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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 two-

photon 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-6-

laurylnaphalene (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].  

 



16 
 

 

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 L-

lactate 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 21-

days 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. D-

Lactate 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 non-

haematopoietic 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 anti-

inflammatory 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). 
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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 



62 
 

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 activity-

regulated 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 
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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  L-

Lactate on plasticity genes as well its action on membrane fluidity changes (probably via 

BDNF). Our findings suggest a strong correlation between membrane fluidity and L-

lactate-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 (420-

500 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-Lactate-

treated 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 L-

pyruvate 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. 



72 
 

 

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 non-

treated 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. 

 

 

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. 

 

     Non-treated                     D-Lactate                          Pyruvate                           L-Lactate            



75 
 

 

Non-treated MSC (20x)                                          L-Lactate treated MSC (20x) 

 

 

 10x                                                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 non-

treated 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 non-

differentiated 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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Figure 2.19 NMDA receptor 1 (NR1) is expressed in both L-Lactate treated and non-

treated 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 

E 

F 
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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) 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Lammerding%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23737203
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lammerding%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23737203
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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. 
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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 

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

 

 

 

 

 

 

 

 

 

                                      

 

 

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.  

N
u
m

b
er

 o
f 

p
ix

el
s 

Normalized   ratio 



106 
 

 

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.  

 

 

 

 

                      Figure 13.16 a. Summary of GP measurements at 6h. 
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Figure 3.16 b. Summary of GP measurements at 24h. 

 

                              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 
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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.  Furthermore, in 

hippocampal neurons prominent nuclear  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 (216-

218). 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 in-

situ. 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).  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f1/
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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 well-

collimated 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. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f2/
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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). 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f3/
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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%. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4887913/figure/f3/
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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. 
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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. 
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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 re-

supplemented 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 two-

photon 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: 

𝐺𝑃 =
𝐼𝑏−𝐼𝑔

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 RNase-

free 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. 
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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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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. 

28S RNA  

18S RNA 
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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  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  



143 
 

5.3.5 Melt curve analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

GAPDH. 
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