized Polarization (GP) function is sensitive to lipid packing.

1.1.4 Role of membrane fluidity during cellular development
Various factors including temperature, membrane composition and lipid packing (lipid)
affect membrane fluidity. Several studies pointed at the implication of membrane fluidity during
cellular events such as endocytosis, membrane fusion and importantly development [11-21]. Yet
none of these studies them was done in a systematic manner. Differentiation of stem cells in vitro
resembles to a certain extent embryo development.

During this process prominent

morphological changes occur.
Cells harbor different mechanical properties at their membrane specific to their types or
population. Cell membranes mechanical properties depend on the cell type. These mechanical
properties were used as markers to isolate a certain type of cells from a mixed population such
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as circulating stem cells and tumor cells [28-31]. Furthermore, biophysical properties such as
membrane capacitance and membrane voltage was shown to play a key role in determining the
fate of stem cell differentiation to neurons or other cell types, e.g., bone or fat [32].

As a part of their normal physiology, cells are able to generate and withstand mechanical
forces within their environment. They can detect mechanical stimulation via the activation of
mechanosensitive signaling pathways. This results in cytoskeletal re-arrangement and generation
of forces. Pathogens or genetic mutations can disrupt cytoskeletal organization and in turn affect
cell adhesiveness, elasticity and fluidity. Furthermore, disturbance in the mechanical
environment can have a major impact on cell behavior and result in a set of diseases.
Interdisciplinary research combining mechanical characterization and modern molecular biology
will help in understanding role of cell mechanics in normal physiology, development and
disease. Biophysical characteristics of cells will continue to be used in diagnostic assays as well
as cell injections for targeted delivery. Therefore, fluidity assessment in live cells can also be
implemented in this respect.

1.1.5 Aim of the study
In this work we aim to determine membrane fluidity changes during the development of
various cell lines. We studied neuronal precursor cells (hN2) as well as 3 other cell lines (L6,
NIH3T3 and HEK293) that are different in their differentiation pathways.

The question

addressed in this regard, is whether fluidity changes with time. Is it unique to neurons and can it
be be correlated with the capacity of cells to undergo drastic morphological changes especially
at early developmental stages (early hours after culture). Our results tends to correlate cell
membrane fluidity to cellular plasticity. We are the first to use fluorescence generalized
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polarization approach via 2-photon microscope to study the membrane fluidity in live cells as a
“dynamic” marker.
Our results on hN2 and HEK293 cells at different time points, showed a significant
decrease in fluidity with lower values at 92 h. Similar results were obtained in NIH3T3 cells,
however lower fluidity values were observed at 72 h instead. In L6, cells membrane fluidity
increased with time to reach maximum values at 72 h. At 92 h membranes became more rigid.
This might indicate a stabilization of the cellular phenotype at that time. Furthermore, among
the four cell lines studied, hN2 have the highest membrane fluidity at early stages. They also
undergo most drastic morphological changes reflected by the appearance of prominent neurites.
The other cells types did not show extensive structural modifications. Their membrane however,
is more rigid than hN2 cells at early stages.

1.1.6 Significance of the study
Our measurements give a clear indication of the early involvement of membrane fluidity
in neuronal differentiation (development) or cellular plasticity. The higher the demand for
structural modification the larger s the fluidity. Our study emphasizes the correlation of fluidity
with cellular function and type. Accordingly, membrane fluidity can be considered as a
biophysical signature of neurons or other cell types during development. Fluidity measurements
will provide scientists with a new set of control tools to modify the behavior of stem cells. In
addition, by unraveling a new mechanism by which these cells are controlled in vivo this research
can be further extended to future diagnostic applications. We show here the role of membrane
fluidity in cell development and its positive correlation with the cell capacity to undergo drastic
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structural changes. Our study provides a systematic live cell biophysical assessment where
fluidity can be used as a marker to characterize various cell types at early gestational ages.

1.1.7 Conclusion
There is a substantial increase in membrane rigidity during cellular development where lipids
such as ceramide are involved in the process [22]. Thus membrane fluidity is strongly correlated
to the process of differentiation in stem cells. To address this question, we studied membrane
fluidity during the differentiation of mesenchymal stem cells into neurons-like cells. The purpose
of

this study is to unravel the mechanism by which MSCs can change their structure and

transform into neurons-like cells. In order, to induce differentiation we are the first to use Llactate and its metabolites. This will be addressed in the next chapter.

1.2

Results

1.2.1

GP measurements

Laurdan (fluorescent dye sensitive to fluidity changes) was used to label the cells. The
dye was excited using a multiphoton illumination at 800 nm. Detection of the two emission
wavelengths of Laurdan at 450 nm and 500 nm was determined by specific filters (420-500
nm) and (480 -550 nm). Laurdan can be used to determine if a membrane is in a gel or a
liquid-crystalline phase state [34]. It shows a 50 nm red shift of its emission spectrum upon
increase in membrane’s fluidity. GP has been used to measure this shift and therefore detect
changes in lipids’ membrane phase state [35]. In fact, Laurdan GP has been found useful for
numerous membrane studies [36,37]. GP bears the same functional form as conventional
fluorescence polarization:
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Eq 1

GP =Ib−Ig
Ib+Ig

where Ib and Ig are the fluorescence intensities of Laurdan at blues and green filter, respectively.

1.2.2

Imaging analysis
Membrane fluidity changes were determined using Generalized Polarization

spectroscopic property of Laurdan. Data analysis was performed using SimFCS software. The
images of the cell membranes were isolated from the images of other cellular components by
applying a digital mask as shown in (Fig. 1.4 B) and (S1B-S11B). The Laurdan GP value
reported represents the average of the Gaussian fit of the histogram of GP values v/s pixels
obtained from the Laurdan GP image. All values obtained correspond to the center of Gaussian
distribution.
SimFCS has the option to display raw data as intensity images. We used RGB look-up
table to show the images in a pseudo color format at which the color range is set to a certain a
value for a better contrast. Usually, pseudo colored pixels are merged with intensity images and
saturated pixels can be detected by assigning a specific scale for displaying the image. Pixels
with lowest intensity are colored blue and those with higher intensity are red. We set saturation
to 1 and GP value as a color coded image. We applied FRET ratio to exclude any saturated pixels
from the analysis including the pixels arising from the growth media. Taking these parameters
into consideration, the GP image displayed will be devoid of low signal to noise pixels and
contains GP as well as structural information. Hence the effect of media and background
florescence will be excluded.
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Figure 1.4 Laurdan GP analysis. A)-Fluoresence-intensity images of three hN2 cells at 12h
observed in the blue channel (460-480).GP scale to pseudo color the intensity image is shown at
the right column. C)-GP histogram from the corresponding image (membrane) in B).One
Gaussian component is observed referring to the cell membrane after digital mask application.
Average GP=0.062.The width at half maximum is approximately equal to 0.1.

1.2.3 Time course of GP in hN2 cells
Time course of GP measurements showed increase membrane rigidity among human
neuronal cells (hN2). GP analysis in hN2 cells showed significant increase at 72 h and 92 h
respectively compared to 12 h (Figure 1.5 a) ( hN2 12 h vs 72 h P=4.50846E-08) ;(hN2 72 h vs
92 h P= 2.18126E-14 ); (hN2 12 h vs 92 h P = 2.2237E-17).
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1.2.4 Time dependence of GP in HEK293 cells
HEK 293 cells showed increase in membrane rigidity at 92 h. In HEK 293 cells the GP
started to increase significantly only at 92 h compared to 72 h (Fig 1.5 b) (HEK293 12 h vs 92 h
P = 5.87941E-05); (HEK293 72 h vs 92 h P = 9.32247E-08). On the other hand, the period
between 12 h and 72 h showed a very significant decrease in GP values (HEK293 12 h vs 72 h
P = 0.000221). The increase in fluidity at the indicated time points might facilitate the adhesion
and fusion of HEK293 cells.

1.2.5 Time dependence GP in NIH3T3 cells
In NIH3T3 cells membrane rigidity increased very significantly to reach maximum
values at 72 h (Fig 1.5 c) (12 h vs 72 h P=9.5689E-07) and drops at 92 h compared to 12 h and
72 h respectively (72 h vs 92 h P= 1.48909E-09); (12 h vs 92 h P = 9.18699E-06).

1.2.6 Time dependence of GP in L6 cells
In L6 cells there was a significant decrease in GP values at 72 h compared to 12 h and a further
increase at 92 h compared to 72 h (Fig 1.5 d) (L6 12 h vs 72 h P=6.93186E-12); (L6 12 h vs 92
h P =1.69026E-08). The increase in membrane fluidity at 48 h and 72 h is correlated with ability
of L6 cells to adhere and fuse. It is well known that L6 cells grow in suspension and then start
to adhere and fuse 48 h post-seeding.
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Figure 1.5 GP distribution in a) hN2, b) HEK293, c) NIH3T3 and d) L6. a) Histograms of
GP distributions among hN2 cells at 12 h, 48 h, 72 h and 92 h respectively. At 72 h GP reached
minimum values (0.17) ± SEM and increased to 0.28 ± SEM after 92 h. 10 cells were analyzed
for each time point for statistical significance. b) Histograms of GP distributions among 10
HEK293 cells at 12 h, 48 h, 72 h and 92 h respectively. At 72 h GP values reached minimum
values of 0.2 ± SEM and increased to 0.327 ± SEM after 92 h. 10 cells were analyzed for each
time point for statistical significance. c) Histograms of GP distributions among 10 NIH3T3 cells
at 12 h, 48 h, 72 h and 92 h respectively. At 72 h GP reached maximum values of 0.45 ± SEM
and decreased to 0.25 ± SEM after 92 h. 10 cells were analyzed for each time point for statistical
significance. d) Histograms of GP distributions among L6 cells at 12 h, 48 h, 72 h and 92 h
respectively. At 72 h GP reached minimum values of 0.17 ± SEM and increased to 0.22 ± SEM
after 92 h. 10 cells were analyzed for each time point for statistical significance.
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1.2.7 Comparative analysis of GP values in hN2, HEK293,
NIH3T3 and L6 cells.

When comparing GP measurements of the four cell lines hN2 cell are the ones with the
lowest values indicating a significant higher membrane fluidity at 12 h and 72 h (Fig 1.6 a, 1.6
b). This means that cells need to to undergo more potent morphological changes (12h hN2 vs 12
h HEK293 P= 4.205E-11); (12 h hN2 vs 12 h NIH3T3 P= 2.09233E-11) (P=;12 h hN2 vs 12 h
L6 P= 2.34631E-12); (72 h hN2 vs 72 h HEK293 P= 2.364E-07); (72 h hN2 vs 72 h NIH3T3 P=
4.23906E-10), (72 h hN2 vs 72 h L6 P= 0.0019537). At 12 h HEK293, NIH3T3 and L6 cells
showed approximately close GP values (Fig 1.6 a).
On the other hand, NIH3T3 cells have the highest GP values at 72h compared to the other
cell lines (Fig 3b) (72 h NIH3T3 vs 72 h HEK293 P= 1.55102E-08); (72 h NIH3T3 vs 72 h L6
cells P= 2.4282E-08); (72 h NIH3T3 vs 72 h hN2 P= 4.23906E-10). This is expected as NIH3T3
have structural functions that necessitate a rigid membrane. At 92 h hN2, HEK293, NIH3T3 and
L6 cells started to have closer GP values (Fig 1.6 c) a period at which cells are more stable in
their structure.
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Figure 1.6 Summary of GP measurements.GP measurements in hN2, HEK293,
NIH3T3 and L6 cells at a) 12 h; b) 72h and c) 92h.
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In all monitored cell lines, the plasma membrane is not homogeneous. This can be seen
in the width of the Gaussian distribution that represents the GP values of all pixels in a single
cell membrane (Fig 1.4 C and (2C-11C) in supplementary information). Spatially distributed
domains of high and low GP values were observed. Therefore, in one cell GP is not uniform.
One possible explanation is the difference in membrane lipid composition. It is unlikely to have
these fluctuations due to intensity variations or heating power of the laser beam. We are using
very small excitation power that should not affect GP measurements significantly due to heating
effects of the scanning beam. This was described previously by Liu et al., 1994 [43].
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Supplementary Figures

Figure S1.hN2 cells
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Figure S2: hN2 cells
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Figure S3.NIH3T3 cells
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Figure S4. NIH3T3 cells
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Figure S5. NIH3T3 cells
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Figure S6. HEK293
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Figure S7. HEK293 cells
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Figure S8. HEK293 cells
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Figure S9. L6 cells
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Figure S10. L6 cells
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Figure S11.L6 cells
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1.2.8 Discussion
In this study we used 2-photon excitation microscopy to measure membrane fluidity in
four cell lines (hN2, NIH3T3, HEK293 and L6) at different time points after seeding. Among all
cell types investigated here, hN2 cells showed the highest membrane fluidity especially at earlier
time points. They form adherent rounded clusters within 3h and then form networks with
prominent neurites after 24 h until they make stable aggregates at 92 h. This drastic change in
their morphology from circular to neuron-like correlates with the increase in their GP values.
Our results emphasize the role of membrane fluidity in structural plasticity, and its importance
at the early times of development, probably due to the need of these cells for malleability during
development. Cell membranes are composed of glycerophospholipids made up of several head
groups linked via glycerol to two acyl chains which usually contain one unsaturated tail. Most
eukaryotic cells have two more lipid classes: sterols (of which, cholesterol is a particular form)
and sphingolipids [44]. Prokaryotes however are deprived of sterol which is known to play a key
role in lipid packing and thus tune membrane rigidity and fluidity [45, 46]. Both prokaryotes and
eukaryotes share biophysical properties such as membrane fluidity. Despite this similarity, the
plasma membrane of E-coli bacteria has a lower GP compared to human RBC membrane
probably due to the lack of cholesterol in the former. Furthermore, isolates of bacterial membrane
lipids have negative GP values, indicating the involvement of proteins in rigidifying the cell
membrane whereas lipids are the major contributors in decreasing membrane rigidity among
eukaryotes [47]. Sterols are present at high levels in plasma membrane and at low levels in
internal membranes such as endoplasmic reticulum (ER) and in the Golgi [48]. Using phasor
analysis Bonaventura et al. (2013) have shown the existence of regions of different membrane’s
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fluidity in E6 and E12 neuronal precursor cells. This is probably due to the difference in their
lipid composition which fluctuates laterally provoking the average membrane fluidity to be
similar at the two indicated time points [49]. Researchers showed that cholesterol modifies
phospholipid bilayer phase domain properties, its water concentration and dynamics [50, 51]. Its
implication in the pathogenesis of neurodegenerative diseases was also assessed. For instance,
young neurons (7 days old) have lower membrane cholesterol levels than those detected in 21days old neurons followed by amyloid beta (Aβ) treatment in an in-vitro Alzheimer’s disease
model [52]. Also mature hippocampal neurons showed higher membrane cholesterol levels
compared to juvenile ones as shown by filipin fluorescence measurement [53].
Although our data on membrane fluidity focused on neurons that are just few days old,
this could be an indication that neurons acquire rigid membranes upon maturity. Our results on
hN2 cells might shed light on the effect of membrane fluidity on cellular adhesion and
differentiation. This high rigidity facilitates the anchoring of cytoskeletal proteins to the
membrane in a regulated manner. Membrane stiffness was also shown to be effective in other
cell types and during several pathological conditions. For instance, in type-2 diabetes
concomitant increase of erythrocyte membrane stiffness may decrease the microcirculatory flow
and lead to tissue hypoxia and insufficient tissue nutrition. It has been speculated that lipid
molecules may influence glucose transport by the insulin-independent GLUTs.54]. Also
membrane’s fluidity changes in certain types of cancer allowing the cells to adapt to their new
demands such as an increase in leakage. It has been found that membrane fluidity can be used as
a prognostic tool in lung cancer [55] as it helps in lung colonization potential, metastasis and
tumor cell motility [56,57]. In L6 (myoblasts), cells membrane fluidity increases with time but
their membrane is more rigid at 12 h compared to later time points (48 h and 92 h). These cells
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grow partially in suspension until they form an adherent layer within 48 h. The higher membrane
rigidity at 12 h can be attributed to their growth pattern as they are still in a transition state
between a semi-adherent and an adherent form. L6 cells fuse in culture to form multinucleated
myotubes and striated fibers 48h after seeding. It is known that the extent of cell fusion decreases
with time (after 72 h) and with passage number. Furthermore, various novel cytoskeletal proteins
are involved in myoblast fusion such as actin and non-muscle myosin IIA (NM-MHC-IIA) [59].
During the fusion of myoblasts it was found that few lipids such as inositol are broken down
while others, such as diacylglycerol and phosphatidic acid, are synthesized [60,61]. The study of
membrane’s fluidity in L6 cells helps better understand their membrane fusion mechanism. At
early time points (12 h) when cells have not yet fused, their cell membrane is still rigid and
probably preventing cytoskeletal proteins from interdigitating through it or into the lipid rafts in
particular. As their ability to adhere and fuse increases with time (48 h onwards) their membrane
fluidity also increases drastically to reach maximal values at 72 h. However, at 92 h membranes
become even more rigid, a time when their cell fusion tendency also decreases as shown from
previous studies [62] that support our findings and indicate a strong correlation between their
time dependent morphological changes and their membrane’s fluidity. In conclusion, the
differentiation of skeletal muscle cells requires myoblast fusion in a tightly programmed manner.
Although lipids and proteins modification is speculated in the process, their function and
contribution remains unclear. Our results emphasize that fluidity and cellular fusion are required
during cell development. Our preliminary results beg to understand the mechanism of recovery
during muscular injury where satellite cells fuse in the same manner as the embryonic
development of muscle and the effect of membrane’s rigidity in this recovery mechanism such
as the effect of a rigidifying molecule like cholesterol. NIH3T3 cells (fibroblasts) are the most
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common type of cells in the animal connective tissue that synthesize the extracellular matrix and
glycogen which forms the structural framework (stroma) for animal tissues. Compared to other
cell types studied here, they have the highest membrane rigidity at 72h. Their GP values increase
with time indicating a probable correlation between cellular plasticity and membrane fluidity. In
HEK293 cells, membrane fluidity increased with time to reach maximal values at 72 h. After 92
h the cell membrane becomes more rigid probably indicating a stabilization process because the
cells are already fused and developed. Furthermore, these cells take few hours before adhering
to the flask and it takes them around 24 h before changing from round to polygonal shapes. We
noted however that at 12 h the cells are still not strongly attached to the flask which might be a
reason of their high membrane rigidity.
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1.2.9 Conclusion
The variations in GP values among different cell lines studied above can be an indication
of the difference in their lipid composition. It is known that the lipid composition of different
subcellular fractions varies within and among different organs. For instance, the brain has the
highest percentage of phosphatidyl serine and lowest percentage of diphosphatadyl glycerol. Its
major lipid content comes from the plasma membrane. Our GP and stiffness measurements on
neurons, unlike other cells studied here, showed that they exhibited a substantial change in their
membrane stiffness. We can hypothesize that neurons and glia needs to form surface extensions
and long neurites and thus might require a larger amount of lipids bulk to be available at their
surface conveyed from the mitochondria [63]. Also, during brain development there are marked
changes in glycoconjugates expression ranging from complex proteoglycans to gangliosides
[64,65]. In old humans (>70 years) and in some diseases the total amount of brain ganglioside
decreases significantly [66]. For example, brain insulin resistance induced by aging and
peripheral insulin resistance is accompanied by enhanced assembly of Aβ fibrils on neuronal
surface due to increased clustering of GM1 in their membrane lipid rafts which might affect the
stiffness of their cell membrane [52]. We showed that membrane’s fluidity depends on the cell
type and age and correlates with the aforementioned studies. It sheds a light on the importance
of membrane fluidity during cellular development. GP measurements obtained via a 2-photon
confocal microscopy gives a clear picture on the trend of fluidity changes. Lipid membranes
have been extensively studied because they are model of all biological materials and are
theoretical models for random surfaces [67-70], but there is still a need for a thorough analysis
in live cells or tissues apart from invasive techniques which rely on membrane isolation which
may lead to artifacts. We are the first to use a systematic analysis of the GP values to study the
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mechanical state of the cell membranes of four cell lines. Although our results give an average
measurements of the state of the membranes, their lipid heterogeneity should be addressed.
Modulation of the cholesterol in lipid rafts and consequently their fluidity opens the opportunity
for the cure of certain diseases. A better understanding of how lipid rafts regulate cell destination,
and how membrane domains can be adjusted during cellular development, would lead to an
improvement in inventing novel strategies for disease treatment. Extending the current study to
cover various brain regions at different gestational ages is one of our future aims. Determining
the causative relationship between fatty acid composition of cell membranes and certain disease
stage such as cancer or neurodegeneration will contribute to the basic understanding of
pathophysiological mechanisms of these diseases.
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Chapter 2: EFFECT OF L-LACTATE ON MESENCHYMAL STEM
CELL MORPHOLGY AND MEMBRANE FLUIDITY
Abstract
Lactate is one of the glucose and glycogen metabolites that can be used as an
alternative energy substrate in the brain. It plays a key role in the process of learning and
memory. At the molecular level, it induces the expression of genes such as Arc, C-FOS,
cofillin and BDNF which are involved in synaptic modification and support neuronal
plasticity. The exact mechanism by which these structural changes occur is still unknown.
Interestingly, it has been shown that BDNF (one of the late induced plasticity genes)
stimulates the de novo synthesis of cholesterol in hippocampal neurons and supports
synaptogenesis which mimics differentiation. The Increase of cholesterol in cell
membranes is associated with an increase in their rigidity and might have a role in cellular
development.
Changes in membrane fluidity can be one of the possible mechanisms which induce
morphological changes and differentiation. On the other hand, Lactate acts as a signaling
molecule during stem cell homing and differentiation. It can also be a potential candidate
for inducing stem cell differentiation to neurons. In this study, we aim to determine the
exact biophysical mechanism by which L-Lactate induces structural changes in stem cells.
We also aim to unravel the molecular mechanism involved in this process. Mesenchymal
stem cells are used as a cellular model. We used the generalized polarization (GP) property
of fluorescent probe Laurdan using two-photon confocal microscopy to determine
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membrane fluidity changes in L-Lactate-, D-Lactate- and pyruvate-treated MSCs
compared to untreated cells. Interestingly, L-Lactate induces an increase in membrane
rigidity in MSCs. This was accompanied with a prominent change in cell morphology. DLactate and pyruvate did not have any effect on GP measurements or cell shape. We also
measured the expression of plasticity genes Arc, C-FOS, ziff268 and BDNF at different
time points using quantitative real time PCR. Interestingly, there was an increase in the
expression of C-FOS and BDNF 3 hours post L-Lactate treatment compared to non-treated
cells. ARC, Ziff268 and BDNF showed significant increase in their mRNA expression
levels 6 hours post L-Lactate application while the expression of C-FOS decreased
significantly. In order to assess differentiation of MSCs to neurons, we labeled MSCs with
antibodies against the neuronal markers neurofilament (NF), microtubule-associated
protein2 (MAP2) and neuron specific class III beta tubulin (TUJ III). We only observed an
increase in the expression of NF in L-Lactate treated MSCs compared to non-treated cells.
Immunohistochemistry revealed marked expression of the ionotropic receptors Glutamate
receptor 1(GluR1) and NMDA receptor 2B (NR2B) in MSCs supplemented with Lactate.
These receptors were not expressed in untreated cells. NMDA receptor1 (NR1) and NMDA
receptor 2A (NR2A) were expressed in both cases.
This study sheds light on the involvement of L-Lactate in inducing differentiation of
mesenchymal stem cells to neurons by inducing a change in membrane fluidity. We are the
first to show a link between Lactate and stem cell differentiation in the context of
biophysical properties of cell membrane. In this regard, L-Lactate seems to act as a
signaling molecule rather than an energy metabolite.
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2.1 Introduction
2.1.1 The Discovery of Mesenchymal Stem Cells (MSC)
Thirty years ago, the German pathologist Clonheim suggested the presence of nonhaematopoietic stem cells in the bone marrow which was speculated to be the source of
collagen secreting fibroblasts involved in the normal wound repair

