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ABSTRACT OF THE THESIS 

Fluorescence Lifetime Imaging Microscopy and LAURDAN Spectral Imaging  

for Dynamically Investigating Osteoclast Differentiation 

by Dean G. Nguyen  

Master of Sciences in Biomedical Engineering 

University of California, Irvine, 2020 

Associate Professor Michelle Digman, Chair 

Osteoclasts, the multinucleated bone-resorbing cells, are involved in the destructive 

breakdown of bones in many diseases such as osteoporosis and rheumatoid arthritis. Designing 

an efficient and specific therapeutic strategy to these diseases would depend on understanding 

osteoclasts differentiation. Although gene expression quantification and biochemical 

techniques have been used extensively to study osteoclast differentiation, they lack the 

capability to dynamically examine live osteoclasts at the single-cell level. In this thesis, we 

explored the practicality of the two minimally invasive microscopy techniques, NAD(P)H 

Fluorescence Lifetime Imaging and LAURDAN spectral imaging, in observing cellular metabolic 

profiles and membrane dynamics respectively during osteoclast differentiation. In addition to 

establishing the practicality of these two imaging platforms, our report offered a deeper 

understanding regarding the roles of metabolism and membrane dynamics in osteoclasts 

differentiation and pathogenesis of osteoclasts-associated diseases.   
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Chapter 1: Backgrounds on osteoclasts 

The skeletal system gives the human body mechanical support, storage of calcium and 

phosphate. Though out the lifetime of a human, bones are constantly remodeled to allow 

growth and maintain homeostasis. The remodeling process of bones are carried out by two cell 

types: osteoblasts and osteoclasts, which form and breakdown the bone matrix respectively. 

Any imbalance between bone formation and resorption would lead to abnormally soft or brittle 

bones. Although bone remodeling depends on both osteoblast and osteoclast, most of the 

known bone diseases are caused by excess or insufficient activity of osteoclasts. Those diseases 

range from the systemic osteoporosis and osteopetrosis, to the localized bone destruction in 

rheumatoid arthritis 1. Osteoclasts are large multinucleated cells that belong the myeloid 

lineage of leukocytes. The differentiation of osteoclast involves many steps which begin with 

formation of common myeloid progenitor cells from hemopoietic stem cells under the 

influence of many factors such as IL-3 and IL-6  2. If stimulated by macrophage colony 

stimulating factor (M-CSF), these cells will further differentiate into monocyte/macrophage 

lineage cells. Monocytes can either cross the bone lining monolayer from the bone marrow or 

from blood into the bone remodeling compartment (BRC) where they are exposed to RANKL 

(Receptor Activator of NfKB ligand) and begins differentiating toward mature osteoclasts. The 

RANKL-stimulated cells then spend some time in a transient state called pre-osteoclasts before 

fusing with one another to form mature multinucleated osteoclasts 3 (Figure 1A) . Although M-

CSF and RANKL are the two key factors for osteoclast differentiation, survival, function, other 

factors such as proinflammatory TNFα and Il-1β were reported to possibly accelerate 

differentiation and bone resorption activity 4,5. Bone resorption starts with mature osteoclasts 



2 
 

forming a strong attachment with the bone surface in the BRC via integrin-osteopontin 

interaction. The cells then seal off the microenvironment between its apical side and the bone 

surface by forming more attachments. Afterward, proton and digestive enzymes like cathepsin 

K are secreted to dissolve the bone mineral and the collagen matrix respectively. The resorption 

products (calcium and phosphate ion, protein fragments) are then transported to the 

basolateral side via transcytosis to prevent toxic buildup (Figure 1B) 6.  

 

Figure 1: Osteoclast differentiation and bone resorption. A. Osteoclast differentiation depends 
on both M-CSF and RANKL. BMM, bone marrow monocyte. pOC, pre-osteoclast. OC, mature 

osteoclasts.  B. A simplified model of bone resorption activity. 
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Chapter 2: Investigating the metabolic profile of osteoclasts and its precursors 

using NAD(P)H FLIM 

2.1 Introduction 

Osteoclast differentiation and metabolism 

ATP, the energy currency of cells, is synthesized through two distinct processes: 

glycolysis and mitochondrial oxidative phosphorylation. In hypoxic environment, there would 

be inadequate oxygen to act as the final electron acceptor for mitochondrial oxphos; thus, most 

cells would shift toward a more glycolytic metabolism. However, some cells can also  undergo a 

process known as aerobic glycolysis, also known as the Warburg effect, in which they prefer 