[71]. Later on,

Friedenstein and his colleagues were able to isolate spindle-shaped cells that became more
fibroblastic in morphology after passaging them for several times [72]. These cells were
able to differentiate into bone and cartilage. Other researchers confirmed Freindenstein
findings and noted the capacity of these cells to differentiate into osteoblasts, chondrocytes,
adipocytes and even myoblasts [73-75]. They can also give rise to other cell types such as
tenocytes, endothelial cells and importantly neurons based on different culture conditions
[76]. Interestingly, MSCs differentiated into neurons were shown to express typical mature
neuronal markers. These neuron-like cells were deprived of voltage-gated ion channels
required for action potential generation and thus cannot be classified as real neurons [77].
In addition to bone marrow, mesenchymal stem cells are present in the stroma of
various tissues such as umbilical cord, fallopian tube, adipose tissue, adult muscle, dental
pulp as well as human fetal blood, spleen, liver and bone [78-80]. On the other hand, their
morphology, differentiation potential as well as gene expression [81-82] depends on their
origin and culture media conditions.
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Figure 2.1 Schematic representation of mesenchymal stem cells. Mesenchymal stem cells
are multipotent cells that can give rise to various cell types. (Antonio Uccelli et al; 2008;
Nature Reviews Immunology 8,726-736).
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2.1.2 Factors influencing differentiation potential of stem cells
a- Effect of pH
Cellular activities are tightly regulated and maintained by a balanced pH. The
structural conformation and activities of membrane proteins as well as the electrostatic
forces between lipid molecules are highly affected by the pH that can be sensed by few
proteins [83,84]. It was shown that pH play a key role in altering different cascade of events
during signaling which can in turn change cell function and fate. Cardiac cells for example,
change their contractile properties in response to pH variations. Also in culture a pH range
of 7.4–7.8 was shown to prevent protein degradation in cardiomyocytes [85,86].
Interestingly, it was shown that Cl-channel and voltage gated K channels activities are
altered in response to extracellular pH changes. In such a case changes in cell volume and
thus morphology can be one of the outcomes of pH change. In vivo and in vitro studies
have shown that differentiation of stem cells is also pH dependent [87,88]. Also MSCs
showed marked growth inhibition and cellular toxicity at relatively low pH values or
around 6 or 7 [89]. Therefore, during in vitro differentiation of stem cells pH factor must
be taken into consideration to avoid possible artifacts.
L-Lactate has a pK of 3.68 and yields a lactate ion: lactic acid ratio of 3000:1 at
physiological pH [90]. Accordingly, and to rule out the effect of pH or osmolality on MSC
differentiation arising from L-Lactate dissociation, we used D-lactate (L-Lactate
enantiomer) which is metabolized at a rate of one-fifth of L-Lactate metabolism.
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b- Effect of Osmolality
As we mentioned in the previous section, stem cell physiology and fate is highly
affected by pH conditions. On the other hand, pH can also affect cellular osmolality. Teo
et al. (2014) recorded different osmolality levels (289 and 327 mOsm/kg) at different pH
values that fall within the physiological range (pH 6.8,7.1,7.4) [91] to study its effect on
the differentiation of stem cells into cardiac cells. At these osmolality values (289 and
327.7 mOsm/kg), differentiation of embryonic stem cells ESCs into cardiomyocytes was
not affected yet a decrease in pH to 6.8 affected their cell fate and differentiation [91]. In
general, it is recommended to maintain osmolality variations in the range of 10 mosm/kg
difference in cell culture [92]
Various studies pointed at the effect of osmolality changes on cell fate, yet these
included huge osmolality differences 100 mosm/kg in different conditions [93,94,95]. In
either case, changes in osmolality must not be ignored in cell cultures while using specific
methodologies for differentiation.

2.1.3 Role of MSCs in tissue repair
MSCs became a promising source for tissue repair and gene therapy due to their
immunological characteristics, and multipotency. Two proposed mechanisms are
suggested regarding the contribution of MSC in wound healing: a paracrine, which is a
form of cell-cell communication and involves the release of signaling molecules that
affects the behavior and differentiation of the neighboring cells, and the transformation of
MSCs into tissue specific cells [96]. Evidence supporting the paracrine mode comes from
studies that utilized MSC-conditioned media to alleviate myocardial infarction and
decrease apoptosis [97, 98].
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MSCs are successfully engrafted in various tissue types particularly after injury.
For example, they have been used to treat myocardial infarction [100,101]. Their
implication was also prominent in healthy adult myocardium in which neo-angiogenesis
was observed near the injection site 1-week post transplantation [102]. The injected MSCs
were capable to differentiate into various cell types including cardiomyocytes, endothelial
cells, pericytes and muscle cells.
MSCs were also shown to direct regeneration injured spinal cords by forming
aggregates at the epicenter of the lesion [103]. The above findings indicate their
contribution to the healing process by differentiation into specific tissue types or via the
secretion of growth factors or through forming physical strands that aid in recovery.
MSCs differentiation potential is also recorded at early developmental stages.
Human mesenchymal stem cells engrafted in neonatal sheep before and after the
development of the immune system were able to give rise to site specific cell types without
eliciting any immune response [104]. Note as well that MSCs mimic the behavior of neural
progenitor cells in vivo as they were shown to migrate throughout the forebrain and
cerebellum twelve days after their injection in the lateral ventricles in 3 days old mice
[105]. Furthermore, MSCs are able to differentiate to Astrocytes and neurons as shown by
the expression of neurofilaments [106]. The exact underlying mechanism is still under
investigation.
Accumulating evidence suggested that MSCs can be homed to the injured tissues
following intravenous injection. In myocardial infraction of an animal model, systematic
infusion of MSCs resulted in their exclusive infiltration to the site of injury with no show
in the intact ventricle, indicating the presence of specific receptors in the ischemic area that
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facilitates the infiltration or homing of MSCs [107]. They were shown to play key role in
the healing of heart allograft rejection by transforming to fibroblasts and myocytes [108].
In cerebral ischemia, intravenous injection of MSCs resulted in their migration to the
injured tissue [109,110]. In a model of pulmonary fibrosis, MSCs became epithelial like,
decreased collagen secretion and reduced inflammation following their IV injection [111].
From the above findings, it is clear that MSCs can migrate to tissues especially
during injury or inflammation. The exact mechanism by which these cells reach their target
is not completely understood. It is speculated that the presence of certain signaling
molecules as well as the expression of specific ligands or receptors in the affected tissue
facilitate the process of recruitment of MSCs to the site of injury in a way similar to the
recruitment of leukocytes to inflamed sites [112].

2.1.4

Lactate and homing
In the past, Lactate was considered a redundant metabolic by-product that results

from tissue hypoxia. Later on Lactate became a key molecule in learning and memory. This
will be explained in more details in the coming section. Nowadays and because of the
multiple hormonal-like functions of Lactate some researchers introduce the concept of
‘lacterome.” [113]
It has been reported that surgical wounds contain high levels of lactate (5-15mM)
compared to blood and normal tissue (1-3mM). These levels remained sustained even in
the presence of sufficient oxygen in the tissue [114]. It was found that Lactate stimulates
collagen synthesis [115,116], new vessel growth [117,118] and the release of growth
factors and cytokines in vivo and in vitro [119]. Furthermore, Lactate plays a key role in
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stimulating stem cell homing [120]. A study on stem progenitor cells (SPCs) has shown
that Lactate stimulates their differentiation and recruitment to subcutaneous matrigel in
vivo. The authors used silencing RNA and blocking agents to show that thioredoxin system
and hypoxia inducible factor α (HIF-α) act as intermediate components. Lactate stimulation
involves an autocrine activation loop [121].
Treatment of MSCs with Lactate increases the expression of genes involved in
angiogenesis (HIF-1 α) and inhibits those involved in apoptosis (BAX) as well as antiinflammatory genes suggesting that MSCs can also exert their function mediated by lactate
via a paracrine mechanism especially that sustained expression of HIF-1α and HSP70
administration were able to stimulate healing in vivo [122,123]. Moreover, Lactate has an
impact on the expression of several genes such as tumor growth factor Beta (TGFB) and
growth associated protein (GAP43) which are involved in cell differentiation of MSCs and
synapse function respectively [124]
The above information, suggests that L-Lactate has a major role in in cellular (neuronal)
plasticity and stem cell differentiation into neurons. Accordingly, we attempt to test
whether L-Lactate and its metabolites can induce differentiation of MSC to neurons and to
unravel the possible mechanism by which this molecule can induce morphological changes
at the cellular level.
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2.2

Brain Energy metabolism

2.2.1

Glucose metabolism

The human brain utilizes 25% of the total body glucose at rest and 20% of oxygen
which remains constant at different brain activities [125]. Glucose is oxidized to CO2 and
water via glycolysis and tricarboxylic acid cycle (TCA). Most of the energy produced in
the form of ATP from glucose metabolism is used by the Na+ K+ ATPase pump in order to
maintain a NA+ and K+ gradient across the membrane [126].
Furthermore, twelve glucose transporters have been identified including GLUT1 to
GLUT12 [127]. In the brain seven transporters are expressed differentially among different
cell types [128]. (Figure 2.2).

54

Figure 2.2 Location of the different glucose transporter isoforms in the brain.Glut1 is abundant in its
55-kDa isoform in the endothelial cells, whereas the 45-kDa isoform is expressed in astrocytes.Glut3
is the neuronal glucose transporter. Only traces of other Glut isoforms are found in the brain; of these
Glut4 has been detected in distinct neuronal populations and Glut5 in microglia (Roman Duelli,
Wolfgang Kuschinsky, APS Journal 2001).
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2.2.2

Glycolysis

Glucose is converted to pyruvate in ten steps leading to the net formation of two
NADH2 molecules and 2 ATP for each glucose molecule. Three key enzymes regulate the
process. These are hexokinase, phosphofructokinase and pyruvate kinase (Figure 5).
As a result of Glycolysis only a small amount of energy is produced in the form of ATP.
Pyruvate will be further metabolized in the mitochondria via the TCA cycle.
Alternatively, pyruvate can be converted to Lactate to generate NAD+ which results in the
change of the redox state of the cell. [129].
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Figure 2.3
Glycolysis. One molecule of glucose will be converted to two molecules
of pyruvate resulting in the formation of two ATP molecules. The three key enzymes are
hexokinase, phosphofrukto-kinase, and pyruvate kinase. (Molecular Cell Biology, Sixth
edition 2008.W.H.Freeman and Company).
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2.2.3 Tricarboxylic acid cycle.

Pyruvate is transported by the enzyme translocase to the mitochondria. It will then be
oxidized via pyruvate dehydrogenase complex to generate CO2, acetyl CoA [130]. Acetyl
CoA will be further oxidized to produce 3 NADH, 1 FADH2 and 1 GTP per cycle. NADH
and FADH2 will be further metabolized by the mitochondrial respiratory chain enzymes in
a process called oxidative phosphorylation (Figure 2.5)

Figure 2.4
Tricarboxylic acid cycle (TCA). Production of one NADH, one FADH2
and one GTP is net result per cycle.
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2.2.4

Electron transport chain
Oxidative phosphorylation provides 80% of the energy needed by cells. In this

regard the brain requires the highest need for respiratory ATP. During oxidative
phosphorylation electrons that are produced from NADH and succinate by the TCA cycle
will pass through the electron transport system to oxygen as a final acceptor to produce
water. This generates a proton gradient cross the inner mitochondrial membrane, among
complexes I, III, IV. The inner mitochondrial membrane is connected to outer membrane
via aquaporins through which protons can leak to the cytoplasm. Interestingly, in complex
I ubiquinone will be reduced to ubiquinol via the removal of 2 electrons from NADH. This
generates a proton gradient across the mitochondrial inner membrane due to the
translocation of 4 protons via complex I. Some electrons can leak to oxygen leading to
generation of superoxide.In Complex II (succinate dehydrogenase) succinate is oxidized to
fumarate and FADH2 will transport 2 electrons to ubiquinone. Two electrons from the
reduced ubiquinone in complex III will be removed to 2 molecules of cytochrome C in the
intermembranespace[131].
In complex IV (cytochrome C oxidase) four electrons will be removed from cytochrome C
to molecular oxygen to generate water. Meanwhile four protons will be transported across
the membrane to generate a proton gradient. Glucose metabolism via glycolysis, TCA cycle
and oxidative phosphorylation results in the production of 30 ATP molecules.
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Figure 2.5

Mitochondrial respiratory chain. The electron transport chain is formed of

complexes I to IV, ubiquinone (Q) and cytochrome c (Cyt c).In complex I and II FADH2
and NADH produced from TCA are oxidized. During this process electrons are transported
and energy is used to pump H+ from intermembrane space to the mitochondrial matrix.
ATP synthase will use this proton gradient to generate ATP. (Molecular Cell Biology, Sixth
Edition 2008.W.H.Freeman and Company).
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2.2.5 Lactate as an alternative substrate for brain metabolism
In the brain, glucose was considered as the only source of energy [132]. Support
comes from the study of the respiratory quotient of the whole brain determined by
measurement of oxygen consumption and carbon dioxide production. As the ratio obtained
corresponds to the full oxidation of glucose. Later on, specific glucose transporters were
discovered supporting this idea [133]. On the other hand, accumulating evidence showed
that brain cells can oxidize a variety of molecules other than glucose such as pyruvate
[134], glutamate [135] and importantly Lactate [136]. The fact that these molecules are
used in vitro doesn’t confirm its usage in vivo. Furthermore, several studies pointed at the
use of Lactate as an alternative energy substrate. For example, in brain slices lactate was
shown to aid in synaptic transmission in the absence of glucose [137]. Lactate also is
involved in axonal excitability among rat and mice and was shown to be a more preferable
energy substrate in sympathetic ganglia of chick [138].
In addition, Lactate oxidation is faster than glucose in the vagus nerve [139]. There
is further evidence on the use of Lactate as an alternative energy substrate which came
from in vivo studies that showed the incorporation of C13 in amino acids following the
administration of carbon labelled Lactate among rats [140]. NMR spectroscopy confirmed
the metabolism of Lactate in the brain [141]
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2.2.6 Astrocyte-neuronal Lactate shuttle
Lactate is produced by brain cells during neuronal activity. The function of Lactate
was the focus of interest to many researchers. In 1994 Pellerin and Magistretti [142]
introduced a mechanism that stands for the coupling between glucose metabolism and
synaptic activity. Later, the mechanism was named Astrocyte Neuronal Lactate Shuttle
(ANLSH). During this process the released glutamate in the synaptic cleft will be taken by
astrocytes via glutamate aspartate transporter GLAST1. The entry of glutamate leads to the
co-transport of three sodium ions [143]. The result will be an increase in the intracellular
sodium concentration as revealed by cellular imaging. Na+ K+ ATPase will retain the
sodium balance by using ATP generated by glycolysis. This will result in activation of
glycolysis and increased glucose consumption as well as Lactate production. Meanwhile,
glutamate will be converted to glutamine. The released Lactate will then be taken by
neurons as an energy source.

2.2.7 Role of L-lactate in learning and memory
Lactate is one of the glucose and glycogen metabolites which was considered for a
long decade as a metabolic toxic waste that should be cleared from the brain parenchyma
cells. In neurons evidence of lactate as an alternative and more preferable oxidative
substrate over glucose grew in the past 50 years [144,145]. Specific cell transporters termed
monocarboxylate transporters (MCTs) were shown to be key regulators of lactate influx
and efflux. These are proton dependent MCT1, MCT2 and MCT4 that are extensively
studied while a fourth one, sodium-dependent monocarboxylate transporter sMCT1 is less
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studied [146]. Lactate was found to be essential for several physiological processes such
as respiration control [147], recovery from hypoxia [148], neuro-protection [149,150,151]
etc.
Furthermore, several researches pointed at glycogenolysis and lactate production
to be involved in higher brain functions such as learning and memory. It has been found
that inhibition of glycogenolysis by using DAB (a potent inhibitor of glycogen
phosphorylase) or down regulation of genes involved in the process impairs long term
memory in chick astrocytes [152]. In 2011 Suzuki et al., showed that DAB injection in rat
hippocampus impaired LTP in an inhibitory avoidance test. Addition of lactate leads to
recovery in normal conditions but not when MCT2 was disrupted with antisense
oligodeoxynucleotides. Addition of glucose at equi-molar concentrations partially mimics
the activity of L-lactate indicating that lactate effect is not mediated by its nature as an
energy substrate [153].

2.2.8 Conclusion
L- lactate plays an important role in synaptic modification and plasticity by
inducing the expression of immediate early genes such as enhancer binding protein
(C/EBP), early growth response 1 Zif268 or Egr1, proto-oncogene (C-Fos) and activityregulated cytoskeletal-associated protein (Arc or Arg3.1), and late genes such BDNF
among others [154]. But we still don’t know how lactate exert this function. It is however
speculated that cytoskeletal proteins can induce such synaptic modifications or structural
changes by their interaction with the lipid rafts in an exclusive manner. A study has shown
that lipid rafts disruption abolishes their interaction with cytoskeletal proteins and leads to

63

neurite retraction [155]. Furthermore, the anchorage of actin filaments with lipid rafts
regulate lipid and protein lateral diffusion across the membrane [156]. These findings
suggest the involvement of membrane fluidity in the context of synaptic modification. We
showed that treatment of MSC with L-lactate selectively increased membrane rigidity.
Furthermore, this increase in membrane rigidity was accompanied with drastic
morphological changes such as neurite growth. On the other hand, D-lactate (enantiomer
of L-Lactate) and pyruvate did not show any significant effect suggesting that L-lactate
doesn’t affect the cell membrane via its metabolites or via changes in pH or osmolality.
Using immunohistochemistry, neuronal differentiation was assessed by monitoring
expression of neuronal markers such as NF, TUJ III and MAP2. There was an increase in
the expression of neurofilament in the majority of L-Lactate treated MSCs compared to
non-treated cells. We also monitored the expression of several NMDA receptor subunits
(NR1, NR2A, NR2B) and glutamate receptor 1 (GluR1). NR2B and GluR1 were only
expressed in L-Lactate treated MSCs and absent in non-treated MSCs. NR1 and NR2A
was expressed in both cases. We also detected an increase in the expression of plasticity
genes (Zif268, C-FOS, Arc and BDNF). This indicates their involvement during
differentiation of MSCs at the molecular level. Our above results show the effect of LLactate on plasticity genes as well its action on membrane fluidity changes (probably via
BDNF). Our findings suggest a strong correlation between membrane fluidity and Llactate-induced differentiation of MSCs to neurons.
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2.3

Results

2.3.1 Image analysis
Mesenchymal stem cells (MSCs) were treated with 20mM of Sodium L-Lactate,
D-Lactate and pyruvate in order to detect their effect on membrane fluidity. Laurdan
(fluorescent dye sensitive to fluidity changes) was used to label the cells membranes. The
dye was excited using a multiphoton illumination at 800 nm. Detection of the two emission
wavelengths of Laurdan at 450 nm and 500 nm was determined by specific filters (420500 nm) and (480 -550 nm). SimFCS software, developed by Enrico Gratton, was used to
calculate the Generalized polarization measurements of the cell membrane in L-lactate
treated MSCs and their controls (non-treated). Raw images are displayed by the software
as intensity images to show structural information (Figure 2.6A, 2.7A, 2.8A, 2.9A). We
observed significant increase in membrane rigidity among L-Lactate treated MSCs
compared to non-treated cells (Figure 2.6C and Figure 2.7C).
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Figure 2.6 Laurdan GP analysis. A)-Fluoresence-intensity images of three hN2 cells at 12h
observed in the blue channel (460-480).GP scale to pseudo color the intensity image is
shown at the right column. C)-GP histogram from the corresponding image (membrane) in
B).One Gaussian component is observed referring to the cell membrane after digital mask
application. Average GP=0.515.The width at half maximum is approximately equal to
0.375.
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2.3.2 Effect of L-lactate on membrane fluidity of mesenchymal stem cells
Treatment of mesenchymal stem cells with 20 mM of L-lactate leads to an increase
in membrane rigidity relative to untreated cells. At 4 hours, the GP values of L-Lactatetreated MSCs reached 0.65±0.03 whereas untreated MSCs had GP values of 0.51±0.0026)
at similar time points (Figure 5) (L-lactate treated MSCs versus untreated MSCs P=
1.0978E-06). Unlike L-lactate, D-Lactate and pyruvate do not have any effect on
membrane rigidity.
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Figure 2.7 Laurdan GP analysis. A)-Fluorescence-intensity images of three hN2 cells at
12h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C)-GP histogram from the corresponding image (membrane)
in B).One Gaussian component is observed referring to the cell membrane after digital
mask application. Average GP=0.65.The width at half maximum is approximately equal to
0.2.
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2.3.3 Effect of D-Lactate on membrane fluidity of mesenchymal stem
cells.
We treated mesenchymal stem cells with 20 mM of Sodium D-Lactate which is
an enantiomer of L-Lactate. The aim is to determine the specificity of L-Lactate and
emphasize that its action is not mediated by inducing minor pH or osmolality changes. We
mentioned previously that pH variation can affect protein conformation, as well as the
signaling and behavior of stem cells in terms of their differentiation. D-Lactate didn’t show
any significant increase in its GP values from 0.511 ± 0.015 to the control one at 0.515 ±
0.00265 (P= 0.571) (Figure 5 ).
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Figure 2.8 Laurdan GP analysis. A)-Fluorescence-intensity images of three hN2 cells at
12h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C)-GP histogram from the corresponding image (membrane)
in B).One Gaussian component is observed referring to the cell membrane after digital
mask application. Average GP=0.547.The width at half maximum is approximately equal
to 0.1.
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2.3.4 Effect of pyruvate on membrane fluidity of MSCs
We treated mesenchymal stem cells with 20 mM of Sodium L-Pyruvate. This is
to detect if the effect of L-Lactate is specific or mediated by D-Lactate or pyruvate under
similar culture conditions. Pyruvate can be generated from the metabolism of glucose
during glycolysis or from L-Lactate through its conversion via Lactate dehydrogenase.
Pyruvate is a key intersection between different metabolic pathways and can be converted
to different molecules such as fatty acids or amino acids. We noticed that Sodium Lpyruvate didn’t show any significant increase in membrane rigidity. GP in Pyruvate vs
control is 0.529 vs 0.515 respectively; P= 0.51) Figure 2.10. Therefore, L-Lactate effect
on membrane rigidity is specific and not mediated by its conversion to pyruvate. D-Lactate
which is an enantiomer of L-Lactate did not mimic its effect.
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Figure 2.9 Laurdan GP analysis. A)-Fluorescence-intensity images of three hN2 cells at
12h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C)-GP histogram from the corresponding image
(membrane) in B).One Gaussian component is observed referring to the cell membrane
after digital mask application. Average GP=0.51.The width at half maximum is
approximately equal to 0.375.
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Figure 2.10. GP distribution in mesenchymal stem cells. Histograms of GP distribution
among control, D-Lactate, Pyruvate and L-Lactate treated MSCs. L-Lactate treated MSCs
showed higher GP values (0.65±0.03) compared to control (non-treated) (0.515±0.00265),
D-Lactate (0.511±0.015) and pyruvate (0.529±0.0135) treated cells.
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Figure 2.11. Fluorescence-intensity images of control, D-Lactate, Pyruvate and L- Lactate
treated mesenchymal stem cells.
In all monitored cell lines, the plasma membrane is not homogeneous. This is
visible from the width of the Gaussian distribution that represents the GP values of all
pixels in a single cell membrane (Figure 2.6C, 2.7C, 2.8C and 2.9C). Spatially distributed
domains of high and low GP values were observed. Therefore, in one cell the GP is not
uniform. One possible explanation is the variations in membrane lipid composition. It is
unlikely to have these fluctuations due to intensity variations or heating power of the laser
beam. We are using very small excitation power that should not affect GP measurements
significantly due to heating effects of the scanning beam.
Statistical Analysis. Unpaired T-test assuming unequal variance was performed
for statistical analysis, which includes GP values from 15 different cells from three separate
experiments for each time point. P value <0.0001 is considered extremely significant. Error
bars represent standard error of the mean (SEM).
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2.3.5 Effect of L-Lactate on the morphology of MSCs.
Mesenchymal stem cells treated with 20 mM of L-lactate were monitored 4 hours
post induction. We observed marked retraction of the cell body in response to L-Lactate
compared to a flat shape among non-treated cells or those supplemented with similar
concentrations of D-Lactate or L-Pyruvate (Figure 2.12, 2.13). There was a significant
decrease (60.3%) in the surface area among L-lactate treated MSCs compared to nontreated ones (317 µm²±11.09 vs. 802 µm²±34.5 P=4.538E-08) (Figure 2.15). Cells treated
with L-Lactate attained a neuronal morphological phenotype within 4 hours. This
phenotype is represented by the retraction of the cytoplasm towards the nucleus with the
formation of peripheral extensions resembling a multipolar cell body. On the other hand,
treatment with D-Lactate or pyruvate did not induce any structural changes indicating that
only L-Lactate has a direct effect.

Non-treated

D-Lactate

Pyruvate

L-Lactate

Figure 2.12. Bright field images of non-treated, D-Lactate, pyruvate and L-Lactate treated
mesenchymal stem cells observed by 20x objective lens. Images were acquired by a Nikon
Eclipse TS100 microscope.
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Non-treated MSC (20x)

10x

L-Lactate treated MSC (20x)

20x

40x

Figure 2.13. Bright field images of L-Lactate treated mesenchymal stem
cellsobserved by 10x, 20x and 40x objective lens. Images were acquired using a
Nikon Eclipse TS100 microscope.
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Figure 2.14. Bright field images of L-Lactate treated mesenchymal stem cells observed
by 10x, 20x and 40x objective lens respectively. Images were acquired using a Nikon
Eclipse TS100 microscope.
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Figure 2.15: Effect of L-Lactate on cell surface area. L-Lactate induced a 65%
decrease in the surface area of L-Lactate treated MSCs compared to non-treated
ones. Data represents mean ± SEM, n=10 P=4.538E-08).
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2.3.6 Expression of neuronal markers studied by immunohistochemistry
Immunohistochemistry analysis showed that some differentiated MSCs expressed
higher levels of neurofilament (NF) compared to untreated cells while others showed
similar expression. (Figure 2.16A, 2.16B). NF is distributed in the cell soma as well as
neurites of differentiated cells. On the other hand, we did not observe any significant
difference in the expression of other neuronal markers such as class III beta tubulin
(TUJIII) and Nestin between L-Lactate treated MSCs and not-treated cells. Foudah D. et
al; 2013 arrived to the same conclusions. The authors have shown that there was an
endogenous expression of the above mentioned neuronal markers in non-differentiated
mesenchymal stem cells.
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Figure 2.16 Neurofilament is more expressed in L-Lactate treated MSCs compared to nontreated ones as observed by 20x objective. Cells were labeled with fluorescent dye Alexa
fluor 488 using a ZEISS 710 confocal microscope.

2.3.7

L-Lactate

induces

expression of glutamate

receptor

1(GluR1) and NMDA receptor 2B (NR2B) in mesenchymal stem cells.
Immunohistochemistry analysis revealed expression of NR2B receptor as well as
GluR1 receptor in L-Lactate-treated MSCs. These receptors were not expressed in nondifferentiated MSCs. NR1 was expressed in both cases. No significant difference in the
expression levels of NR2A was observed in either case (Figure 2.17, 2.18, 2.19).
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Figure 2.17. NMDA receptor 2 (NR2B) is expressed in L-Lactate treated MSCs (A) and
absent in non-treated cells as observed by 20x objective (B).Cells were labeled with
fluorescent dye Alexa fluor 633. A ZEISS 710 confocal microscope was used).
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Figure 2.18 Glutamate receptor 1 (GluR1) is exclusively expressed in L-Lactate treated
MSCs (C). Non treated cells didn’t show any expression of GluR1 (D). Cells were labeled
with fluorescent dye Alexa fluor 488. ZEISS 710 confocal microscope was used.
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E

F

Figure 2.19 NMDA receptor 1 (NR1) is expressed in both L-Lactate treated and nontreated MSCs (E, F). Cells were labeled with fluorescent dye Alexa fluor 488. ZEISS 710
confocal microscope was used).

2.3.8 Effect of L-Lactate on the mRNA levels of plasticity genes
In order to study the effect of L-Lactate on MSCs at the molecular level we monitored its
effect on the expression of genes that are known to be involved in cellular plasticity and
synaptic modifications. Quantitative real time PCR (qRT-PCR) was performed at 3 hours
and 6 hours after seeding, according to a protocol that is well described in the materials
and methods sections. The genes studied here include C-FOS, ARC, Ziff and BDNF. At 3
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hours there wasn’t significant difference in the mRNA expression of ARC (1.22 ± 0.7)
relative to control (Figure 14A). L-Lactate however leads to a 2-fold increase in the C-FOS
(1.74 ± 0.02) mRNA expression levels and to a 1-fold increase in ziff268 mRNA
expression (1.44 ± 0.367) relative to the controls (0.648±0.14; 0.771±0.14). BDNF
expression reached (1.31 ± 0.1) with a 27% (27± 7.6%) increase compared to control
(Figure 2.2B, 2.2C, 2.2D). At 6 hours ARC mRNA expression increased significantly by
2.7 times (2.5 ± 0.2) (180 ± 8%), Ziff268 showed a 75% increase (1.43 ± 0.12) (75 ±
8.33%) and BDNF raised by 0.5 fold ( 2.8 ± 0.73)(58.8 ± 26.071%) relative to control
(Figure 2.21A, 2.21B, 2.21C, 2.21D).
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Figure 2.20 mRNA expression levels of A)-ARC, B)-C-FOS, C)-ziff268 and D)- BDNF
in L-Lactate treated mesenchymal stem cells relative to controls.(n=3, mean ± SEM,3
independent experiments)
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Figure 2.21. mRNA expression levels of A)-ARC, B)-C-FOS, C)-ziff268 and D)BDNF in L-Lactate treated mesenchymal stem cells relative to controls.(n=3, mean ±
SEM, 3 independent experiments).
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2.4

Discussion

Mesenchymal stem cells are multipotent cells that are derived from various
connective tissues. In the last decade, MSCs gained more attention in clinical trials due to
their key role in the treatment of a variety of diseases such as neurodegenerative diseases
among others as well as in tissue engineering. Furthermore, several studies pointed at their
high plasticity, their role in wound healing and ability to give rise to different mature cell
types [96]. It has also been shown that MSCs of different origin exhibit different
characteristics at the genetic and protein level[157].In the last decade, the mechanism of
stem cell differentiation into neurons gained more attention. It was shown that stem cell
differentiation fate to neurons or other cell types is determined by changes in membrane
voltage or capacitance [32].

Membrane fluidity is one of the major microscopic

biophysical properties characterizing cellular membranes and could have a effect or a role
in cell differentiation. Several studies pointed to its implication in cellular events such as
endocytosis, membrane fusion and importantly cellular development [11-22]. However,
none of these studies targeted the implication of energy metabolites such as L-lactate in
cell differentiation. In this study we observed an increase in membrane rigidity of
mesenchymal stem cells 4 hours after L-lactate treatment. This was accompanied by
prominent morphological changes among MSCs resembling neuronal phenotype. We have
shown in our previous study that membrane rigidity is increased during human neuronal
cell (hN2) differentiation. The above findings correlate with our observations suggesting a
potential role of membrane fluidity during differentiation. As mentioned earlier, MSCs are
involved in tissue repair in a process termed homing during which elevated levels of L-
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Lactate are observed. L- Lactate acts as a signaling molecule directing MSCs to the site of
injury. For instance, implanting hydrolysable lactate increases the production of VEGF and
TGF-B as well as other soluble factors in the extracellular fluid in a wound model study
[159]. Also bone marrow stromal cells are capable of secreting growth factors only in the
presence of Lactate [160]. TGFB and GAP43 which are important for neuronal growth and
differentiation respectively are over-expressed when MSC are stimulated with L-lactate
which could be important in neuronal plasticity and differentiation as alluded to in our
study. We reported that Lactate induces the expression of plasticity genes e.g C-FOS at 3h
as well as ARC and Ziff268 at 6h in MSCs. It has been shown that L-lactate increases the
expression of genes involved in neuronal plasticity such as BDNF among others [154].
Increased BDNF expression occurs 4 hours in response to L-lactate treatment [154]. We
observed higher expression of BDNF mRNA levels at 3 hours and 6 hours in L-Lactate
treated MSCs compared to non-treated ones. Furthermore, BDNF is linked to lipid
metabolism where it elicited cholesterol biosynthesis in the lipid rafts of cultured
hippocampal neurons [161]. BDNF is also highly expressed in the brain and exerts multiple
effects on central nervous system neurons including neuronal growth, dendritic
arborisation of pyramidal neurons and long term potentiation [162,163]. Furthermore, the
amount of BDNF and cholesterol is increased during postnatal development which
suggests a more rigid cell membrane according to our results, suggesting that cholesterol
became a candidate for synapse function and development [164,165]. On the other hand,
dendritic and axonal morphogenesis is affected by pharmacological inhibition of
cholesterol biosynthesis [166]. Furthermore, decrease in the number of hippocampal spines
was observed upon the depletion of cholesterol by methyl-cyclodextrin (Hering et al.,
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2003). We observed a higher membrane rigidity in L-Lactate treated mesenchymal stem
cells compared to non-treated ones. Based on the above information this can be attributed
to an increase in membrane cholesterol and needs further investigation. L-lactate effect on
membrane fluidity is specific. D-Lactate at equimolar concentrations did not induce any
significant changes on cellular morphology nor on membrane rigidity. Also, treatment of
MSCs with pyruvate did not induce any changes as well. Accordingly, L-Lactate function
is not mediated by one of its metabolites in this case pyruvate.
From the aforementioned results, we propose the following mechanism regarding the effect
of L-Lactate on membrane fluidity and on the differentiation of mesenchymal stem cells
into neurons. Lactate induces the expression of BDNF and other possible neurotrophins
which in turn affects membrane fluidity via the activation of cholesterol synthesizing
enzymes and thus membrane fluidity. This is supported by the the fact that the
differentiation timing (4 hours after seeding) coincides with membrane fluidity changes
and BDNF increased expression (3 hours).Most likely, changes in membrane rigidity
observed is important to maintain the binding of cytoskeletal elements such as ARC to the
cell membrane.
We noticed that BDNF showed higher mRNA expression levels in non-treated MSCs
compared to other tested genes at similar conditions. It is likely that non-treated MSCs
have already significant basal levels of BDNF and further treatment with L-Lactate induced
minimal increase that is enough to initiate morphological changes. It is also possible that
BDNF expression is more expressed at earlier time points (3h-4h) in Lactate treated MSC
relative to non-treated cells. We didn’t check BNDF expression at these time points. On
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the other hand, among non-treated MSCs mRNA expression levels of ARC,C-FOS and
Ziff268 remains relatively constant.
Our findings suggest a possible role of L-lactate in inducing biophysical changes at the
membrane level. It also indicates a potential role of L-lactate in inducing differentiation
of MSCs into neurons.

2.5 Future perspectives
The role of L-Lactate in the differentiation of mesenchymal stem cells into neurons
is still unknown. Nevertheless, a change in the redox state of the cell via the generation of
NADH or the activation of other downstream genes such as hypoxia inducible factor-1
(HIF-1), oxidized thioredoxin (Trx-S2) or vascular endothelial growth factor (VEGF) can
be a potential mechanism and needs further investigation. Also determining the lipid
content in this regard will emphasize on the role of lipids and cholesterol in particular
during differentiation.
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Chapter 3: Assessment of nuclear membrane fluidity during cellular
development.
Abstract
The nucleus is the most prominent structure in the cell that harbors the genetic information
and thus controls cellular development. The nuclear envelope is composed of a set of
proteins and lipids that determines its shape and structure. During development the nucleus
changes its shape. Cell differentiation involves modifications in the expression of genes,
condensation of chromatins and immobilization of nucleoproteins which might necessitate
a plastic and malleable nucleus. During the migration of stem-like progenitor cells in the
brain, remarkable deformations are observed in the nucleus that stems from a change in
its stiffness. This mechanical deformation involves laminin A and C as well the lipid
molecules that make up the nuclear membrane. Similar to our results in the above chapter,
we predict that nuclear membrane fluidity will change during cellular development. We
also attempt to determine if these fluctuations are more drastic in neuronal precursor cells
(hN2) and thus can be an indication on the degree of structural changes that are related to
the cell type. We also studied four other cell lines including MSC,SHSY5Y, HEK293 and
NIH3T3 cells. We have shown that hN2 cells have the highest nuclear membrane rigidity
among the cell lines studied thus far, especially at the early stages of their development.
hN2 undergo more substantial changes in their GP values relative to other cells, indicating
that cells such as these with higher capacity of morphological changes have a more plastic
nuclei. MSCs and SHSY5Y cells have less dynamic nucleus in terms of fluidity. These
cells have several properties in common such as their detachment from the basal membrane
and migration. Compared to other cell lines NIH3T3 cells have more rigid nuclei. From
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our study we notice a clear correlation between nuclear membrane fluidity and cellular
development.
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3.1 Introduction
3.1.1 Nucleus and cellular development
The nucleus is the largest defining structure of eukaryotic cells that harbors
chromosomes via its double membrane-bound compartment (167). It receives mechanical
forces from the extracellular space and from the generated force within the cell (168) .The
nuclear envelope is made up of two lipid bilayers, the outer nuclear membrane (ONM) and
inner nuclear membrane (INM) (168). The nucleus constitutes a dynamic structure into
which lipids and proteins are added or removed (169, 170). The most dramatic changes to
the nuclear structure take place during mitosis. There is a compelling evidence that lipids
and fatty acids are heavily involved in these dramatic changes of the nucleus. For example,
the nuclear envelope in yeast S. Pombe is unable to grow if fatty acid synthesis is inhibited.
Both nucleus and cell shape change dramatically during aging as well as in certain cancers
(171,172).

Accordingly, alterations in nuclear shape has been used to characterize

cancerous tissue (172) where decrease nuclear stiffness acts as an index for increased
metastatic capacity and mobility of tumor cells (173). Furthermore, stronger correlation
between cancerous phenotype and nuclear morphology than cancerous and cellular
morphology has been reported (174). The structural changes require high plasticity at the
level of the nuclear membrane. Therefore biophysical properties and nuclear membrane
fluidity in particular can be a key player in the process. In the last two decades,
biomechanical properties of cells gained attention in the research field and their
contribution in different cellular functions such as proliferation and differentiation. Several
studies pointed at the implication of membrane fluidity during embryonic development
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(11-21). However little is known about the nuclear membrane fluidity during cellular
growth or differentiation. We have shown in our previous study a time dependent
correlation between membrane fluidity and cell type. We also noticed that cells with drastic
structural changes are the ones with highest fluidity at early stages of development.
Accordingly, we aim to determine if the nuclear membrane shows the same trend as the
plasma membrane. We will learn whether the nuclear membrane fluidity can be considered
as a biophysical marker during cellular development by investigating if there is any change
in nuclear membrane fluidity during neuronal precursor cell development as well as in
NIH3T3 and HEK293 development. Both MSCs and cancer cells are able to dissociate
from the basement membrane, squeeze themselves and migrate into different sites of the
body. It will be of interest to unravel whether their respective nuclei have similar
biophysical properties. The question addressed in this regard, is whether nuclear membrane
fluidity changes is time dependent, unique to neurons, can be indicative tool for metastatic
potential of cells, and is correlated with the capacity of cells to undergo drastic
morphological changes especially at early stages (few hours).
Several studies pointed that nucleus shape changes drastically during maturation of certain
cell types. For example, during embryonic stem cell differentiation and apart from
chromatin and protein alterations, prominent changes in nucleus shape and stiffness was
observed (175). It was also speculated that nuclear membrane fluidity is involved during
spermatogenesis (176).
Our results on hN2 cells at different stages, showed a significant decrease in GP with
minimum values at 92 hours. MSCs and NIH3T3 have a decreased nuclear membrane
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rigidity to a lesser extent at the same time. Interestingly, among the different cell lines
studied, neuronal precursor cells displayed the largest drop in their GP values. Also hN2
and MSCs obtained similar GP values at 92h.Their nuclei were more fluidic than the nuclei
of HEK293 and SHSY5Y. SHSY5Y and HEK293 cells did not show a big fluctuation in
their nuclear GP values indicating a more stable nuclear fluidity with time. On the other
hand, MSCs and SHSY5Y cells have similar nuclear fluidity with time. This biophysical
similarity is probably correlated with the fact that both are able to differentiate into a
different cell. Also the stability of the nuclear GP values of neuroblastoma cells might be
a reflection of their metastatic nature and a hallmark of cancer cells. The data in hands,
gives a clear indication of the early involvement of nuclear membrane fluidity in neuronal
development or cellular plasticity.
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Figure 3.1 Schematic representation of the nucleus and nuclear cytoskeletal coupling (Jan
Lammerding, Compr Physiol, 2011)
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3.1.2 Results
Nuclear membrane fluidity of hN2, MSCs, SHSY5Y, HEK293 and NIH3T3 cells was
analyzed by measuring the generalized polarization of Laurdan probe upon the excitation
with a 2-photon confocal microscope. Three hN2 cells are displayed in the image below
for illustration (Fig 3.2).
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Figure 3.2 Laurdan GP analysis A. Fluorescence-intensity images of three hN2 cells at 6
h observed in the blue channel (460-480).GP scale to pseudo color the intensity image is
shown at the right column. C.GP histogram from the corresponding image (membrane) in
B. One Gaussian component is observed referring to the nuclear cell membrane after digital
mask application. Average nuclear GP= 0.57.The width at half maximum is ~ 0.125.
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In hN2 cells nuclear GP decreased very significantly at 92h (GP= 0.357) compared to 6h
(0.556) ( Fig.3.4a) (hN2 6h vs 92h P = 2.1567E-10).Scale bar, 10µm

Figure 3.3 Laurdan GP analysis A. Fluorescence-intensity images of three hN2 cells at 4
days observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C. GP histogram from the corresponding image (membrane)
in B. One Gaussian component is observed referring to the nuclear cell membrane after
digital mask application. Average nuclear GP= 0.332.The width at half maximum is ~ 0.25
Scale bar = 10µm
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Figure 3.4 Time course of nuclear GP distribution in a) hN2, b) MSCs, c) NIH3T3, d)
SHSY5Y, and e) HEK293 cells.
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Figure 3.5 Laurdan GP analysis A. Fluorescence-intensity images of three MSC cells at 6
h observed in the blue channel (460-480).GP scale to pseudo color the intensity image is
shown at the right column. C. GP histogram from the corresponding image (membrane) in
B. One Gaussian component is observed referring to the nuclear cell membrane after digital
mask application. Average nuclear GP= 0.425.The width at half maximum is ~ 0.125. Scale
bar, 10µm.
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Figure 3.6 Laurdan GP analysis A. Fluorescence-intensity images of three MSC cells at
24 h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right. C. GP histogram from the corresponding image (membrane) in B.
One Gaussian component is observed referring to the nuclear cell membrane after digital
mask application. Average nuclear GP= 0.447.The width at half maximum is ~ 0.25. Scale
bar = 10µm.
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Figure 3.7 Laurdan GP analysis A. Fluorescence-intensity images of three MSC cells at
4 days observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right. C. GP histogram from the corresponding image (membrane) in B.
One Gaussian component is observed referring to the nuclear cell membrane after digital
mask application. Average nuclear GP= 0.346.The width at half maximum is ~ 0.125.scale
bar,10µm.