glycolysis even in normoxic condition7. Studies on metabolism-related genes demonstrated that 

both glycolysis and oxidative phosphorylation are of critical importance to osteoclast 

differentiation and function 8–12. Both osteoclastogenic differentiation and bone resorption are 

energy-expensive processes. In order to adapt to increased demand of ATP, differentiating cells 

might have to alter their cellular metabolic profile. However, we still know very little about the 

how the metabolic profile of cells at different stage of osteoclastogenesis differ from each 

other’s. Thus, we aimed at examining the change of cellular metabolic state throughout 

osteoclastogenesis using the NAD(P)H Fluorescence lifetime imaging microscopy (FLIM) 

technique coupled with phasor analysis in this study. NAD(P)H FLIM is a powerful single cell 

analysis technique that allows dynamic observation of live cells. In contrast, conventional 

methods to study the cellular metabolic states such as assessing gene expression, measuring 

metabolite in spent media, or quantifying oxygen consumption through SEAHORSE assay are 
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bulk analysis methods that completely overlook the heterogeneity within a culture, while also 

lacking the capability to assess the dynamics of subcellular distribution 13,14. Our data 

demonstrated the practicality of the NAD(P)H FLIM in studying cellular metabolism while giving 

us better understanding about the alteration of metabolic profile during osteoclast 

differentiation, allowing potential design of therapeutic strategy in the future.  

2.2 Osteoclasts-associated disease models: iron transport perturbation and TNFα exposure 

Furthermore, we also wanted to use NAD(P)H FLIM to examine possible alteration of 

cellular metabolic profile of osteoclast disease models: iron transport perturbation and 

exposure to the inflammatory cytokine TNFα. Despite its indispensable role in cellular 

metabolism, excess amount of intracellular iron might alter the metabolic program, stimulate 

generation of reactive oxygen species, and disrupt signaling pathways 15,16. In fact, perturbation 

of iron uptakes is known to cause a variety osteoclast-mediated bone diseases 17,18. In this 

report, we used Ferroportin knockout (fpn KO) and Transferrin Receptor 1 knockout (tfr1 KO) 

cells as out iron transport perturbation models. Outward transport through FPN, along with 

other processes, ensure that the level of iron inside cells would not build up to an abnormal 

level; thus, loss of fpn would result in a rise of intracellular iron (Figure 2). In contrast, the loss 

of tfr1 would cause a decrease in intracellular iron (Figure 2). A prior study and unpublished 

data from our collaborator demonstrated that conditional deletion of fpn and tfr1 in mice 

caused osteoporosis and osteopetrosis respectively 19. Next, we examined the metabolic 

alteration of mature osteoclast exposed to TNFα because this proinflammatory cytokine is 

involved in rheumatoid arthritis and periodontal disease 20,21. TNFα is also known to accelerate 

both osteoclast differentiation and bone resorption activity 4,5. Our report would supplement 
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understandings of the pathogenesis of various bone diseases, while demonstrating the 

potential of NAD(P)H FLIM as a diagnostic platform.  

 

Figure 2: Overview of cellular iron uptakes and utilization. Iron is imported, exported, 
sequestered, and sequestered through many different pathways. Drawing was adapted from 

Dev et al 22. 

2.3 Fluorescence lifetime imaging microscopy 

Fluorescence lifetime imaging microscopy is a very versatile tool that has been widely 

used to study many cellular processes including metabolism 23–25. The fluorescence lifetime of a 

population of fluorophore is the time it takes for the number of the excited molecules, which is 

proportional to the intensity, to decrease to 36.8% (or 1/e) of its original value. The lifetime 

does not depend on the concentration of said fluorophore but is characteristic of its 

conformation and environment. 

 𝐼(𝑡) =  𝛼𝑒−𝑡/𝜏 (1) 
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Equation (1) represents a decay with a single exponential term. If the decay involves 

multiple exponential terms, it can be represented by the following equation: 

  𝐼(𝑡) =  Σ𝑖𝛼𝑖𝑒−𝑡/𝜏𝑖  (2) 

Conventionally, FLIM data has been collected using the time correlated single photon 

counting (TCSPC) technique and analyzed by fitting the decay at each pixel into one or two 

exponents. However, the low photon counts at each pixel would make it difficult to perform 

accurate fitting. Besides, fitting the decay of every single pixel of an image having up to 105 

pixels might require an immense amount of computational power. In this study, we instead 

utilized the phasor transformation which can substantially simplify the analysis. By transforming 

the data into the phasor space, a global view of the fluorescence decay at each pixel of the 

image can be provided without any complicated fitting procedure 25. If the data is collected 

through the TCSPC technique, the histogram of photon arrival time at each pixel can be 

transformed as follow:  