103

In NIH3T3 cells nuclear membrane rigidity decreased significantly at 24h (GP=0.569)
compared to 6h (GP=0.623) (Fig. 3.4c, Fig. 3.8, Fig.3.9) (6h vs 92h P=9.0572E-06).

Figure 3.8 Laurdan GP analysis A. Fluorescence-intensity images of three NIH3T3 cells
at 6 h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column .C.GP histogram from the corresponding image (membrane)
in B. One Gaussian component is observed referring to the nuclear cell membrane after
digital mask application. Average nuclear GP= 0.620.The width at half maximum is ~ 0.25.
Scale bar 10µm.
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Figure 3.9 Laurdan GP analysis A. Fluorescence-intensity images of three NIH3T3 cells
at 24 h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C. GP histogram from the corresponding image (membrane)
in B. One Gaussian component is observed referring to the nuclear cell membrane after
digital mask application. Average nuclear GP= 0.587.The width at half maximum is ~ 0.25.
Scale bar, 10µm
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In SHSY5Y cells there wasn’t a significant change in nuclear membrane fluidity with

Number of pixels

time (Fig.3.4 d, Fig.3.10, Fig.3.11).

Normalized ratio

Figure 3.10 Laurdan GP analysis A.Fluorescence-intensity images of three SHSY5Y cells
at 6 h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C. GP histogram from the corresponding image (membrane)
in B. One Gaussian component is observed referring to the nuclear cell membrane after
digital mask application. Average nuclear GP= 0.42.The width at half maximum is ~ 0.2
Scale bar,10µm.
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Figure 3.11 Laurdan GP analysis A. Fluorescence-intensity images of three SHSY5Y cells
at 24 h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C. GP histogram from the corresponding image (membrane)
in B. One Gaussian component is observed referring to the nuclear cell membrane after
digital mask application. Average nuclear GP= 0.403.The width at half maximum is ~
0.125. Scale bar, 10µm
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Figure 3.12 Laurdan GP analysis A. Fluorescence-intensity images of three SHSY5Y cells
at 4 days observed in the blue channel (460-480).GP scale to pseudo color the intensity
image is shown at the right column. C. GP histogram from the corresponding image
(membrane) in B. One Gaussian component is observed referring to the nuclear cell
membrane after digital mask application. Average nuclear GP= 0.45.The width at half
maximum is ~ 0.21
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In HEK293 cells there was a slight decrease in GP values at 24h (GP= 0.429) compared to
6h and (GP= 0.486).At 4 days GP values reached 0.466. (Fig. 3.3e, Fig.3.13, Fig.3.14,
Fig.3.15) (HEK293 6h vs 24h P=0.000464); (HEK293 6h vs 92h P =0.2); (HEK293 24h
vs 92h P= 0.000161).

Figure 3.13. Laurdan GP analysis A. Fluorescence-intensity images of three HEK293 cells
at 6h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C. GP histogram from the corresponding image (membrane)
in B. One Gaussian component is observed referring to the nuclear cell membrane after
digital mask application. Average nuclear GP= 0.486.The width at half maximum is ~ 0.25.
Scale bar ,10 µm.
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Figure 3.14 Laurdan GP analysis A. Fluorescence-intensity images of three HEK293 cells
at 24h observed in the blue channel (460-480).GP scale to pseudo color the intensity image
is shown at the right column. C. GP histogram from the corresponding image (membrane)
in B. One Gaussian component is observed referring to the nuclear cell membrane after
digital mask application. Average nuclear GP= 0.429.The width at half maximum is ~ 0.25.
Scale bar, 10µm.
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Figure 3.15 Laurdan GP analysis A. Fluorescence-intensity images of three HEK293 cells
at 4 days observed in the blue channel (460-480).GP scale to pseudo color the intensity
image is shown at the right column. C. GP histogram from the corresponding image
(membrane) in B. One Gaussian component is observed referring to the nuclear cell
membrane after digital mask application. Average nuclear GP= 0.466.The width at half
maximum is ~ 0.25. Scale bar, 10 µm.
When comparing different cell lines hN2 nucleus is more rigid than MSCs, SHSY5Y cells
and HEK293 cells at 6 h (fig 13.16).(6h hN2 vs 6h MSC P=1.843E-07 ) (6h hN2 vs 6h
HEK293 P7.713E-05=); (6h hN2 vs 6h SHSY5Y P=3.916E-11).This reflects the need for
neuronal precursor cells to undergo more potent morphological changes On the other hand
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MSCs,SHSY5Y,HEK293 cells have close rigidity at the indicated time point. At 24 h
MSC, SHSY5Y, and HEK293 still have close nuclear GP values (24h MSCs vs 24h
HEK293 P= 0.97); (24h MSCs vs 24h SHSY5Y P= 0.039) (24h SHSY5Y vs 24h HEK293
P=0.0011).(24h hN2 vs 24h MSC P=0.0588);(24h hN2 vs 24h SHSY5Y P=0.72);( 24h
hN2 vs 24h HEK293 P=0.003).
Interestingly, hN2 cells showed more decrease in their nuclear GP measurements (0.357)
with time (92h). (Fig. 3.4a, 3.4b). (92h hN2 vs 92h SHSY5Y P= 0.05); (92h hN2 vs 92h
MSCs P= 0.7) (92h hN2 vs 92h HEK293 P=8.319E-06).At the same time point, MSCs
obtained GP values that are approximately similar to hN2 cells and lower than other cell
lines. (92h MSCs vs 92h hN2 vs P= 0.7) (92h MSCs vs 92h HEK293 P= 4.752E-08); (92h
MSCs vs 92h SHSY5Y P= 0.005).
We have shown previously that hN2, NIH3T3, HEK293 cells increase their membrane
rigidity during their development. In this study however, we noticed a different pattern in
the nuclear membrane i.e a decrease in its rigidity with time. One possible explanation is
that as cell membrane rigidify during development, nuclear membrane becomes softer to
withstand the generated forces or pressure and thus protect the DNA from damage.
NIH3T3 cells have the highest nuclear GP values at 6h and 24h compared to the other cell
lines (Fig. 3.4b) (6h NIH3T3 vs 6h HEK293 P= 7.268E-07);(6h NIH3T3 vs 6h SHSY5Y
cells P= 1.236E-12);(6h NIH3T3 vs 6h MSC P= 1.887E-09); (24h NIH3T3 vs 24h
HEK293 cells P= 3.8E-10);(24h NIH3T3 vs 24h SHSY5Y P= 3.05E-09);(24h NIH3T3 vs
24h MSCs cells P= 4.85E-06).This might be due to that fact that NIH3T3 have structural
function that necessitate a rigid cell membrane and in turn a more rigid nuclear membrane
relative to other cell lines. The rigidity has to be within a certain range, relative to the cell
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membrane stiffness and cell type to enable it cope with the extracellular and intracellular
mechanical forces.
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Figure 13.16 a. Summary of GP measurements at 6h.
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Figure 3.16 b. Summary of GP measurements at 24h.
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Fig 3.16 c. Summary of GP measurements at 4 days.
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3.2 Discussion
Nuclear structure and its mechanical properties are critical for a variety of cellular
functions and depends on the cell type. Nuclear envelope in particular is involved in
signaling pathways as well as protection of nuclear interior against physical stress
(177,178,179,180). Moreover, the nucleus is a dynamic structure and its contents are
subjected to various forces leading to its rearrangement and deformation. Accordingly, the
number of nuclei is not constant and depends on the physiological status of living cells.
For example in muscle cells number of nuclei increases during development and decreases
in response to atrophy (181,182). Therefore, the nuclear membrane has a plastic property
which depends on various factors upon which fluidity is a potential candidate.
In this regard, biophysical properties of the nucleus such as stiffness not only affect its
structure but also dictate the ability of cells to squeeze and migrate through narrow spaces.
For example, in migrating MSCs and neuronal cells the nucleus is located at the edge of
the cell with cellular organelles such as centrosome, endoplasmic reticulum, and Golgi
apparatus facing the leading edge (183). On the contrary in white blood cells the
centrosome is positioned behind the nucleus located in the leading edge of the cell. (184).
Stem cell differentiation resembles to a certain extent cellular development and requires
high malleability. In this context the implication of mechanical properties during stem cell
differentiation or development was highlighted by several researchers. Stem cells are
highly plastic and capable of differentiating into multiple lineages (185). Although these
properties are attributed to the chromatin structure modifications as well as epigenetic
mechanisms (186,187), recent studies have shown that stem cells nuclei have greater

115

mechanical plasticity (more deformability) than those from differentiated cells (188,189).
For example, there was a six fold increase in nuclear stiffness during induced terminal
differentiation of human embryonic stem cells while adult human stem cells have
intermediate stiffness (188).We observed that MSCs cells have more fluidic nuclei
compared to hN2 and NIH3T3 cells at early stages (6h) and their nuclear GP values
decreases during development. Interestingly, mouse embryonic fibroblasts has less
dynamic nuclear deformation in time lapse imaging studies compared to embryonic stem
cells. This runs in parallel to our findings. NIH3T3 cells have a higher nuclear membrane
rigidity compared to the other studied cell lines. Although cytoskeletal proteins such as
Lamins A and C (189, 190) as well as core histones (191,192) are implicated in the process,
yet other factors such as membrane fluidity may be also involved. Interestingly, hamster
neurons of the frontal cortex develop deeper nuclear invaginations during development.
This brings the possible involvement of nuclear membrane fluidity during development
and emphasize on our results among neuronal precursor cell development. We also
observed increase in their nuclear membrane fluidity during development. Several
researches pointed at the involvement of nuclear mechanics and shape in normal aging
process. A study done on C. elegans, have shown changes in nuclear structure in neuronal
cells (193). This highlights on the correlation between nuclear morphology and neuronal
function (194), the etiology of which remains to be elucidated.
hippocampal neurons prominent nuclear

Furthermore, in

morphological changes were observed in

response to neuronal activity (195).Nuclear stiffness has other implications in disease states
such as muscular laminopathies in which decreased nuclear stiffness was observed. These
studies indicate a direct influence of lamins A/C on the physical properties of nuclei (196)
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and a possible role of other indirect factors such as fluidity or lipids in the process. On the
other hand, there is strong correlation between nuclear morphology and cancer type and
progression. From a biophysical point of view, the softer nucleus in case of cancer will
give the cell its ability to invade and metastasize. Histological examinations of cancer cell
nuclei revealed more malleable and fragile architecture compared to non- cancer cells
(7,197). We also observed a higher nuclear membrane fluidity among neuroblastoma cells
(SHSY5Y) compared to NIH3T3 and hN2 cells at early time points. This can be attributed
to certain molecular changes such as nuclear envelope composition at the protein or lipid
level. The data highlights on a possible role of nuclear membrane fluidity as a key player.
These molecular and biophysical properties are not completely understood and require
further investigation in regard to cancer progression.

3.3 Conclusion
In this study we have shown that hN2 cells have the highest nuclear membrane
rigidity compared to MSCs, HEK293, SHSY5Y cells at early time points (6h).
Furthermore, MSCs, SHSY5Y and HEK 293 cells have approximately similar GP values
at 6h and 24h respectively. NIH3T3 cells have the highest nuclear membrane rigidity at 6h
and 24h relative to other cell lines. Time course study of hN2, MSCs and NIH3T3 cells
have shown increase in their nuclear membrane fluidity during their development. The
above results indicate the correlation between nuclear membrane fluidity and cellular
developement. Also changes in nuclear GP values seem to be related to the extent at which
cells change their shape. hN2 cells exhibit more drastic morphological changes and this
was reflected in their GP values and the extent of GP changes with time. The stability of
nuclear membrane fluidity among neuroblastoma cells and human embryonic kidney cells
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might indicate a hallmark of cancer cells and a mechanism for their protection. In this
context, moderate decrease in nuclear membrane fluidity allows cells to migrate however
too much decrease in its fluidity will result in cell death. It is more likely that cancer cells
are maintaining their nuclear membrane rigidity at a certain fixed value below which there
might be a possible DNA damage and thus halt their high proliferative programmed nature.
Weather this is a characteristic feature of cancer cells is not yet elucidated. This needs
further investigation. Understanding these phenomena will help scientists develop effective
nucleus treatments, that are targeted to stop metastasis or maintain stem cells in the correct
place followed a tissue engraft. Changes in nuclear structure is highly relevant to normal
development and physiology and can be linked to many human diseases, such as
(premature) aging, cancer and dilated cardiomyopathy, mechano-transduction signaling
defects, abnormal tissue regeneration, cell proliferation, and cell differentiation
(13,14,198,199,201,202,203). The molecular changes underlying these characteristic
variations in nuclear morphology, such as altered nuclear envelope composition or changes
in chromatin structure are incompletely understood, and the relationship between
morphological features of cancer cells and their role in cancer progression remains mostly
descriptive. We hypothesize that, at a period of extensive morphological changes or
development, the nucleus is more rigid in order to protect the DNA from shear forces
arising during the process and it softens once the differentiation is complete.
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Chapter 4 Cholesterol Depletion from a Ceramide/Cholesterol Mixed
Monolayer: A Brewster Angle Microscope Study
Abstract

Cholesterol is crucial to the mechanical properties of cell membranes that are
important to cells’ behavior. Its depletion from the cell membranes could be dramatic.
Among cyclodextrins (CDs), methyl beta cyclodextrin (MβCD) is the most efficient to
deplete cholesterol (Chol) from biomembranes. Here, we focus on the depletion of
cholesterol from a C16 ceramide/cholesterol (C16-Cer/Chol) mixed monolayer using
MβCD. While the removal of cholesterol by MβCD depends on the cholesterol
concentration in most mixed lipid monolayers, it does not depend very much on the
concentration of cholesterol in C16-Cer/Chol monolayers. Cholesterol depletion causes
morphology changes of domains but these disrupted monolayers domains seem to reform
even when cholesterol level was low.
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4.1

Introduction

4.1.1 Methyl Beta cyclodextrin and cholesterol depletion
Cholesterol depletion by cyclodextrins (CDs) from biomembranes has attracted a
lot of attention due to its biological and medical relevance (204-215). Among the members
of CD families (e.g. α-CD, β-CD, γ-CD, natural β-CD and hydroxypropyl-β-CD), MβCD
is the most efficient candidate to deplete cholesterol from mixed lipid monolayers (216218). So far, a significant number of studies focused on phospholipid (e.g.
DMPC/DPPC/DOPC)-mixed membranes/vesicles to test cholesterol depletion by MβCDs
(217-220). However, to the best of our knowledge, MβCD-mediated cholesterol depletion
from a C16-ceramide/Cholesterol (C16-Cer/Chol) mixed monolayer has not been reported
yet, even though C16-Cer/Chol domains are biologically relevant because C16-ceramide
and cholesterol are two major components in the liquid ordered (L0) micro-domains (rafts)
in biomembranes (222-226). Cer-Chol, as well as sphingomyelin/Chol, form a scaffold in
which other lipids and proteins can attach to form lipid rafts that are also liquid ordered
domains (227-231). These micro-domains are known to play significant roles in membrane
functioning such as signal transduction or docking sites for viruses etc.(229,232,233). It is
also known that when these micro-domains grow in excess number, they can create
abnormalities in membrane functioning and can cause various diseases such as Farber
disease or breast cancer (227,234,235,236,237,238,239). In particular, the number of
Cer/Chol liquid-ordered (L0) domains increases in cell membranes in the case of Farber
disease where ceramide accumulate in the cell membrane due to the lack of ceramidase
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(234,240,241,242,243).Our aim is to understand the mechanism of the morphology change
or the rupture of the Cer/Chol rich rafts in a model system with Cer/Chol- rich domains insitu. A model system would be an easy controllable mixture in a monolayer where the
temperature can be kept at ~37 °C under a lateral surface pressure of ~30 mN/m (244, 245).
In this work, we study the removal and depletion of cholesterol from a C16-Cer/Chol mixed
monolayer using MβCD. We selected MβCD among the other members of cyclodextrin
(CD) families (e.g. α-CD, β-CD, γ-CD, natural β-CD and hydroxypropyl-β-CD), because
it has been reported that MβCD deplete efficiently cholesterol from mixed lipids domains
(216,217,218). We carry out the experiments at a temperature of T = 37 °C with the
monolayer initially kept at a surface pressure of 30–32 mN/m because this is the lateral
surface pressure of most cell membranes (244,245). We spread the Cer/Chol mixture on
the surface of water in a Langmuir trough that we keep at 37 °C. A monolayer forms as
soon as the solvent evaporates. After we inject the MβCD into the subphase and to a final
concentration of 1 mM, we monitor the monolayer behavior through a Brewster Angle
Microscope (BAM) camera and its surface pressure with a Wilhemly plate. The formation
of MβCD/Chol inclusion-complex as well as the consequent removal of cholesterol into
the water subphase are expected to be reflected through the change in surface pressure
values and domains shape changes. Any loss of material due to the depletion of cholesterol
by the MβCD would result in the decay in surface pressure, and a change in domain
morphology will be detected through real-time BAM imaging. Unlike earlier works where
the monolayers were compressed at a rather high rate of 20 or 50 mm/min, which was
detrimental to the equilibrium of the monolayer, we will compress our film at a much lower
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rate of 1 mm/min so that the film would be able to equilibrate and the surface pressure final
value is steady (224,246,247,248,249).

4.2 Materials and Methods
We use cholesterol (Chol) and C16 ceramide (Cer), purchased from Avanti Lipids, to
prepare the Langmuir film. To deplete cholesterol from the mixed monolayer we use
commercially available methyl beta cyclodextrin (MβCD) from Sigma Aldrich. We used
pure water from the Millipore-Q system (resistivity 18.2 M Ω/cm, TOC 2 ppb).
C16-Cer and Chol were dissolved in HPLC grade chloroform to prepare the stock solution
and kept in the dark to prevent any light induced degradation. The water sub-phase was
held in a Teflon Langmuir trough (580 × 145 × 5) mm3. Two symmetrically movable
barriers that compress and/or decompress a monolayer were opened wide, creating an area
of ~800 cm2 (Fig. 4.1B).
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B
Figure 4.1 (A) Molecular structure of C16 Ceramide; Cholesterol and MβCD. (B)
Schematic of BAM Experimental Set-up.
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After the solution of mixed C16-Cer/Chol was spread on pure water which was held at
T = 37 °C, we allowed ~20 minutes for the chloroform to evaporate. At low surface density
of the molecules, the monolayer stays in a dilute gas phase. With symmetric compression
of this monolayer from both sides, the monolayer goes from a gas phase to a compact
monolayer phase. In our experiments the Chol-Ceramide Langmuir film is compressed to
a compact monolayer at a speed of 1 mm/min (slow enough for the compression process to
be quasi-static) up to a surface pressure of 32 mN/m. Then we leave the monolayer
undisturbed for ~45 minutes to allow it to relax and the surface pressure to become stable
before the MβCD solution is injected to a final concentration of 1 mM into the subphase.
To prevent the disruption of the monolayer, we inject the MβCD outside the barriers. We
monitor constantly the surface pressure with a stationary Wilhelmy plate balance. Any
change in the surface pressure indicates a possible surface activity including loss of
material from the surface. A compact Brewster Angle Microscope (BAM) from KSV
NIMA, was used to directly image the air-water interface. In our compact BAM, a wellcollimated p-polarized light with wavelength 658 nm, with 50 mW power, illuminates the
surface at the Brewster angle θB. At the Brewster angle the reflectivity of plane polarized
(p-polarized) laser beam from an ideally plane Fresnel surface is extinct. A beam of light
is said to be P-polarized light when its polarization vector lies on the plane of incidence.
Any deviation from the ideal Brewster angle condition reflects the incident light from the
surface and the reflectivity is no longer zero. This is the principle behind the BAM. Any
addition of material that thickens the surface or any fluctuation of the interface turns the
reflected light from off to on. With the introduction of a material at the interface with a
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different refractive index, even a molecularly thin film, a fraction of the light reflects off
the film, allowing one to visualize and to image the molecularly thin film without affecting
it.

4.3

Results and discussion
The concentration of cholesterol, in mol%, used in our mixed monolayer ranged

from 0% to 100% in the following succession: 0%, 5%, 10%, 12%, 20%, 30%, 40%, 60%,
80% and 100%. In what follows we focus on the dependence of the cholesterol removal on
its concentration in the monolayer. The efficacy of the depletion should also be reflected
in the rate of decay of the surface pressure. Figure 2 shows the BAM images of domains
morphology for various molar fraction of cholesterol, before and after the injection of
MβCD into the sub-phase. For every mole fraction of cholesterol, the monolayer was
spread at a very low or no surface pressure and compressed to a physiologically relevant
lateral pressure (e.g. ~30–32 mN/m). After the monolayer was compressed to 32 mN/m,
the MβCD was injected after about 45 minutes in order to allow the monolayer to
equilibrate where the surface pressure become stable and do not fluctuate by more than
1 mN/m. Figure 4.2 shows also that in about 15 minutes of MβCD-injection, the surface
pressure starts to decrease. As is revealed from the BAM pictures, the monolayer domains
develop detectable ruptures after 30–45 minutes from the injection of MβCD. Because we
constantly monitor the monolayer with BAM, we notice that the domains do not rupture
simultaneously at the onset of surface-pressure decay. Figure 4.2 shows that by increasing
the mole fraction of cholesterol, the area of disrupted regions, characterized by the presence
of “holes,” increases as well. This is because the cholesterol removed increases by
increasing the initial cholesterol concentration.
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Figure 4.2 BAM images of C16 Cer/Chol mixed Langmuir film, capturing the monolayer
morphology for different mole% of Chol, before and after the MβCD-injection.
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When the concentration of cholesterol is 0% (e.g. 100% C16-Cer, Fig. 4.3a), the
surface pressure remains nearly steady and without decreasing, suggesting that the MβCD
cannot remove C16-Cer molecules into the sub-phase. The BAM pictures presented in the
uppermost panel of Fig.4.2 support this fact as well. We intuitively expected that if the
number of MβCD molecules is higher than the cholesterol molecules the latter will form
complexes with MβCD and dissolves into water, which leads to a decrease in the surface
pressure. Instead, we found that regardless of the cholesterol concentration, the surface
pressure never decayed below ~10 mN/m (Fig. 4.3a).
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C
Figure 4.3 Effect of MβCD-injection in sub-phase: Surface pressure vs. Time for different
mole% of choesterol: (a) The monolayer is compressed to ~32 mN/m (b) The monolayer
is compressed to a pressure around 10 mN/m. (c) Jump in surface pressures during domain
restoration.
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This result clearly suggests that the inclusion-complex is adsorbed at the air-water
interface at all times. We also conclude that a minimum amount of lateral pressure is
required to squeeze out the inclusion-complex into the water sub-phase depleting the
cholesterol from the interface. To check if the final pressure is influenced by the
concentration of MβCD, we used two more concentrations of 0.5 mM and 2 mM. The
results however did not change and the final surface pressure remained constant near
~10 mM/m. Further, we carry out several experiments where we first compress the
monolayer to a surface pressure around 10 mN/m then we inject the MβCD beneath the
monolayer to check if the surface pressure decays and if the domains become disrupted. In
this instance the surface pressure first rises up to ~12.5 mN/m and then decreases to
~10 mN/m (Fig. 4.3b). These observations clearly show that the surface activity of the
MβCD-Chol inclusion complex requires a minimum lateral pressure for the complex to be
pushed out of the monolayer. In order for the MβCD to deplete the cholesterol molecules
from the monolayer this latter has to be compressed, which minimizes the diffusion and
motion of the traps (cholesterol molecules). Figure 4.3b, c shows that the surface pressure’s
decay during cholesterol depletion is most efficient for a cholesterol mole% around ~40%.
In other studies cited above it has been mentioned that the chemical activity of cholesterol
is maximum when its concentration is around 33% mole (250) Figure 4.33c shows the rise
(jump) in the surface pressure during domains restoration when the cholesterol mole% was
below 30%.
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4.4

Conclusion

The extraction of cholesterol by MβCD from a C16-Cer/Chol mixed Langmuir
monolayers, held at a physiological temperature and surface pressure, revealed the
following properties:
1. Unlike phospholipids/Chol system, MβCD can disrupt C16-Cer/Chol domains for
all cholesterol concentrations. It can be applied on live cells at early times to detect
cholesterol ceramide re-formation and thus better understand the mechanism of
disease triggering.
2. As expected, the desorption-rate depends on the mole concentration of cholesterol
but not drastically. For low cholesterol levels, the disrupted monolayers recover
their shapes and morphology.
3. The depletion process stops when the lateral pressure of the monolayer is below
10 mN/m. The final surface pressure measured after the decay induced by the
depletion, never reaches a value below 10 mN/m within experimental errors,
suggesting that the MβCD inclusion-complexes accumulate at the air-water
interface, forming a monolayer that requires a minimum amount of lateral pressure
to be squeezed out into the water subphase.

130

Finally, from our study we emphasize that unlike the case of phospholipid mixed Chol
membrane, in case of C16-Cer/Chol mixed monolayer domains, MβCD can efficiently
disrupt solid micro domains independently of the mole% ratio of cholesterol. While we
focused on the effect of cholesterol concentration on its depletion from a monolayer, a
future work will be the study of the effect of the MβCD concentration on this depletion.

131

5 Materials and Methods
5.1 Cell culture and treatments
5.1.1 human neuronal cell (hN2) culture
hN2 cells were grown at 37 C in 5% CO2 in AB2 basal neural medium
supplemented with 2% ANS neural medium, 1 % L- glutamine and 1% pen-streptomycin
and 10µg/µl Leukemia inhibitory factor (LIF). Cells were plated on a 35 mm Fischer
Scientific glass-bottom petri dishes coated with Matrigel (BD).

5.1.2 MSC culture
Mesenchymal stem cells were grown at 37C in 5% CO2 in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum, 1% Pen-Strep.
Freshly split cells were plated onto 35-mm Fischer scientific glass-bottom dishes coated
with Poly-Lysine/Laminin.

5.1.3 NIH3T3 culture
NIH3T3 were grown at 37C in 5% CO2 in Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 1% Pen-Strep,
and 2.5 mL of 1 M HEPES. Freshly split cells were plated onto 35-mm Fischer scientific
glass-bottom dishes coated with Matrigel.
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5.1.4 HEK293 culture
NIH3T3 were grown at 37C in 5% CO2 in Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 1% Pen-Strep,
and 2.5 mL of 1 M HEPES. Freshly split cells were plated onto 35-mm Fischer scientific
glass-bottom dishes coated with Matrigel.

5.1.5 L6 culture
L6 cells were grown at 37C in 5% CO2 in Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 1% Pen-Strep,
and 2.5 mL of 1 M HEPES. Freshly split cells were plated onto 35-mm Fischer scientific
glass-bottom dishes coated with Matrigel.

5.1.6 Coating protocols
5.1.7 Poly-L-Lysine and Laminin preparations
Dissolve 100 mg of Poly-L-Lysine (Sigma 100 mg) in 1 liter of distilled water to
obtain concentration of 100 mg per liter. Store the solution at 4 C. Dissolve 1mg of Natural
Mouse Laminin (Invitrogen) in 1 ml of distilled water to obtain a final concentration of
1mg/ml. Make

some

aliquots

for

frequent

usage (1ml). Store at -20C and thaw

gradually upon usage by putting at 4C.Recommended concentration is 20 Micrograms/ml
so prepare aliquots of this concentration.
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5.1.8 Poly-L-Lysine and Laminin coating

Glass bottom petri dishes were coated with 200 microliters of poly-L-Lysine and
incubated for 2 hr at room temperature. Poly-L-Lysine was then aspirated and the petri
dishes were washed 3 times with distilled water (5 mins each). Following this step we coat
each well with 200 microliters of laminin and incubate for 2 hr at room temperature.
Laminin was then removed and wells were washed with distilled water 3 times (5 mins
each). Culture plates can be stored at 4C for later usage. If the cells are to be used at room
temperature, then we immediately add the cells to the coated wells to avoid dryness.

5.1.9 Treatment of MSCs with L-Lactate
A-Mesenchymal stem cell were grown at 37C in 5% CO2 in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum, 1% Pen-Strep.
Freshly split cells were plated onto 35-mm Fischer scientific glass-bottom dishes coated
with Poly-Lysine/Laminin and treated with 20 mM of L-Lactate 48 hours post seeding.
Cells were then monitored for morphological changes. In case no structural changes occur
(usually at passage number higher than 7) the media will be changed the next day and resupplemented with 20 mM of L-Lactate.
B-MSCs were seeded on poly-L-Lysine/Laminin coated glass bottom petri dishes.
Cells were grown at 37 C in 5% CO2 in AB2 basal neural medium (ARUNA) supplemented
with 1% ANS neural medium (ARUNA), 1 % L- glutamine and 10µg/µl Leukemia
inhibitory factor (LIF). Cells were then treated with 20 mM of L-Lactate 48 hours post
seeding and monitored for morphological changes.
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5.1.10 Treatment of MSCs with D-Lactate and pyruvate
A-Mesenchymal stem cell were grown at 37C in 5% CO2 in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum, 1% Pen-Strep.
Freshly split cells were plated onto 35-mm Fischer scientific glass-bottom dishes coated
with Poly-Lysine/Laminin and treated with 20 mM of D-Lactate or pyruvate 48 hours post
seeding. Cells were then monitored for morphological changes.
B-MSCs were seeded on poly-L-Lysine/Laminin coated glass bottom petri dishes.
Cells were grown at 37 C in 5% CO2 in AB2 basal neural medium (ARUNA) supplemented
with 1% ANS neural medium (ARUNA), 1 % L- glutamine and 10µg/µl Leukemia
inhibitory factor (LIF). Cells were then treated with 20 mM of D-Lactate or pyruvate 48
hours post seeding and monitored for morphological changes.

5.2 Two-photon fluorescence microscope for Laurdan GP
measurements
5.2.1 Laurdan staining
The membrane dye Laurdan (6-dodecanoyl-2-dimethylamino naphthalene;
Invitrogen) was dissolved in dimethylsulfoxide (DMSO), and 2.5 mM stock solution was
prepared and added to the cell dishes at at final concentration of 10µM. Cells were grown
without Laurdan and incubated with the dye prior to imaging. Growth media can also have
some effect on GP measurements. This is due to the presence of serum that contains lipids
which can interfere with the probe’s florescence. Therefore, to avoid possible GP artifacts,
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we used serum free media to account for this effect. Also the process of auto florescence
was taken into consideration. The concentrations of Laurdan (10µM) used are high enough
at which the effect of auto florescence will be negligible and thus do not require further
correction (34).

5.2.2 Inverted 2-photon microscope
Two-photon excitation fluorescence measurements were performed using an
Olympus FV1000 inverted microscope (Olympus, USA) coupled with a MaiTai HP
Ti:Sapphire (Newport, USA) laser. A DeepSea unit is used to compensate the group
velocity dispersion and an acoustic optical modulator controls the laser power. The
excitation wavelength is 780 nm for Laurdan. This NIR laser beam is expanded in order to
fulfill the back aperture of the objective lens (60x water, NA=1.2, Olympus, USA). Images
were acquired by the same objective with Olympus Photon-counting mode. Two bandpass
filters at (410-470 nm) and (470-530 nm) before PMTs were used to detect the 2 emission
bands of Laurdan. In each pixel up to 4000 photons are collected.
Cells were kept in Temperature and CO2 monitored chamber controllers to maintain
optimum physiological conditions and to avoid any biased changes in membrane fluidity.

5.2.3 Generalized Polarization
Membrane fluidity changes were determined using Generalized Polarization
spectroscopic property of Laurdan. This method relies on the use of GP function and twophoton excitation. Parasassi et al. (1990) introduced the concept of GP in the studies of
lipid order of model systems [37], which was further extended on cell membranes using
the 2-photon scanning microscopy approach [34]. The GP imaging method that we propose
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is the extension to microscopy of a well-established technique to study membrane
structures and dynamics. Laurdan excitation and emission spectra are extremely sensitive
to the polarity and to the dipolar dynamics of the environment. Laurdan can be used to
determine if a membrane is in a gel or a liquid-crystalline phase state [38]. It shows a 50
nm red shift of its emission spectrum upon increase in membrane fluidity. GP has been
used to measure this shift and therefore detect changes in membrane phase state [39]. In
fact, Laurdan GP has been found useful for numerous membrane studies [40, 41]. GP bears
the same functional form as conventional fluorescence polarization:
𝐼𝑏−𝐼𝑔

𝐺𝑃 = 𝐼𝑏+𝐼𝑔

Eq. 1

where Ib and Ig are the fluorescence intensities of Laurdan at blues and green filter,
respectively. The dye was excited using a multiphoton illumination at 800 nm. Detection
of the two emission wavelengths of Laurdan at 450 nm and 500 nm was determined by
specific filters (420-500 nm) and (480 -550 nm).

5.2.4 Calibration
The relative signal of the two filters (blue and green) was calibrated by using standard
solutions, such as Laurdan in DMSO, with a GPref = 0.207. G-factor was then calculated
according to published procedures and was used for correction of GP measurements [42].

5.2.5 SimFCS software and Imaging analysis
Membrane fluidity changes were determined using Generalized Polarization
spectroscopic property of Laurdan. Data analysis was performed using SimFCS software.
Cell membranes were isolated from other cellular components by applying a digital mask
as shown in (Fig 1B) and (S1B-S11B). The Laurdan GP value reported represents the

137

average of the Gaussian fit of the histogram of GP values v/s pixels obtained from the
Laurdan GP image. All values obtained correspond to the center of Gaussian distribution.
SimFCS has the option to display raw data as intensity images. We used RGB look-up
table to show the images in a pseudo color format at which the color range is set to certain
a value for a better contrast. Usually, pseudo colored pixels are merged with intensity
images and saturated pixels can be detected by assigning a specific scale for displaying the
image. Pixels with lowest intensity are colored blue and those with higher intensity are red.
We set saturation to 1 and GP value as a color coded image. We applied FRET ratio to
exclude any saturated pixels from the analysis including the pixels arising from the growth
media. Taking these parameters into consideration GP image displayed will be devoid of
low signal to noise pixels and contains GP as well as structural information. Hence the
effect of media and background florescence will be excluded.

5.2.6 Statistics
Three experiments were performed in each cell line at the indicated time points.
Unpaired T-test was performed for statistical analysis which includes GP values from 15
different cells for each time point. P value <0.0001 is considered highly significant.
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5.3 Quantitative real time pcr (q-RT-PCR)
5.3.1 RNA extraction
Total RNA was extracted from L-Lactate and control mesenchymal stem cells by
Trizol method following a multistep process. First, culture media was removed from cells
followed by incubation with 1 ml TRIzol for 5 minutes. Pipetting was performed several
times to ensure cell lysis. 0.2 mL of chloroform was added per 1 mL of TRIzol Reagent
used for homogenization. Tubes were then shaked vigorously by hand for 15 seconds and
incubated for 2–3 minutes at room temperature. This was followed by centrifugation at
12,000 × g for 15 minutes at 4°C. Three phases were formed, a lower red phenol chloroform
phase, an interphase, and a colorless upper aqueous phase. RNA remains exclusively in the
aqueous phase. The aqueous phase of the sample was removed by angling the tube at 45°
and pipetting the solution out. The aqueous phase was transferred into a new tube and
proceeded to the RNA Isolation Procedure. 0.5 mL of 100% isopropanol were added to the
aqueous phase, per 1 mL of TRIzol Reagent used for

homogenization. This was

incubated for 10 minutes at room temperature Sample was then centrifuged at 12,000 × g
for 10 minutes at 4°C.The RNA forms a gel-like pellet on the side and bottom of the tube.
The supernatant was removed from the tube, leaving only the RNA pellet that was then
washed with 1 mL of 75% ethanol per 1 mL of TRIzol Reagent used in the initial
homogenization. The sample was then vortexed briefly and centrifuged at 7500 × g for 5
minutes at 4°C.The wash was discarded and the RNA pellet was then suspended in RNasefree water.
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5.3.2 Assessment of RNA quality
We measured 28S/18S rRNA ratios and computed the corresponding RNA integrity
number (RIN) using high sensitivity R6K screentape kit. RNA samples along with a marker
of known size were separated by capillary electrophoresis. An electropherogram is
obtained based on the passing time of the RNA through a specific detector in the machine.
The length indicates the time at when RNA passes the detector. Larger samples will take
more time to pass and this is reflected in the graph. The longer the peak the less degraded
RNA will be (Figure 1). RIN values ranges between 8.5 and 9.3 (Figure 2, 3) and 28S/18S
ratio values ranges between 1.9 and 2 which indicates that our RNA samples are of high
quality and not degraded.

Figure 1. Electropherogram of RNA samples as obtained from an agarose gel. To the
right, 2 peaks of RNA sample are shown with a RIN of approximately 9. The 28S and
18S peaks are very large, indicating a high quality RNA.

140

Well

RIN

28S/18S (Height)

A1

8.9

2.0

B1

8.9

2.1

C1

9.1

1.8

D1

9.0

2.0

E1

9.0

2.0

F1

8.6

1.8

G1

9.0

1.9

H1

9.3

1.8

A2

9.3

1.9

B2

-

-

Figure 2. Table of RIN and 28S/18S values indicates non-degraded RNA
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28S RNA
18S RNA

Figure 3. Gel image of RNA samples

5.3.3 RNA quantification
RNA Samples that passed the quality test were converted to cDNA using high
capacity CDNA kit from (Applied Biosystem). CDNA quantification was performed using
the fluorescent dye method. This method is more accurate than the conventional
spectrophotometer since it relies on the fluorescence emitted by DNA specific binding dye.

5.3.4 Primers used in quantitative real time PCR
Quantitative real time PCR was used to determine the mRNA expression levels of ARC,
C-FOS, Ziff268 and BDNF using the following primer sequences (Sigma) respectively.
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Primers specificity was assessed by referring to the melt curve analysis obtained in each
PCR run. Gene expression analysis was determined by delta CT method.
Primers List
ARC F GGGGAGAGTAGAAGTCGCAC
ARC R GTCACTCTCCTGGCTCTGAT
C-FOS F AATCCGAAGGGAAAGGAATAAGA
C-FOS R TGTCTCCGCTTGGAGTGTATCA
Ziff268 F AAGATCCACTTGCGGCAG
Ziff268 R GCCGAAGAGGCCACAACA
BDNF F AAAGCCAAGGAGTGAAGGGT
BDNF R GGCTCCCAATTCCACTGTTC
ACTIN F TGCACCACCAACTGCTTAGC
ACTIN R ACTGTGGTCATGAGTCCTTCCA
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5.3.5 Melt curve analysis

Figure 4. Melt curve analysis of A) ARC, B) C-FOS, C) Ziff268, D) BDNF and E)
GAPDH.

144

BIBLIOGRAPHY

1- Cooper GM, Hausman RE. The Plasma Membrane. In: The Cell: A Molecular
Approach.5th ed.Sandarland (MA): Sinauer Associates; 2009. pp. 529-570.
2. Cooper GM, Hausman RE. Cell Signaling. In: The Cell: A Molecular Approach.
5th ed. Sandarland (MA): Sinauer Associates; 2009. pp. 603-652.
3. Quinn PJ, Joo F, Vigh L.The role of unsaturated lipids in membrane structure and
stability.Progress in biophysics and molecular biology. 1989;53(2):71-103. Epub
1989/01/01. PubMed PMID: 2692073.
4.

Lindahl E, Sansom MS. Membrane proteins: molecular dynamics simulations.
Currentopinion in structural biology. 2008;18(4):425-31. Epub 2008/04/15. doi:
10.1016/j.sbi.2008.02.003. PubMed PMID: 18406600.

4. Simons K, Ikonen E. Functional rafts in cell membranes. Nature.
1997;387(6633):56972. Epub1997/06/05. doi: 10.1038/42408. PubMed PMID: 9177342.
6. Fielding CJ, Fielding PE. Cholesterol and caveolae: structural and functional
relationships.Biochimica et biophysica acta. 2000;1529(1-3):210-22.Epub
2000/12/09.PubMed PMID: 11111090.
5. Brown DA, London E. Functions of lipid rafts in biological membranes. Annual
review of cell and developmental biology. 1998;14:111-36. Epub 1999/01/19.
PubMed
PMID: 9891780.

6. Simons K, Toomre D. Lipid rafts and signal transduction. Nature reviews
Molecular cell biology.2000;1(1):31-9. Epub 2001/06/20. doi:
10.1038/35036052.PubMed PMID:

145

11413487.