𝑔(𝜔) =
∫ 𝐼(𝑡) cos(𝜔𝑡)𝑑𝑡 

∞
0

∫ 𝐼(𝑡)
∞

0 𝑑𝑡
  (3) 

𝑠 (𝜔) =
∫ 𝐼(𝑡) cos(𝜔𝑡)𝑑𝑡 

∞
0

∫ 𝐼(𝑡)𝑑𝑡
∞

0

  (4) 

Where ω = 2πf, and f = 1/T or the laser repetition rate.  If the data is collected in the 

frequency domain, the following transformation can be used instead:  

𝑔(𝜔) = 𝑀𝑐𝑜𝑠(𝜙)  

𝑠(𝜔) = 𝑀𝑠𝑖𝑛(𝜙)  
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In which M and φ are modulation and phase shift respectively. Combining equation (1) 

with equation (3) and (4), and then solving the integration, we can express the equation of g 

and s in terms of lifetime if the decay only has one exponential term:  

𝑔(𝜔) =
1

1+(𝜔𝑡)2  

𝑠(𝜔) =
𝜔𝑡

1+(𝜔𝑡)2
  

The last 2 equation can be derived into the following equation: 

 𝑠2 + (𝑔 − 0.5)2 = 0.25 

Which means all the monoexponential decays would fall on top of a universal circle 

which centers at (0.5, 0) and has a radius of 0.5. A short lifetime would lie closer to the (1,0) 

point which is equivalent to τ = 0, while a longer lifetime would lie near the (0,0) point which 

corresponds to τ = ∞. Another important characteristic of the phasor technique is the rule of 

linear addition. A phasor plot of any mixtures of two exponential species will fall on the straight 

line connecting the two positions of each of the pure single exponential, which are on the 

universal semicircle 26 (figure 3C). The exact position of the mixture on this line is determined 

by the fractional contributions, as represented by the following equation:  

𝐺(𝑤) = Σ 𝑓𝑛𝑔𝑛(𝑤) 

 𝑆(𝑤) = Σ 𝑓𝑛𝑠𝑛(𝑤) 

In which f is the fractional contribution. In a two-components system, the g coordinate 

of the mixture equals to the sum of the products between the g coordinate of component 1 and 

2 and its respective fractional contributions.  
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2.4 NAD(P)H fluorescence lifetime 

NADH is a key compound in cellular respiration because it acts as the major electron 

carrier. When cells favor glycolysis, the amount of NADH produced by glycolysis and TCA cycle 

would exceed the amount of NADH oxidized into NAD+ in the mitochondria, resulting in 

increased NADH/ NAD+ ratio. Many conventional assays that can directly measure the NADH/ 

NAD+ ratio has been used widely to study cellular metabolism. However, they usually involve 

lysing or fixing the tissue culture, making them incompatible to observing the dynamics of living 

cells 27–29. Instead of relying on these invasive assays to study cellular metabolic profiles, many 

studies used the fluorescence lifetime imaging microscopy technique to quantitatively assessing 

the ratio of free to protein-bound NADH instead 23,24. Both free and bound NADH are 

autofluorescent, with absorption peaks at 350 nm, and emission peaks at 450 nm 30. Free NADH 

has a closed conformation causing it to quench its own fluorescence, resulting in a short 

lifetime at 0.4 ns. However, the bound form of NADH has a longer lifetime at around 3.4 ns 

because of its open conformation (figure 3A, B). Although NADH absorption peaks in the UV 

range, which is highly damaging to cells and tissue, this problem is overcome by using two-

photon excitation instead. Two-photons excitation also comes with the added benefit of having 

lower scattering, and better sectioning capability in comparison to one photon excitation31.  
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Figure 3: NAD(P)H Fluorescence Lifetime. A. Close conformation of free NADH and open 
conformation of bound NADH, drawing adapted from Hull et al 32. B. Phasor positions of free 
and bound NADH (if laser repetition rate = 80 MHz) and the equation to calculate the fraction 
of bound NADH. Yellow dot represents a hypothetical position of a mixture of free and bound 

NADH.  
 

2.5 Materials and methods 

Animals  

 All experiments on mice were approved by Long Beach Veteran Affairs Hospital.  