9. Pelkmans L. Secrets of caveolae- and lipid raft-mediated endocytosis revealed by
mammalian viruses. Biochimica et biophysica acta. 2005;1746(3):295-304. Epub
2005/08/30. doi:10.1016/j.bbamcr.2005.06.009. PubMed PMID: 16126288.
10. Barnett-Norris J, Lynch D, Reggio PH. Lipids, lipid rafts and caveolae: their
importance for GPCR signaling and their centrality to the endocannabinoid system.
Life sciences. 2005;77(14):162511. Hitzemann RJ, Johnson DA. Developmental changes in synaptic membrane lipid
composition and fluidity. Neurochemical research. 1983; 8(2):121–31. Epub
1983/02/01. [PubMed]
12. Nozawa Y, Kasai R, Kameyama Y, Ohki K. Age-dependent modifications in
membrane

lipids: lipid composition, fluidity and palmitoyl-CoA desaturase in

Tetrahymena membranes. Biochimica et biophysica acta. 1980; 599(1):232–45.
Epub 1980/06/20 [PubMed]

13. Lin C, Wang LH, Fan TY, Kuo FW. Lipid content and composition during the
oocyte development of two gorgonian coral species in relation to low temperature
preservation. PloS one. 2012; 7(7): e38689 Epub 2012/08/01. doi:
10.1371/journal.pone.0038689 ; PubMed Central PMCID: PMCPmc3407182.
[PMC free article] [PubMed]
14. Bonaventura G, Barcellona ML, Golfetto O, Nourse JL, Flanagan LA, Gratton E.
Laurdan

monitors different lipids content in eukaryotic membrane during

embryonic neural development. Cell biochemistry and biophysics. 2014;
70(2):785–94. Epub 2014/05/20. doi: 10.1007/s12013 014-9982-8 ; PubMed
Central PMCID: PMCPmc4228983. [PMC free article] [PubMed]

146

15. Los DA, Mironov KS, Allakhverdiev SI. Regulatory role of membrane fluidity in
gene expression and physiological functions. Photosynthesis research. 2013;
116(2–3):489–509. Epub 2013/04/23.doi: 10.1007/s11120-013-9823-4 . [PubMed]
16. Yancey PG, Rodrigueza WV, Kilsdonk EP, Stoudt GW, Johnson WJ, Phillips MC,
et al. Cellular cholesterol efflux mediated by cyclodextrins. Demonstration of
kinetic pools and mechanism of efflux. The Journal of biological chemistry. 1996;
271(27):16026–34. Epub 1996/07/05. [PubMed]
17. Hooper NM. Detergent-insoluble glycosphingolipid/cholesterol-rich membrane
domains, lipid rafts and caveolae (review). Molecular membrane biology. 1999;
16(2):145–56. Epub 1999/07/27. . [PubMed]
18. Ghosh C, Dick RM, Ali SF. Iron/ascorbate-induced lipid peroxidation changes
membrane fluidity and muscarinic cholinergic receptor binding in rat frontal cortex.
Neurochemistry international. 1993; 23(5):479–84. Epub 1993/11/01. [PubMed]
19. Patra SK. Dissecting lipid raft facilitated cell signaling pathways in cancer.
Biochimica et biophysica acta. 2008; 1785(2):182–206. Epub 2008/01/02. doi:
10.1016/j.bbcan.2007.11.002 [PubMed]
20. George KS, Wu S. Lipid raft: A floating island of death or survival. Toxicology
and applied pharmacology. 2012; 259(3):311–9. Epub 2012/02/01. doi:
10.1016/j.taap.2012.01.007 ; PubMed Central PMCID: PMCPmc3299927. [PMC
free article] [PubMed]
21. Higuchi Y, Miura T, Kajimoto T, Ohta Y. Effects of disialoganglioside GD3 on
the mitochondrial membrane potential. FEBS letters. 2005; 579(14):3009–13.
Epub 2005/05/18. doi: 0.1016/j.febslet.2005.04.054 . [PubMed]
22. Bieberich E. Ceramide in stem cell differentiation and embryo development: novel
functions of a topological cell-signaling lipid and the concept of ceramide
compartments.Journal of lipids.2011; 2011:610306.Epub 2011/04/15. doi:
10.1155/2011/610306. PubMed PMID: 21490805; PubMed Central PMCID:

147

PMCPmc3066852.
23.Andrisani OM. CREB-mediated transcriptional control. Critical reviews in eukaryotic
gene expression. 1999; 9(1):19-32. Epub 1999/04/14. PubMed PMID: 10200909.
24.Steward O, Wallace CS, Lyford GL, Worley PF. Synaptic activation causes the
mRNA for the IEG Arc to localize selectively near activated postsynaptic sites on
dendrites. Neuron. 1998;21(4):741-51. Epub 1998/11/10. PubMed PMID: 9808461.
25.Steward O, Worley PF. Selective targeting of newly synthesized Arc mRNA to
active synapses requires NMDA receptor activation. Neuron. 2001; 30(1):227-40.
Epub 2001/05/10. PubMed PMID: 11343657.
26.Lappalainen P, Drubin DG. Cofilin promotes rapid actin filament turnover in vivo.
Nature. 1997; 388(6637):78-82.
27.Sekino Y, Kojima N, Shirao T. Role of actin cytoskeleton in dendritic spine
morphogenesis. Neurochemistry international. 2007; 51(2-4):92-104.Epub
2007/06/26. doi: 10.1016/j.neuint.2007.04.029. PubMed PMID: 17590478.
28. Maloney John M, Lehnhardt E, Long Alexandra F, Van Vliet Krystyn J.
Mechanical Fluidity of Fully Suspended Biological Cells. Biophysical journal.
2013; 105(8):1767-77. doi:10.1016/j.bpj.2013.08.040.
29.Guck J, Schinkinger S, Lincoln B, Wottawah F, Ebert S, Romeyke M, et al. Optical
deformability as an inherent cell marker for testing malignant transformation and
metastatic competence. Biophysical journal. 2005; 88(5):3689-98. Epub
2005/02/22. doi:10.1529/biophysj.104.045476.PubMed PMID:15722433; PubMed

148

Central PMCID: PMCPmc1305515.
30.Zhang W, Kai K, Choi DS, Iwamoto T, Nguyen YH, Wong H, et al. Microfluidics
separation reveals the stem-cell-like deformability of tumor-initiating cells.
Proceedings of the National Academy of Sciences of the United States of America.
2012; 109(46):18707-18712. Epub 2012/11/01. doi: 10.1073/pnas.1209893109.
PubMed PMID: 23112172; PubMed Central PMCID: PMCPmc3503214.
31.Preira P, Grandne V, Forel JM, Gabriele S, Camara M, Theodoly O. Passive
circulating cell sorting by deformability using a microfluidic gradual filter. Lab on
a chip. 2013; 13(1):161-70. Epub 2012/11/14. doi: 10.1039/c2lc40847c. PubMed
PMID: 23147069.
32. Labeed FH, Lu J, Mulhall HJ, Marchenko SA, Hoettges KF, Estrada LC, et al.
Biophysical characteristics reveal neural stem cell differentiation potential. PloS
one. 2011;6(9):e25458. Epub 2011/10/08. doi: 10.1371/journal.pone.0025458.
PubMed PMID: 21980464; PubMed Central PMCID: PMCPmc3184132.
33.Golfetto O, Hinde E, Gratton E. Laurdan fluorescence lifetime discriminates
cholesterol content from changes in fluidity in living cell membranes. Biophysical
journal. 2013;104(6):1238-47. Epub 2013/03/27. doi: 10.1016/j.bpj.2012.12.057.
PubMed PMID: 23528083; PubMed Central PMCID: PMCPmc3602759.
34.Yu W, So PT, French T, Gratton E. Fluorescence generalized polarization of cell
membranes: a two-photon scanning microscopy approach. Biophysical journal.
1996; 70(2):626-36. Epub 1996/02/01. doi: 10.1016/s0006-3495(96)79646-7.

149

PubMed PMID: 8789081; PubMed Central PMCID: PMCPmc1224964.
35. Dodes Traian MM, Gonzalez Flecha FL, Levi V. Imaging lipid lateral organization
in membranes with C-laurdan in a confocal microscope. Journal of lipid research.
2012;53(3):609-16. Epub 2011/12/21. doi: 10.1194/jlr.D021311. PubMed PMID:
22184757; PubMed Central PMCID: PMCPmc3276485.
36. M'Baye G, Mely Y, Duportail G, Klymchenko AS. Liquid ordered and gel phases
of lipid bilayers: fluorescent probes reveal close fluidity but different hydration.
Biophysical journal.2008; 95(3):1217-25. Epub 2008/04/09. doi:
10.1529/biophysj.107.127480. PubMed PMID: 18390604; PubMed Central
PMCID: PMCPmc2479600
37. Parasassi T, De Stasio G, d'Ubaldo A, Gratton E. Phase fluctuation in
phospholipid membranes revealed by Laurdan fluorescence. Biophysical
journal. 1990; 57(6):1179–86. PMID: PMC1280828.
38. Parasassi T, Conti F, Gratton E. Time-resolved fluorescence emission spectra of
Laurdan in phospholipid vesicles by multifrequency phase and modulation
fluorometry. Cellular and molecular biology. 1986; 32(1):103–8. Epub
1986/01/01. PMID: 3753899.
39. Parasassi T, Di Stefano M, Loiero M, Ravagnan G, Gratton E. Cholesterol
modifies water concentration and dynamics in phospholipid bilayers: a
fluorescence study using Laurdan probe. Biophysical journal. 1994; 66(3 Pt
1):763–8. PMID: PMC1275774.

150

40. Parasassi T, De Stasio G, Ravagnan G, Rusch RM, Gratton E. Quantitation of lipid
phases in phospholipid vesicles by the generalized polarization of Laurdan
fluorescence. Biophysical journal. 1991; 60 (1):179–89. PMID: PMC1260049.
41. Levi M, Wilson PV, Cooper OJ, Gratton E. Lipid phases in renal brush border
membranes revealed by Laurdan fluorescence. Photochemistry and
Photobiology. 1993; 57(3):420–5.doi: 10.1111/j.1751- 1097.1993.tb02312.x
PMID: 8475174
42. Owen DM, Rentero C, Magenau A, Abu-Siniyeh A, Gaus K. Quantitative imaging
of membrane lipid order in cells and organisms. Nature protocols. 2012; 7(1):24–
35. Epub 2011/12/14. doi: 10.1038/ nprot.2011.419 PMID: 22157973
43. Liu Y, Cheng DK, Sonek GJ, Berns MW, Tromberg BJ. Microfluorometric
technique for the determination of localized heating in organic particles. Applied
Physics Letters. 1994; 65(7):919–21. doi: 10. 1063/1.112981
44. Munro S. Lipid rafts: elusive or illusive? Cell.2003; 115(4):377–88.PMID:
14622593
45. Hazel J. R. Thermal adaptation in biological membranes: is homeoviscous
adaptation the explanation?Annualreviewof physiology.1995; 57:19–42
doi:10.1146/annurev.ph.57.030195.000315 PMID:7778864
46. Sajbidor J. Effect of some environmental factors on the content and
composition of microbialmembranelipids.
Criticalreviewsinbiotechnology.1997;17(2):87–103
doi:10.3109/07388559709146608 PMID:9192472

151

47. Kaiser H, Surma J, Mayer M.A., Levental F, Grzybek I, Klemm M, et
al. Molecular convergence of bacterial and eukaryotic surface order. The Journal
of biological Chemistry.2011. 286 (47) 40631–7 doi:10.1074/jbc.M111.276444
PMID: 21965671
48. Hao M, Lin SX, Karylowski OJ, Wustner D, McGraw TE, Maxfield FR.
Vesicular and non- vesicular sterol transport in living cells. The endocytic
recycling compartment is a major sterol storage organelle.The Journal of
biological chemistry. 2002; 277(1):609–17. Epub 2001/10/30.doi:
10.1074/jbc.M108861200 PMID: 11682487.
49. Bonaventura G, Barcellona ML, Golfetto O, Nourse JL, Flanagan LA, Gratton
E. Laurdan monitors different lipids content in eukaryotic membrane during
embryonic neural development. Cell biochemistry and biophysics. 2014;
70(2):785–94. Epub 2014/05/20. doi: 10.1007/s12013-014-9982-8 PMID:
24839062; PubMed Central PMCID: PMCPmc4228983.
50. Parasassi T, Di Stefano M, Loiero M, Ravagnan G, Gratton E. Cholesterol
modifies water concentration and dynamics in phospholipid bilayers: a
fluorescence study using Laurdan probe. Biophysical journal. 1994; 66(3 Pt
1):763–8. Epub 1994/03/01. PMID: 8011908; PubMed Central PMCID:
PMCPmc1275774.
51. Parasassi T, Giusti AM, Raimondi M, Gratton E. Abrupt modifications of
phospholipid bilayer properties at critical cholesterol concentrations.

152

Biophysical journal. 1995; 68(5):1895–902. Epub 1995/05/01. doi:
10.1016/s0006-3495(95)80367-x PMID: 7612832; PubMed Central PMCID:
PMCPmc1282093.
52. Nicholson AM, Ferreira A. Increased membrane cholesterol might render mature
hippocampal neuron more susceptible to beta-amyloid-induced calpain
activation and tau toxicity. Jounral of neuroscience doi: 10.1523/jneurosci.086209.2009 PMID:19357288; PubMed Central PMCID:PMCPmc2705291.
53. Yamamoto N, Matsubara T, Sato T, Yanagisawa K. Age-dependent highdensity clustering of GM1 ganglioside at presynaptic neuritic terminals
promotes amyloid beta-protein fibrillogenesis. Biochimica et biophysica acta.
2008; 1778(12):2717–26. Epub 2008/08/30. doi:
10.1016/j.bbamem.2008.07.028PMID: 18727916.
54. Weijers RN. Lipid composition of cell membranes and its relevance in type 2
diabetes mellitus.Current diabetes reviews. 2012; 8(5):390–400. Epub
2012/06/16.PMID: 22698081; PubMed Central PMCID: PMCPmc3474953.
55. Sok M, Sentjurc M, Schara M, Stare J, Rott T. Cell membrane fluidity and
prognosis of lung cancer. The Annals of thoracic surgery. 2002; 73(5):1567–71.
Epub 2002/05/23. PMID: 12022551.
56. Taraboletti G, Perin L, Bottazzi B, Mantovani A, Giavazzi R, Salmona M.
Membrane fluidity affects tumor-cell motility, invasion and lung-colonizing
potential. International journal of cancer Journal international du cancer. 1989;
44(4):707–13. Epub 1989/10/15. PMID: 2793242.

153

57. Sherbet GV. Membrane fluidity and cancer metastasis. Experimental cell biology.
1989;57(4):198–205. Epub 1989/01/01. PMID: 2689252.
58. Metsikko K, Vaananen HK. Synthesis and secretion of a 38-kDa glycopolypeptide
coincides with L6 myoblast fusion. The International journal of developmental
biology. 1993; 37(2):305–10. Epub 1993/ 06/01. PMID: 8398677.
59. Duan R, Gallagher PJ. Dependence of myoblast fusion on a cortical actin wall and
nonmuscl myosin IIA. Developmental biology. 2009; 325(2):374–85. Epub
2008/11/26. doi:10.1016/j.ydbio.2008.10.035 PMID: 19027000; PubMed Central
PMCID: PMCPmc2823627.
60. Wakelam MJ. Inositol phospholipid metabolism and myoblast fusion. The
Biochemical journal.1983;214(1):77–82. Epub 1983/07/15. PMID: 6412696;
PubMed Central PMCID: PMCPmc1152212.
61. Wakelam MJ, Pette D. Myoblast fusion and inositol phospholipid breakdown:
causal relationship or coincidence? Ciba Foundation symposium. 1984; 103:100–
18. Epub 1984/01/01. PMID: 6423350.
62. Wakelam MJ. The fusion of myoblasts. The Biochemical journal. 1985; 228(1): 1–
12. Epub 1985/05/15. PMID: 3890835; PubMed Central PMCID:
PMCPmc1144947
63. Paoletti R. Chemistry and Brain Development. Proceedings of the Advanced Study
Institute. 2012: pp:319
64. Xu YH, Barnes S, Sun Y, Grabowski GA. Multi-system disorders of
glycosphingolipid and ganglioside metabolism. Journal of lipid research. 2010;

154

51(7):1643–75. Epub 2010/03/10. doi:10.1194/jlr.R003996 PMID: 20211931;
PubMed Central PMCID: PMCPmc2882741.
65. Yu RK, Nakatani Y, Yanagisawa M. The role of glycosphingolipid metabolism in
the developing brain.Journal of lipid research. 2009; 50: Suppl: S440–5. Epub
2008/10/11. Doi:10.1194/jlr.R800028-JLR200 PMID: 18845618; PubMed Central
PMCID: PMCPmc2674698.
66. Yamamoto N, Matsubara T, Sato T, Yanagisawa K. Age-dependent high-density
clustering of GM1 ganglioside at presynaptic neuritic terminals promotes amyloid
beta-protein fibrillogenesis. Biochimica et biophysica acta. 2008; 1778(12):2717–
26. Epub 2008/08/30. doi: 10.1016/j.bbamem.2008.07.028 PMID: 18727916.
67. Nagle JF, Tristram-Nagle S. Lipid bilayer structure. Current opinion in structural
biology. 2000; 10 (4):474–80. Epub 2000/09/12. PMID: 10981638; PubMed
Central PMCID: PMCPmc2722933.
68. Nagle JF, Tristram-Nagle S. Structure of lipid bilayers. Biochimica et biophysica
acta. 2000; 146 (3):159–95. Epub 2000/11/07. PMID: 11063882; PubMed Central
PMCID: PMCPmc2747654.
69. Petrache HI, Grossfield A, MacKenzie KR, Engelman DM, Woolf TB. Modulation
of glycophorin A transmembrane helix interactions by lipid bilayers: molecular
dynamics calculations. Journal of Molecular biology. 2000; 302(3):727–46. Epub
2000/09/15. doi: 10.1006/jmbi.2000.4072 PMID: 10986130
70. Chaieb S, Natrajan VK, Abd El-rahman A. Glassy conformations in wrinkled

155

membranes. Physical Review Letters. 2006; 96:078101–04. PMID: 16606143
71. Prockop DJ. Marrow stromal cells as stem cells for non hematopoietic tissues.
Science 1997;276( 5309)71–74. doi: 10.1126/science.276.5309.7
72. Friedenstein AJ, Gorskaja JF, Kulagina NN. Fibroblast precursors in normal and
irradiated mouse hematopoietic organs. Experimental Hematology 1976;4:267–
274. PMID: 976387
73. Ashton BA, Allen TD, Howlett CR et al. Formation of bone and cartilage by
marrow stromal cells in diffusion chambers in vivo. Clinical Orthopaedics and
Related Research 1980;(151):294307.4 PMID : 7418319
74. Bab I, Ashton BA, Gazit D, Marx G, Williamson MC, Owen ME. Kinetics and
differentiation of marrow stromal cells in diffusion chambers in vivo. Journal of Cell
Science1986;84:139 –151.5 PMID:3805151
75. Castro-Malaspina H, Gay RE, Resnick G , Kapoor N, Meyers P, Chiarieri
D,McKenzie S Broxmeyer HE, Moore MA et al. Characterization of human
bone marrow fibroblast colony-forming cells (CFU-F) and their progeny. Blood
1980;56:289 –301. PMID. 6994839
76. Pittenger MF1, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca
JD, Moorman MA, Simonetti DW, Craig , Marshak DR. Multilineage potential
of adult human mesenchymalstem cells. Science 1999; 284:143–147.
PMID:10102814 PMID:1012814
77. Woodbury D1, Schwarz EJ, Prockop DJ, Black IB.Adult rat and human bone
marrow stromal cells differentiate into neurons. Journal of Neuroscience

156

Research 2000;61:364 –370 DOI:10.1002/10974547(20000815)61:4<364::AID-JNR2>3.0.CO;2-C PMID:10931522
78. Campagnoli C1, Roberts IA, Kumar S, Bennett PR, Bellantuono I, Fisk NM.
Identification of mesenchymal stem/progenitor cells in human first-trimester fetal
blood, liver, and bone marrow. Blood 2001;98:2396–2402 PMID:11588036
79. in 't Anker PS1, Noort WA, Scherjon SA, Kleijburg-van der Keur C, Kruisselbrink
AB,Van

Bezoojien

W, Beekhuizen

W, Willemze

R, Kanhai

HH, Fibbe

WE.Mesenchymal stem cells in human second-trimester bone marrow, liver, lung,
and spleen exhibita similar immunophenotype but a heterogeneous multilineage
differentiation potential. Haematologica 2003;88:845–852. PMID:12935972
80. da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells reside
in virtually all post-natal organs and tissues. Journal of Cell Science.
2006;119:2204–13. DOI 10.1242/jcs.02932 PMID :6684817
81. Panepucci RA, et al. Comparison of gene expression of umbilical cord vein and
bone marrow-derived mesenchymal stem cells. Stem Cells. 2004;22:1263–
78.DOI: 10.1634 PMID: 15579645
82. Kaltz N, et al. Novel markers of mesenchymal stem cells defined by genomewide gene expression analysis of stromal cells from different sources. Exp Cell
Res.
83. J.R. Casey, S. Grinstein, J. Orlowski, Sensors and regulators of intracellular pH,
Nature Review molecular cell. Biol. 11 (2009) 50–61. DOI:10.1038/nrm2820
PMID:19997129

157

84. M.-G. Ludwig, M. Vanek, D. Guerini, J.A. Gasser, C.E. Jones, U. Junker, H.
Hofstetter, R.M. Wolf, K. Seuwen, Proton-sensing G-protein-coupled receptors,
Nature 425 (2003) 93–98. DOI:10.1038/nature01905 PMID:12955148
85. S. Fuller,C. Gaitanaki, P. Sugden, Effects of increasing extracellular pH onprotein
synthesis and protein degradation in the perfused working rat heart, Biochemical
Journal. 259 (1989) 173.PMCID: PMC1138488
86. C.J. Gaitanaki, P.H. Sugden, S.J. Fuller, Stimulation of protein synthesis by raised
extracellular pH in cardiac myocytes and perfused hearts, FEBS Lett. 260 (1990)
42–44. doi:10.1016/0014-5793(90)80061-M
87. P.W. Chiu, S. Ayazi, J.A. Hagen, J.C. Lipham, J. Zehetner, E. Abate, A. Oezcelik,
C.C. Hsieh, S.R. DeMeester, F. Banki, Esophageal pH exposure and epithelial cell
differentiation, Dis. Esophagus 22(2009) 596–599. DOI:10.1111/j.14422050.2009.00966.x PMID:19392851
88. R.J. Isfort, D.B. Cody, S.B. Stuard, G.M. Ridder, R.A. LeBoeuf, Calcium functions
as a transcriptional and mitogenic repressor in Syrian hamster embryo cells: roles of
intracellular pH and calcium in controlling embryonic cell differentiation and
proliferation, Exp. Cell Res. 226 (1996) 363–371.DOI:10.1006/excr.1996.0237
PMID:8806440
89. H. Li, C. Liang, Y. Tao, X. Zhou, F. Li, G. Chen, Q.-X. Chen, Acidic pH conditions
mimicking degenerative intervertebral discs impair the survival and biological
behavior of human adipose-derived mesenchymal stem cells, Exp. Biol. Med. 237

158

(2012) 845–852. DOI: 10.1258/ebm.2012.012009 PMID:22829705
90. Julia B. Ewaschuk,* Jonathan M. Naylor,† and Gordon A. Zello*1. D-Lactate in
Human and Ruminant Metabolism. The journal of nutrition 30 (2005) 1619-1625
91. Teoa,b, Athanasios Mantalaris b, Mayasari Lima.Influence of culture pH on
proliferation and cardiac differentiation of murine embryonic stem cells Ailing.
Biochemical Engineering Journal 90 (2014) 8–15 DOI: 10.1016/j.bej.2014.05.005
92. R.I. Freshney, Culture of Animal Cells, 4th ed., Wiley-Liss, 2000
93. M.A. Chaudhry, B.D. Bowen, J.M. Piret, Culture pH and osmolality influence
proliferation and embryoid body yields of murine embryonic stem cells, Biochem.
Eng. J. 45 (2009) 126–135. http://dx.doi.org/10.1016/j.bej.2009.03.005
94. M.M. Caron, A.E. van der Windt, P.J. Emans, L.W. van Rhijn, H. Jahr, T.J. Welting,
Osmolarity determines the in vitro chondrogenic differentiation capacity of progenitor
cells via nuclear factor of activated T-cells 5, Bone 53 (2013) 94–102.
DOI:10.1016/j.bone.2012.11.032 PMID:23219947
95. S.D.Waldman, D.C. Couto, S.J. Omelon, R.A.Kandel, Effect of sodium bicarbonate
on extracellular

pH, matrix accumulation, and morphology of cultured articular

chondrocytes, Tissue Engineering. 10 (2004) 1633–1640

PMID:15684672

DOI:10.1089/ten.2004.10.1633
96. Fox JM, Chamberlain G, Ashton BA, Middleton J (2007) Recent advances into the
understanding of mesenchymal stem cell trafficking. British Journal of Haematology
137(6):491–502 DOI:10.1111/j.1365-2141.2007.06610.x PMID:17539772
97. Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, Noiseux N, Zhang L,
Pratt RE, Ingwall JS, Dzau VJ (2005)Paracrine action accounts for marked
protection of ischemic heart by Akt-modified mesenchymal stem cells. Nat Med
11(4):367–368
DOI:10.1038/nm0405-367 PMID:15812508

159

98. Gnecchi M, He H, Noiseux N, Liang OD, Zhang L, Morello F, Mu H, Melo LG, Pratt
RE, Ingwall JS, Dzau VJ (2006) Evidence supporting paracrine hypothesis for Aktmodified mesenchymal stem cell-mediated cardiac protection and functional
improvement FASEB J 20(6):661–669 DOI:10.1096/fj.05-5211com
PMID:16581974
99. Togel F, Weiss K, Yang Y, Hu Z, Zhang P, Westenfelder C (2007) Vasculotropic,
paracrine actions of infused mesenchymal stem cells are important to the recovery
from acute kidney injury. American Journal of Renal Physiology 292(5): F1626–1635
DOI:10.1152/ajprenal.00339.2006 PMID 17213465
100. Donald Orlic, Jan Kajstura, Stefano Chimenti, Igor Jakoniuk, Stacie M. Anderson,
Baosheng Li, James Pickel, Ronald McKay, Bernardo Nadal-Ginard, David M.
Bodine ,Annarosa Leri & Piero Anversa.Bone marrow cells regenerate infarcted
myocardium. Nature 2001;410:701–705.52 doi:10.1038/35070587
101. Orlic D, Kajstura J, Chimenti S et al . Mobilized bone marrow cells repair the
infarcted heart, improving function and survival. Proc NatlAcad
SciUSA2001;98:10344 –10349. doi: 10.1073/pnas.181177898
102. Gojo S, Gojo N, Takeda Y et al. In vivo cardio vasculogenesis by direct injection of
isolated adult mesenchymal stem cells. Experimental Cell Research 2003;288:51–
59 PMID:12878158
103. Hofstetter CP, Schwarz EJ, Hess D et al. Marrow stromal cells form guiding strands
in the injured spinal cord and promote recovery. Proc Natl Acad
SciUSA2002;99:2199 –2204. PMCID: PMC122342 DOI: 10.1073/pnas.042678299
104. Liechty KW, MacKenzie TC, Shaaban AF et al. Human mesenchymalstem cells
engraft and demonstrate site-specific differentiation after inutero transplantation in
sheep. Nature Medicine 2000;6:1282–1286. DOI:10.1038/81395 PMID:11062543
105. Kopen GC, Prockop DJ, Phinney DG. Marrow stromal cells migrate throughout
forebrain and cerebellum, and they differentiate into astro-cytes after injection into
neonatal mouse brains. Proc Natl Acad SciU S A 1999;96:10711–10716.
PMCID: PMC17948

160

106. Wislet-Gendebien S, Wautier F, Leprince P, Rogister B Astrocytic and neuronal fate
of mesenchymal stem cells expressing nestin.Brain Research bulletin 2005 Dec
15;68(1-2):95-102. Epub PMID:16325009 DOI: 10.1016/j.brainresbull.2005.08.016
107. Barbash IM, Chouraqui P, Baron J et al. Systemic delivery of bonemarrow-derived
mesenchymal stem cells to the infarcted myocardium:Feasibility, cell migration, and
body

distribution.

Circulation

2003;108:863–868

PMID:12900340

DOI:10.1161/01.CIR.0000084828.50310.6A
108. Wu GD, Nolta JA, Jin YS et al. Migration of mesenchymal stem cellsto heart
allografts

during chronic

rejection.

Transplantation

2003;75:679

–

685.

PMID:12640309DOI:10.1097/01.TP.0000048488.35010.95
109. Mahmood A, Lu D, Lu M et al. Treatment of traumatic brain injury inadult rats
with intravenous administration of human bone marrowstromal

cells.

Neurosurgery 2003;53:697–702.59 PMID:12943585
110. Chen J, Li Y, Wang L et al. Therapeutic benefit of intravenous admin-istration of
bone marrow stromal cells after cerebral ischemia in rats.Stroke 2001;32:1005–1011.
PMID:11283404
111. Ortiz LA, Gambelli F, McBride C et al.Mesenchymal stem cell engraftment in lung
is enhanced in response to bleomycin exposure and ameliorates its fibrotic effects.
PROCNATL ACAD SCI U S A 2003;100(14):8407-8411. PMCID:PMC166242
DOI:10.1073/pnas.1432929100
112. Ruster B, Gottig S, Ludwig RJ et al. Mesenchymal stem cells (MSCs) display
coordinated

rolling andadhesion behavior on endothelial cells. BLOOD

2006;108(12):3938-44. PMID: DOI:10.1182/blood-2006-05-025098
113. Hashimoto T, Brooks GA: Mitochondrial lactate oxidation complex and an adaptive
role for lactate production. Medicine Science Sports and Exercise 2008;40:486–
494 PMID:18379211 DOI:10.1249/MSS.0b013e31815fcb04

161

114. Ghani QP, Wagner S, Becker HD, Hunt TK, Hussain MZ (2004) Regulatory role of
lactate in wound repair. Methods Enzymology 381:565–575

PMID:15063698

DOI:10.1016/S0076-6879(04)81036-X

115. Hunt TK, Conolly WB, Aronson SB, Goldstein P (1978) Anaerobic metabolism and
wound healing: an hypothesis for the initiation and cessation of collagen synthesis
in wounds. American Journal of Surgery135(3):328–332 PMID:626315
116. Green H, Goldberg B (1964) Collagen and cell protein synthesis by established
mammalian fibroblast line. Nature 204:347–349 PMID:14228868
117. Constant JS, Feng JJ, Zabel DD, Yuan H, Suh DY, Scheuenstuhl H, Hunt TK,
Hussain MZ (2000) Lactate elicits vascula endothelial growth factor from
macrophages: a possible alternative to hypoxia. Wound Repair Regeneration
8(5):353–360 PMID:11115148
118. Beckert S, Farrahi F, Aslam RS, Scheuenstuhl H, Konigsrainer A, Hussain MZ, Hunt
TK

(2006) Lactate stimulates endothelial cell migration. Wound Repair

Regeneration14(3):321–324PMID:16808811DOI:10.1111/j.17436109.2006.00127.x
119. Trabold O, Wagner S, Wicke C, Scheuenstuhl H, Hussain MZ, Rosen N, Seremetiev
A, Becker HD, Hunt TK (2003) Lactate and oxygen constitute a fundamental
regulatory mechanism in wound healing. Wound Repair Regeneration11(6):504–509
PMID:14617293
120. Aslam R, Beckert S, Scheuenstuhl H, Hussain MZ, Hunt TK (2005) High lactate in
wounds may initiate vasculogenesis via stem cell homing. Journal of American
College of Surgeon 2001(3S):S58
DOI: http://dx.doi.org/10.1016/j.jamcollsurg.2005.06.128
121. Milovanova TN, Bhopale VM, Sorokina EM, Moore JS, Hunt TK, Hauer-Jensen
M, Velazquez OC, Thom SR: Lactate stimulates vasculogenic stem cells via the

162

thioredoxin system and engages an autocrine activation loop involving hypoxiainducible factor 1. Molecular Cell Biollogy 2008;28:6248–6261
PMCID:PMC2577432 DOI:10.1128/MCB.00795-08
122. Mace KA, Yu DH, Paydar KZ, Boudreau N, Young DM (2007) Sustained expression
of Hif-1alpha in the diabetic environment promotes angiogenesis and cutaneous
wound repair. Wound Repair Regeneration 15(5): 636–645 DOI:10.1111/j.1524475X.2007.00278.x PMID:17971009
123. Kovalchin JT, Wang R, Wagh MS, Azoulay J, Sanders M, Chandawarkar RYIn
vivo delivery of heat shock protein70 accelerates wound healing by up-regulating
macrophagemediated phagocytosis. Wound Repair Regenerattion (2006)14(2):129–
137 DOI:10.1111/j.1743-6109.2006.00102.xPMID:16630101
124. Schneider CC1, Ateschrang A, Königsrainer I, Glatzle J, Bühler S, Schaefer
R, Northoff H, Königsrainer A, Zieker D Lactate Influences the Gene Expression
Profile of Human Mesenchymal Stem Cells (hMSC) in a Dose Dependant Manner.
Cellular

Physiology

and

Biochemistry

2012;30:1547-1556

DOI:

10.1159/000343342.
125. Sokoloff L, Mangold R, Wechsler RL, Kennedy C, Kety S The effects of mental
activity on cerebral circulation and metabolism. Journal of Clinical Investigation
(1955) 34:1101–1108 DOI:10.1172/JCI103159

126 Erecinska M, Dagani F (1990) Relationships between the neuronal
sodium/potassium pump and energy metabolism: effects of K+, Na+ and adenosine
triphosphate in isolated brain synaptosomes. Journal of General Physiology 95:591616. PMID:2159972 PMCID:PMC2216333
127.Uldry and Thorens M. Uldry, B. Thorens. The SLC2 family of facilitated hexose
and polyols transporters . European Journal of Physiology, 447 (2004), pp 480
– 489 PMID:12750891 DOI:10.1007/s00424-003-1085-0

163

128.McEwen BS, Reagan LP. Glucose transporter expression in the central nervous
system: relationship to synaptic function.European Journal of Pharmacology2004
Apr 19;490(1-3):13-24.DOI:10.1016/j.ejphar.2004.02.041 PMID:15094070
129. Brain work and brain imaging.Raichle ME1, Mintun MA.Annual Review of
Neuroscience2006;29:449-76DOI:10.1146/annurev.neuro.29.051605.112819
PMID:16776593
130. Oliver E. Owen,Satish C. Kalhan and Richard W. Hanson The Key Role of
Anaplerosis and Cataplerosis for Citric Acid Cycle Function. The Journal of
biological Chemistry 2002 277, 30409-30412. doi: 10.1074/jbc.R200006200
131. Leonid A. Sazanov A giant molecular proton pump: structure and mechanism of
respiratory complex I Nature Reviews Molecular Cell Biology 2015 16, 375–388
doi:10.1038/nrm3997
132. Sokoloff L. (1989) Circulation and energy metabolism of the brain, in Basic
Neurochemistry: Molecular, Cellular, and Medical Aspects (Siegel G., Agranoff
B., Albers R. W., and Molinoff P., eds), pp. 565–590. Raven Press, New York
133. Maher F, Vannucci SJ, Simpson IA. Glucose transporter proteins in brain. FASEB
J. 1994;8:1003–1011. PMID:7926364
134. Dienel GA, Hertz L. Glucose and lactate metabolism during brain
activation.Journal of neuroscience research. 2001 1;66(5):824-38.130.
DOI:10.1002/jnr.10079 PMID:11746408
135. Mcllwain H 1953 Biochem J. 55, 618
136

Lactate is a preferential oxidative energy substrate over glucose for neurons in
culture.Bouzier-Sore AK1, Voisin P, Canioni P, Magistretti PJ, Pellerin L. Journal
of Cerebral Blood 2003 Nov;23(11):1298-306.
DOI:10.1097/01.WCB.0000091761.61714.25 PMID:14600437

137. Ivanov A., Mukhtarov M., Bregestovski P., Zilberter Y.. Lactate effectively covers
energy demands during neuronal network activity in neonatal hippocampal
slices. Front. Neuroenerg. (2011) doi:10.3389/fnene.2011.00002

164

138. Larrabee MG Partitioning of CO2 production between glucose and lactate in
excised sympathetic ganglia, with implications for brain. J Neurochem (1996)
67:1726–1734. PMID:8858959
139. Véga C1, Poitry-Yamate CL, Jirounek P, Tsacopoulos M, Coles JA. Jounral of
neurochemsitry 1998 Lactate is released and taken up by isolated rabbit vagus
nerve during aerobic metabolism.Jul; 71(1):330-7. PMID:9648882
140.Bouzier A. K., Thiaudiere E., Biran M., Rouland R., Canioni P., Merle M. The
metabolism of [3-(13)C]lactate in the rat brain is specific of a pyruvate
carboxylase-deprived compartment. Journal of Neurochemistry (2000). 75 480–
486. PMID:10899922
141. Qu, H., G. A. Haberg, et al. 13 C MR spectroscopy study of Lactate as substrate
for rat brain. Developmental Neuroscience 2000 22(5-6):429-36 DOI:17472
PMID:11111159
142. Pellerin L and P.J. MAGISTRETTI. Glutamate uptake into astrocytes stimulates
aerobic glycolysis: a a mechanism coupling neuronal activity to glucose utilization
PNAS 1994 91(22): 10625–10629.

PMC 45074

143. Pellerin L and P.J. MAGISTRETTI Glutamate uptake stimulates Na K ATPase
activity in astrocytes via the activation of a disticnt subunit highly sensitive to
oubain Journal of neurochemsitry 1997. 69(5):2132-7 PMID:9349559
144. Lactate is a preferential oxidative energy substrate over glucose for neurons in
culture.Bouzier-Sore AK1, Voisin P, Canioni P, Magistretti PJ, Pellerin L. J
Cereb Blood Flow Metab. 2004 ;24(2):270.
145. Schurr A1, Payne RS, Miller JJ, Rigor BM Brain lactate, not glucose, fuels the
recovery of synaptic function from hypoxia upon reoxygenation: an in vitro
study 2;744(1):105-11 PMID:9030418

165

146. Hertz L, Dienel GA. Lactate transport and transporters: general principles and
functional roles in brain cells Journal of Neuroscience Research (2005)79(12):11-8. DOI:10.1002/jnr.20294 PMID:15586354
147. Lactate as a fuel for mitochondrial respiration G Van Hall Acta Physiol Scand
(2000)168, 643-56 DOI:10.1046/j.1365-201x.2000.00716.x PMID:10759601
148. Avital Schurr, Raiphiel S. Payne, *James J. Miller, and Benjamin M. Rigor Brain
Lactate Is an Obligatory Aerobic Energy Substrate for Functional Recovery After
Hypoxia. Journal of Neurochemistry(1997) 69(1):423-6 PMID: 9202338
149. Berthet C1, Lei H, Thevenet J, Gruetter R, Magistretti PJ, Hirt L. Neuroprotective
role of lactate after cerebral ischemia. Journal of Cerebral Blood Flow and
Metabolism (1997)(11):1780-9. doi: 10.1038/jcbfm.2009.97.

150. Llorente-Folch I, Rueda CB, Pérez-Liébana I, Satrústegui J, Pardo B l-LactateMediated Neuroprotection against Glutamate-Induced Excitotoxicity Requires
ARALAR/AGC1 2016 20;36(16):4443-56. doi: 10.1523/JNEUROSCI.369115.2016

151. P. Jourdain1,3, I.Allaman1, K. Rothenfusser3, H. Fiumelli2, P. Marquet3 & P. J.
Magistretti. L-Lactate protects neurons against excitotoxicity: implication of an
ATP- Mediated signaling cascade doi:10.1038/srep21250
152 Gibbs ME1, Anderson DG, Hertz L Inhibition of glycogenolysis in astrocytes
interrupts memory consolidation in young chicken.Glia 2006 5;54(3):214-22.
PMID:16819764 DOI:10.1002/glia.20377
153. Akinobu Suzuki,1 Sarah A. Stern,1,5 Ozlem Bozdagi,1,2,5 George W. Huntley,1 Ruth
H. Walker,3 Pierre J. Magistretti,4,6and Cristina M. Alberini1,2 Astrocyte-neuron
lactate transport is required for long-term memory formation.,6 Cell. 2011 44(5):
810–823. doi: 10.1016/j.cell.2011.02.018

166

154. Yang J, Ruchti E, Petit JM, Jourdain P, Grenningloh G, Allaman I, Pierre J
Magistretti. Lactate promotes plasticity gene expression by potentiating NMDA
signaling in neurons. Proceedings of the National Academy of Sciences of United
States of America. (2014) 111(33):12228-33.

doi: 10.1073/pnas.1322912111.

PubMed PMID: 25071212; PubMed Central PMCID: PMCPMC4143009
155. Whitehead SN, Gangaraju S, Aylsworth A, Hou ST. Membrane raft disruption
results in neuritic retraction prior to neuronal death in cortical neurons. Bioscience
trends. 2012;6(4):183-91. Epub 2012/09/26. PubMed PMID: 23006965
156. Khuloud Jaqaman1 and Sergio Grinstein2.Regulation from within: the cytoskeleton
in transmembrane signaling Trends in Cell Biology 2012 22(10):515-26. doi:
10.1016/j.tcb.2012.07.006
157. Gonzalez-Rey E, Gonzalez MA, Varela N, O'Valle F, Hernandez-Cortes P, Rico L,
et al. Human adipose-derived mesenchymal stem cells reduce inflammatory and T
cell responses and induce regulatory T cells in vitro in rheumatoid arthritis. Annals
of the rheumatic diseases. 2010;69(1):241-8. doi: 10.1136/ard.2008.101881.
PubMed PMID: 19124525.
158. Noutsi P. Gratton E, Chaieb S. Assessment of Membrane Fluidity Fluctuations
during Cellular Development Reveals Time and Cell Type Specificity PLoS One
11(6):e0158313 doi: 10.1371/journal.pone.0158313
159. Chereddy KK, Lopes A, Koussoroplis S, Payen V, Moia C, Zhu H, et al.
Combined effects of PLGA and vascular endothelial growth factor promote the
healing of non-diabetic and diabetic wounds. Nanomedicine : nanotechnology,
biology, and medicine. 2015;11(8):1975-84. doi: 10.1016/j.nano.2015.07.006.
PubMed PMID: 26238081.

160. Golden SN et al 2003
161.Suzuki S, Kiyosue K, Hazama S, Ogura A, Kashihara M, Hara T, et al. Brainderived

neurotrophic

factor regulates cholesterol metabolism for synapse

167

development. The Journal of neuroscience : the official journal of the Society for
Neuroscience.

2007;27(24):6417-27.doi:

10.1523/jneurosci.0690-07.2007.