Bone marrow macrophage collection 

Whole bone marrow was extracted from 8-10 weeks old WT, fpn conditional knockout 

(FPN-flox LysM-Cre), and tfr1 conditional knockout mice (TFR1-flox LysM-Cre). After removal of 

tissue debris by cell strainers, red blood cells were lysed using the following buffer for 5 

minutes at room temperature: 150 nM NH4Cl, 10 mM KNCO3, 0.1 mM EDTA, pH 7.4. Bone 

marrow cells were plated onto a 100 mm petri-dish and cultured in α-10 medium (α-MEM 

medium, 10% endotoxin-free heat-inactivated fetal bovine serum, 1 x Penicillin-Streptomycin-L-

Glutamine solution) containing 1/10th volume of CMG 14-12 (conditioned medium supernatant 

containing recombinant M-CSF at 1 ug/mL) for 4 to 5 days. During this period, the cell culture 

media was changed with fresh α-10 medium and CMG 14-12 every other day. Finally, the 
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resulting bone marrow monocytes (BMM) were collected and frozen in FBS, 10% sterile DMSO 

for later uses.  

Osteoclast culture and differentiation 

 WT, fpn KO, and tfr1 KO cells were thawed and let recover in α-10 media with 1/10th 

CMG for four days. Fresh media and CMG were changed every other day in this step as well. 

Then, cells were trypsinized, collected, and plated onto 35 mm imaging dishes (Ibidi, volume = 2 

mL, coverslip thickness = 0.17 mm) at the density of 13*104 cells / dish in α-10 media. To 

initiate osteoclast differentiation, α-10 media was also supplemented with both 1/100th CMG 

14-12 and 100 ng/mL RANKL. A few imaging dishes were supplemented with only 1/100th CMG 

14-12 but not RANKL, so that those cells would maintain the monocytic fate while stopping cell 

division. Both bone marrow monocytes (BMM) and pre-osteoclasts (pOC) were imaged two 

days after plating, while mature osteoclast (OC) would only appear in sufficient number for 

imaging four days after start of RANKL treatment.   

FLIM data acquisition 

 Fluorescence lifetime images of this study were acquired on a laser scanning microscope 

Olympus Fluoview FV1000 system coupled with a Titanium: sapphire laser (Spectra-Physics Mai 

Tai, Mountain View, CA, USA) that has an 80 MHz repetition rate. The fluorescence from the 

samples were detected by external photomultiplier tubes (H7422p-40, Hamamatsu, Japan), 

which transferred data to a phasor plot via an a320 FastFLIM FLIMbox (ISS, Champaign, IL, USA). 

The cells were excited at 740 nm; an average power of 3 mW laser power was used to ensure 

low phototoxicity 33. The objective used for all data acquisition was an Olympus UPlanSAPO 

60x/1.2 NA water objective. The following settings were used for FLIM data collection: image 
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size 256 x 256 pixels, laser dwell time = 20 us/pixel, 50 frames per image. A 690 nm dichroic 

filter was used to separate the emitted fluorescence from the excitation laser. Additionally, the 

emitted fluorescence was split into two with a 496 nm LP filter; one path went through a 

460/80 bandpass filter while the other through a 540/50 filter before hitting their 

photomultiplier tubes. However, only the blue channel (460/80) was used for data analysis. 

Calibration was performed by acquiring FLIM data on coumarin6 (dissolved in pure ethanol), a 

fluorophore that has a known lifetime of τ = 2.5 ns 25. Throughout the entire imaging sessions, 

the cells were kept in standard culture condition using the incubation system of FV1000: 37oC, 

5% CO2, 20% O2, with enough humidity. FLIM data was acquired and processed using the 

program SimFCS developed at the laboratory for fluorescence dynamics.  

Phasor analysis of FLIM data 

 FLIM data was transformed into the phasor space using SimFCS which performed the 

transformation equation mentioned earlier. Individual cells are selected, and nuclei regions 

were excluded using the masking function of SimFCS prior to calculating NAD(P)H fraction 

bound in the cytoplasm. However, nuclei were left on the images when preparing the 

representative images (FLIM map) for aesthetic reason. Fraction of bound NADH was calculated 

by projecting the phasor distribution onto the free-bound line, and then calculated the center 

of mass of the resulting histogram.  
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2.5 Results 

1. WT, fpn KO, tfr1 KO cells NADH FLIM during differentiation 

 

WT, fpn KO (ferroportin knockout), and tfr1 KO (transferrin1 knockout) bone marrow 

monocytes (BMM) cells were stimulated with RANKL and CMG (recombinant M-CSF) to initiate 

osteoclast differentiation. The cells undergoing differentiation (pre-Osteoclast or pOC) were 

imaged 2 days after the start of RANKL stimulation. BMM, which were not exposed to RANKL 