PubMed PMID: 17567802.
162. Ying, S. W. Futter, M.Rosenblum, K.Webber, M. J.Hunt, S. P.Bliss, T.
V.Bramham, C. R. Brain-derived neurotrophic factor induces long-term
potentiation in intact adult hippocampus: requirement for ERK activation coupled
to CREB and upregulation of Arc synthesis.The Journal of
neuroscience.2002;22(5) 1532-40
ISSN.0270-6474 PMID:11880483
163.Susana Cohen-Cory, Adhanet H. Kidane, Nicole J. Shirkey, and Sonya Marshak .
Brain-Derived Neurotrophic Factor and the Development of Structural Neuronal
Connectivity Developmental Neurobiology. 2010 Apr; 70(5): 271–288
DOI: 10.1002/dneu.20774
164. Barres BA1, Smith SJ.Neurobiology. Cholesterol--making or breaking
the synapse.Science 2001 294( 5545):1296-1297 DOI: 10.1126/science.1066724
165. Frank W Prieger. Role of cholesterol in synapse formation and function
Biochimica et Biophysica Acta (BBA) – Biomembranes 2003 1610 (2) 271-280
PMID:12648780
166. Woo-Yang Kim*,1,2, Eugene A. Gonsiorek*,1, Chris Barnhart†, Monika A.
Davare‡,

Abby J. Engebose†, Holly Lauridsen†, Donald Bruun†, Adam

Lesiak§, Gary Wayman‡,§, Robert Bucelli* , Dennis Higgins*,3, and Pamela J.
Lein†,¶. Statins decrease dendritic arborization in rat sympathetic neurons by
blocking RhoA activation. Journal of Neurochemistry. 2009 February ;
108(4):1057–1071. PMID:19209406
167. Pederson T. As functional nuclear actin comes into view, is it globular,
filamentous, or both? J Cell Biol. 2008;180:1061–1064
168. Kris Noel Dahl, Alexandre J.S. Ribeiro, Jan Lammerding Nuclear Shape,
Mechanics, and Mechanotransduction Circ Res. 2008 Jun 6; 102(11): 1307–
1318. doi: 10.1161/CIRCRESAHA.108.173989

168

169. Katherine L. Wilson* and Jason M. Berk The nuclear envelope at a glance.
Journal of Cell Science 123, 1973-1978 2010. doi:10.1242/jcs.019042
170. Jan Ellenberg,* Eric D. Siggia,‡ Jorge E. Moreira,* Carolyn L. Smith,§ John F.
Presley,* Howard J. Worman,i and Jennifer Lippincott-Schwartz .Nuclear
Membrane Dynamics and Reassembly in Living Cells:Targeting of an Inner
Nuclear Membrane Protein in Interphase and Mitosis. J Cell Biol. 1997 Sep
22;138(6):1193-206.
171. Iain W. Mattaj Sorting out the nuclear envelope from the endoplasmic
reticulum..Nature reviews Molecular Cell Biology 5, 65-69 (January 2004)
doi:10.1038/nrm1263
172. Erin Haithcock *,Yaron Dayani †, Ester Neufeld †, Adam J.
Zahand *, Naomi Feinstein †, Anna Mattout †,Yosef Gruenbaum †, and Jun
Liu * ,Age-related changes of nuclear architecture in Caenorhabditis
elegans.PNAS 16690–16695, doi: 10.1073/pnas.0506955102
173. Zink D, Fischer AH, Nickerson JA. Nuclear structure in cancer cells. Nat Rev
Cancer. 2004; 4: 677–687. 145 CrossRefMedline
174. Wolf K, Friedl P. Molecular mechanisms of cancer cell invasion and
plasticity. Br J Dermatol.2006; 154: 11–15.
175. Bissell MJ, Weaver VM, Lelièvre SA, Wang F, Petersen OW, Schmeichel
KL. Tissue structure, nuclear organization, and gene expression in normal
and malignant breast. Cancer Res. 1999;59: 1757–1763.
176. Pajerowski JD, Dahl KN, Zhong FL, Sammak PJ, Discher DE. Physical
plasticity of the nucleus in stem cell differentiation. Proc Natl Acad Sci U S
A 2007 Oct 2;104(40):15619-242007 DOI: 10.1073/pnas.0702576104
177. David Troyer and Petra Schwager Evidence for Nuclear Membrane Fluidity:
Proacrosome Migration and Nuclear Pore Redistribution During Grasshopper
Sperm iogenesis.Cell Motility 4:355-367 (1982).
178.Dahl KN, Kahn SM, Wilson KL, Discher DE. 2004. The nuclear envelope
lamina network has elasticity and a compressibility limit suggestive of a
molecular shock absorber. J. Cell Sci.117:4779–86 2.

169

179.Lammerding J, Schulze PC, Takahashi T, Kozlov S, Sullivan T, et al. 2004.
Lamin A/C deficiency causes defective nuclear mechanics and
mechanotransduction. J.Clin. Investig. 113:370–78
180. Naetar N, Korbei B, Kozlov S, Kerenyi MA, Dorner D, et al. 2008. Loss of
nucleoplasmic LAP2α- lamin A complexes causes erythroid and epidermal
progenitor hyperproliferation. Nat. Cell Biol. 10:1341–48
181. Wilson KL, Foisner R. 2010. Lamin-binding proteins. Cold Spring Harb.
Perspect.Biol. 2:a000554
182. Michael D Jacobson1, Miguel Weil1, Martin C Raff Programmed Cell Death
In Animal Development .Cell. Volume 88, Issue 3, 7 February 1997, Pages
347–354
183. Hermann Steller Mechanisms and Genes of Cellular Suicide. SCIENCE *
VOL. 267 10 MARCH 1995
184. Gomes ER, Jani S, Gundersen GG. 2005. Nuclear movement regulated by
Cdc42, MRCK, myosin, and actin flow establishes MTOC polarization in
migrating cells. Cell 121:451–63
185. Friedl P, Weigelin B. 2008. Interstitial leukocyte migration and immune
function. Nat.Immunol. 9:960– 69
186. Blau HM, Pavlath GK, Hardeman EC, Chiu CP, Silberstein L, et al. 1985.
Plasticity of the differentiated state. Science 230:758–66
187. Meshorer E, Yellajoshula D, George E, Scambler PJ, Brown DT, Misteli T.
2006. Hyperdynamic plasticity of chromatin proteins in pluripotent
embryonic stem cells.Dev. Cell 10:105–16
188. Bibikova M, Laurent LC, Ren B, Loring JF, Fan JB. 2008. Unraveling
epigenetic regulation in embryonic stem cells. Cell Stem Cell 2:123–34
189. Pajerowski JD, Dahl KN, Zhong FL, Sammak PJ, Discher DE. 2007. Physical
plasticity of the nucleus in stem cell differentiation. Proc. Natl. Acad. Sci.
USA 104:15619–24
190. Bhattacharya D, Talwar S,Mazumder A, Shivashankar GV. 2009. Spatio-

170

Temporal plasticity in chromatin organization in mouse cell differentiation
and during Drosophila embryogenesis. Biophys. J. 96:3832–39
191. Stewart C, Burke B. 1987. Teratocarcinoma stem cells and early mouse
embryos contain only a single major lamin polypeptide closely resembling
lamin B. Cell 51:383–92
192. Lammerding J, Fong LG, Ji JY, Reue K, Stewart CL, et al. 2006. Lamins A
and C but not lamin B1 regulate nuclear mechanics. J. Biol. Chem.
281:25768–80
193. Meshorer E, Yellajoshula D, George E, Scambler PJ, Brown DT, Misteli T.
2006.Hyperdynamic plasticity of chromatin proteins in pluripotent
embryonic stem cells. Dev. Cell 10:105–16
194. Bhattacharya D, Talwar S,Mazumder A, Shivashankar GV. 2009. Spatiotemporal plasticity in chromatin organization in mouse cell differentiation
and during Drosophila embryogenesis. Biophys. J. 96:3832–39
195. Haithcock E, Dayani Y, Neufeld E, Zahand AJ, Feinstein N, et al. 2005. Agerelated changes of nuclear architecture in Caenorhabditis elegans. Proc. Natl.
Acad. Sci. USA 102:16690–95
196. Buschmann MB, LaVelle A. 1981. Morphological changes of the pyramidal
cell nucleolus and nucleus in hamster frontal cortex during development and
aging. Mech. Ageing Dev. 15:385–
197. Wittmann M, Queisser G, Eder A, Wiegert JS, Bengtson CP, et al. 2009.
Synaptic activity induces dramatic changes in the geometry of the cell
nucleus:interplay between nuclear structure, histone H3 phosphorylation, and
nuclear calcium signaling. J. Neurosci. 29:14687–700
198. Broers JL, Peeters EA, Kuijpers HJ, Endert J, Bouten CV, et al. 2004.
Decreased mechanical stiffness in LMNA-/- cells is caused by defective
nucleo-cytoskeletal integrity: implications for the development of
laminopathies. Hum. Mol. Genet.13:2567–80

171

199.Bissell MJ, Weaver VM, Lelièvre SA, Wang F, Petersen OW, Schmeichel
KLTissue structure, nuclear organization, and gene expression in normal and
malignant breast. Cancer Res. 1999; 59: 1757–1763.
200. Lee JS, Hale CM, Panorchan P, Khatau SB, George JP, et al. 2007. Nuclear
Lamin. A/C Deficiency induces defects in cell mechanics, polarization, and
migration. Biophys. J. 93:2542–52
201. Nikolova V, Leimena C, McMahon AC, Tan JC, Chandar S, et al. 2004.
Defects in nuclear structure and function promote dilated cardiomyopathy in
lamin A/C- deficient mice. J. Clin. Investig. 113:357–69
202. Constantinescu D, Gray HL, Sammak PJ, Schatten GP, Csoka AB. 2006.
Lamin A/C expression is a marker of mouse and human embryonic stem cell
differentiation. Stem Cells 24:177–85
203. Frock RL, Kudlow BA, Evans AM, Jameson SA, Hauschka SD, Kennedy
BK. 2006 Lamin A/C and emerin are critical for skeletal muscle satellite cell
differentiation. Genes Dev. 20:486–50
204.Arora, A. & Damodaran, S. beta-Cyclodextrin-Mediated Removal of Soy

Phospholipids from the Air-Water Interface. J Am Oil Chem Soc 88, 213–
222.doi: 10.1007/S11746- 10-1664-0(2011)
205. Collot M. et al. Bis antennae amphiphilic cyclodextrins: the first
examples. TetrahedronLett 48,8566–8569,doi:
(2007).10.1016/J.Tetlet.2007.09.020 [Cross Ref]
206.Eastburn S. D. & Tao B. Y. Applications of Modified Cyclodextrins. Biotechnol
Adv 12,325–339, doi: (1994).10.1016/0734-9750(94)90015-9 [PubMed]
207.Grauby-Heywang C. & Turlet J. M. Study of the interaction of beta-cyclodextrin
with phospholipid monolayers by surface pressure measurements and
fluorescence microscopy. J Colloid Interf Sci 322, 73–78, doi

172

(2008).10.1016/J.Jcis.2008.03.025 [PubMed] [Cross Ref]
208.Gunasekara L. C. et al. Methyl-beta-cyclodextrin restores the structure and
function of pulmonary surfactant films impaired by cholesterol. BbaBiomembranes 1798, 986–994, doi:
(2010).10.1016/J.Bbamem.2009.12.003 [PubMed] [Cross Ref]
209.Lopez C. A., de Vries A. H. & Marrink S. J. Molecular Mechanism of
Cyclodextrin Mediated Cholesterol Extraction. Plos Comput Biol 7, e1002020,
doi: (2011).10.1371/Journal.Pcbi.1002020[PMC free article] [PubMed] [Cross
Ref]
210.Lopez C. A., de Vries A. H. & Marrink S. J. Computational microscopy of
cyclodextrin mediated cholesterol extraction from lipid model membranes. Sci
Rep-Uk 3, 2071, doi: (2013).10.1038/Srep02071 [PMC free
article] [PubMed] [Cross Ref]
211.Ohvo H. & Slotte J. P. Cyclodextrin-mediated removal of sterols from
monolayers: Effects of sterol structure and phospholipids on desorption
rate. Biochemistry-Us 35, 8018–8024, doi:
(1996).10.1021/Bi9528816 [PubMed] [Cross Ref]
212.Palepu R. & Reinsborough V. C. Surfactant-Cyclodextrin Interactions by
Conductance Measurements.Abstr Pap Am Chem S 195, 23-COLL (1988).
213.Rodal S. K. et al. Extraction of cholesterol with methyl-beta-cyclodextrin
perturbs formation of clathrin-coated endocytic vesicles. Mol Biol Cell 10, 961–
974 (1999). [PMC free article] [PubMed]
214.Slotte J. P. & Illman S. Desorption of fatty acids from monolayers at the air/water
interface to beta-cyclodextrin in the subphase. Langmuir 12, 5664–5668, doi:
(1996).10.1021/La960401l [Cross Ref]
215.Tsamaloukas A., Szadkowska H., Slotte J. P. & Heerklotz H. Interactions of
cholesterol with lipid membranes and cyclodextrin characterized by
calorimetry. Biophys J 89, 1109–1119, doi:
(2005).10.1529/Biophysj.105.061846 [PMC free article] [PubMed] [Cross Ref]
216.Zidovetzki R. & Levitan I. Use of cyclodextrins to manipulate plasma membrane
cholesterol content: Evidence, misconceptions and control strategies. Bba-

173

Biomembranes 1768, 1311–1324, doi:
(2007).10.1016/J.Bbamen.2007.03.026 [PMC free article] [PubMed] [Cross Ref]
217.Ziolkowski W. et al. Methyl-beta-cyclodextrin induces mitochondrial cholesterol
depletion and alters the mitochondrial structure and bioenergetics. FEBS
letters 584, 4606–4610, doi:
(2010).10.1016/j.febslet.2010.10.023 [PubMed] [Cross Ref]
218.Besenicar M. P., Bavdek A., Kladnik A., Macek P. & Anderluh G. Kinetics of
cholesterol extraction from lipid membranes by methyl-beta-cyclodextrin-A
surface plasmon resonance approach. Bba-Biomembranes 1778, 175–184, doi:
(2008).10.1016/J.Bbamem.2007.09.022 [PubMed] [Cross Ref]
219.Flasinski M., Broniatowski M., Majewski J. & Dynarowicz-Latka P. X-ray
grazing incidence diffraction and Langmuir monolayer studies of the interaction
of beta-cyclodextrin with model lipid membranes. J Colloid Interf Sci 348, 511–
521, doi: (2010).10.1016/J.Jcis.2010.04.086 [PubMed][Cross Ref]
220.Mascetti J., Castano S., Cavagnat D. & Desbat B. Organization of betacyclodextrin under pure cholesterol, DMPC, or DMPG and mixed
cholesterol/phospholipid monolayers. Langmuir 24, 9616–9622, doi:
(2008).10.1021/La8004294 [PubMed] [Cross Ref]
221.Zou S. & Johnston L. J. Ceramide-enriched microdomains in planar
membranes. Curr Opin Colloid In15, 489–498, doi:
(2010).10.1016/J.Cocis.2010.06.003 [Cross Ref]
222.Wilson R. L. et al. Hemagglutinin Clusters in the Plasma Membrane Are Not
Enriched with Cholesterol and Sphingolipids. Biophys J 108, 1652–1659, doi:
(2015).10.1016/J.Bpj.2015.02.026[PMC free article] [PubMed] [Cross Ref]
223.Lawrence J. C., Saslowsky D. E., Edwardson J. M. & Henderson R. M. Real-time
analysis of the effects of cholesterol on lipid raft behavior using atomic force
microscopy. Biophys J 84, 1827–1832 (2003). [PMC free article] [PubMed]
224.Popov J. et al. Chemical Mapping of Ceramide Distribution in SphingomyelinRich Domains in Monolayers. Langmuir 24, 13502–13508, doi:
(2008).10.1021/La8007552 [PubMed] [Cross Ref]

174

225.Melzak K. A., Melzak S. A., Gizeli E. & Toca-Herrera J. L. Cholesterol
Organization in Phosphatidylcholine Liposomes: A Surface Plasmon Resonance
Study. Materials 5, 2306–2325, doi: (2012).10.3390/Ma5112306 [Cross Ref]
226.Fantini J., Garmy N., Mahfoud R. & Yahi N. Lipid rafts: structure, function and
role in HIV, Alzheimer’s and prion diseases. Expert reviews in molecular
medicine 4, 1–22, doi: (2002).10.1017/S1462399402005392 [PubMed] [Cross
Ref]
227.Simons K. & Sampaio J. L. Membrane Organization and Lipid Rafts. Csh
Perspect Biol 3, doi: ARTN a004697doi:
(2011).10.1101/cshperspect.a004697 [PMC free article] [PubMed] [Cross Ref]
228.Levental I., Grzybek M. & Simons K. Raft domains of variable properties and
compositions in plasma membrane vesicles. P Natl Acad Sci USA 108, 11411–
11416, doi: (2011).10.1073/Pnas.1105996108[PMC free
article] [PubMed] [Cross Ref]
229.Simons K. & Toomre D. Lipid rafts and signal transduction. Nat Rev Mol Cell
Biol 1, 31–39, doi: (2000).10.1038/35036052 [PubMed] [Cross Ref]
230.Lingwood D. & Simons K. Lipid Rafts As a Membrane-Organizing
Principle. Science 327, 46–50, doi:
(2010).10.1126/Science.1174621 [PubMed] [Cross Ref]
231.Brown D. A. & London E. Functions of lipid rafts in biological
membranes. Annu Rev Cell Dev Bi14, 111–136, doi:
(1998).10.1146/Annurev.Cellbio.14.1.111 [PubMed] [Cross Ref]
232.Keating E. et al. Effect of cholesterol on the biophysical and physiological
properties of a clinical pulmonary surfactant. Biophys J, 59A–59A, doi:
(2007).10.1529/biophysj.106.099762[PMC free article] [PubMed] [Cross Ref]
233.Ferreira N. S. et al. Accumulation of ordered ceramide-cholesterol domains in
farber disease fibroblasts. JIMD reports 12, 71–77, doi:
(2014).10.1007/8904_2013_246 [PMC free article][PubMed] [Cross Ref]
234.Kilsdonk E. P. C. et al. Cellular Cholesterol Efflux Mediated by Cyclodextrins. J
Biol Chem 270, 17250–17256 (1995). [PubMed]

175

235.Liu J. P. et al. Cholesterol involvement in the pathogenesis of neurodegenerative
diseases. Mol Cell Neurosci 43, 33–42, doi:
(2010).10.1016/J.Mcn.2009.07.013 [PubMed] [Cross Ref]
236.Lloyd-Evans E. & Platt F. M. Lipids on Trial: The Search for the Offending
Metabolite in Niemann-Pick type C Disease. Traffic 11, 419–428, doi:
(2010).10.1111/J.1600-0854.2010.01032.X [PubMed][Cross Ref]
237.Murai T. The role of lipid rafts in cancer cell adhesion and migration. Int J Cell
Biol. 2012, 763283, doi: (2012).10.1155/2012/763283 [PMC free
article] [PubMed] [Cross Ref]
238.Rosenbaum A. I., Zhang G. T., Warren J. D. & Maxfield F. R. Endocytosis of
beta-cyclodextrins is responsible for cholesterol reduction in Niemann-Pick type
C mutant cells. P Natl Acad Sci USA 107, 5477–5482, doi:
(2010).10.1073/Pnas.0914309107 [PMC free article] [PubMed] [Cross Ref]
239.Levade T., Tempesta M. C. & Salvayre R. The in situ degradation of ceramide, a
potential lipid mediator, is not completely impaired in Farber disease. FEBS
letters 329, 306–312 (1993). [PubMed]
240.Li Y. C., Park M. J., Ye S. K., Kim C. W. & Kim Y. N. Elevated levels of
cholesterol-rich lipid rafts in cancer cells are correlated with apoptosis sensitivity
induced by cholesterol-depleting agents. Am J Pathol 168, 1107–1118, doi:
(2006).10.2353/Ajpath.2006.050959 [PMC free article] [PubMed][Cross Ref]
241.Palmer C. P., Mahen R., Schnell E., Djamgoz M. B. A. & Aydar E. Sigma-1
receptors bind cholesterol and remodel lipid rafts in breast cancer cell
lines. Cancer Res 67, 11166–11175, doi: (2007).10.1158/0008-5472.Can-071771 [PubMed] [Cross Ref]
242.Murai T. Cholesterol lowering: role in cancer prevention and treatment. J. Biol.
Chem. 396, 1–11, doi: (2015).10.1515/hsz-2014-0194 [PubMed] [Cross Ref]
243.Petrov A. G. & Bivas I. Elastic and flexoelectic aspects of out-of-plane
fluctuations in biological and model membranes. PROG SURF SCI 16, 389–511,
doi: (1984).10.1016/0079-6816(84)90016-9[Cross Ref]

176

244.Janmey P. A. & Kinnunen P. K. Biophysical properties of lipids and dynamic
membranes. 1 Trends Cell Biol 6, 538–546, doi:
(2006).10.1016/j.tcb.2006.08.009 [PubMed] [Cross Ref]
245.Scheffer L. et al. Structure of cholesterol/ceramide monolayer mixtures:
Implications to the molecular organization of lipid rafts. Biophys J 88, 3381–
3391, doi: (2005).10.1529/Biophysj.104.051870[PMC free
article] [PubMed] [Cross Ref]
246.Kim K., Kim C. & Byun Y. Preparation of a
dipalmitoylphosphatidylcholine/cholesterol Langmuir-Blodgett monolayer that
suppresses protein adsorption. Langmuir 17, 5066–5070, doi:
(2001).10.1021/La0102096 [Cross Ref]
247.Sparr E., Eriksson L., Bouwstra J. A. & Ekelund K. AFM study of lipid
monolayers: III. Phase behavior of ceramides, cholesterol and fatty
acids. Langmuir 17, 164–172, doi: (2001).10.1021/La000271n [Cross Ref]
248.Karttunen M., Haataja M. P., Saily M., Vattulainen I. & Holopainen J. M. Lipid
domain morphologies in phosphatidylcholine-ceramide
monolayers. Langmuir 25, 4595–4600, doi:
(2009).10.1021/la803377s [PubMed] [Cross Ref]
249.Hénon S. & Meunier J. Microscope at the Brewster angle: Direct observation of
first‐order phase transitions in monolayers. Rev Sci Instrum 62, 936–939, doi:
(1991).10.1063/1.1142032 [Cross Ref]
250.McConnell H. M. & Radhakrishnan A. Condensed complexes of cholesterol and
phospholipids. Biochimica et biophysica acta 1610, 159–173 (2003).