Figure 4:  NAD(P)H FLIM data of fpn KO and WT cells during osteoclast differentiation. A. 
Fraction of bound NAD(P)H in the cytoplasm, each data points represent the average fraction of 
bound NAD(P)H in the cytoplasm of one cell. B. Fluorescent intensity and FLIM images. C. 
Phasor plot and the color scale for constructing FLIM images. Error bars: Standard deviation. 
Mann-Whitney U test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.5. n= 25-30 cells / 
group. 2 independent experiments. 
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but only CMG to maintain the monocytic fate, were also imaged in the same day as pOC. At this 

point, there was no multinucleated cells yet. pOCs had the rounded morphology consistent 

with other studies 3. After 4 days of RANKL exposure, large multinucleated OCs were available 

for imaging. Figure 4C and 5C shows the phasor plot of cells in their respective experiments 

with each dot represents the fluorescent decay at one pixel. To construct the FLIM images, a 

color scale was placed on top of the line connecting free to bound NAD(P)H lifetime on the 

phasor. If the phasor position of a pixel lied on a certain color patch, this pixel would take on 

said color in the FLIM image. On this color scale, the pink color was closer to the free NAD(P)H 

position of the universal circle (0.4 ns) Thus, pink and deep blue color corresponded to higher 

contribution of free NAD(P)H, while white and cyan corresponded to higher contribution of 

bound NAD(P)H due to being near the pure bound NAD(P)H position (figure 4C, 5C). Consistent 

with prior studies, the FLIM images showed that nuclei contained mainly free NAD(P)H (figure 

4B, 5B, 6B) 34. Because major cellular bioenergetic pathways take place in the cytoplasm, the 

nuclei area in the images were excluded before calculating the average fraction of bound 

NAD(P)H. In all three genotypes, the cytoplasm of pOCs was predominantly pink and deep blue 

while the cytoplasm of BMMs was predominantly cyan and white (figure 4B, 5B). Likewise, the 

fraction of bound NAD(P)H of pOC were lower in comparison to BMMs regardless of genotypes 

(figure 4A, 5A), suggesting that there could be a shift toward glycolysis when cells underwent 

differentiation. The fraction of bound NAD(P)H in the cytoplasm of OCs were higher than pOC, 

and the cytoplasmic area of FLIM images of OCs were mainly cyan and white. Therefore, it is 

probable that cells shifted to a more glycolytic state during osteoclast differentiation and 

shifted back toward a more oxphos dominant program upon reaching the mature osteoclast 
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stage.  

2. Comparing WT cells NAD(P)H FLIM to fpn KO cells and tfr1 KO cells  

 To further elucidate the role of iron on osteoclasts’ metabolism, we used two 

gene knockout models in this study: fpn and tfr1 KO. FPN transports excess iron out of 

the cell though it is not the only mechanisms that reduces surplus iron (figure 2). Loss of 

fpn is supposed to cause a slight increase of intracellular iron 19. However, there was no 

difference in fraction of bound NAD(P)H between WT and fpn KO cells in the BMM and 

OC stages. Only at the pOC stage, the cytoplasm of fpn KO cells had a roughly 2% higher 

fraction of bound NAD(P)H relative to WT on average (figure 4A), but this difference did 

not look obvious in the FLIM images (figure 4B).  

 TFR1 imports iron into cells though endocytosis of transferrin-Fe complex. 

Although tfr1 deletion might cause a decrease in intracellular iron, tfr1 KO cells would 

not be completely iron-starved due to presence of other iron import mechanisms (figure 

2). Like the comparison between fpn KO and WT cells, there were no difference 

between the cytoplasmic fraction of bound NAD(P)H of tfr1 KO cells and WT cells. Only 

during the pOC stage, fraction of bound NAD(P)H in the tfr1 KO cells was lower than WT 

by roughly 2% (figure 5 A, B).  
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Figure 5: NAD(P)H FLIM data of WT and tfr1 KO cells during osteoclast differentiation. A. 
Fraction of bound NAD(P)H in the cytoplasm of WT and tfr1 KO cells at different stages of 
differentiation. Each data point represents the cytoplasm of one cell. B. Fluorescent intensity 
and FLIM images of some representative cells. C. Phasor plot and the color scale for 
constructing the FLIM images. Mann-Whitney U test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
ns, p > 0.5. n= 20-30 cells / group. 2 independent experiments.  

3. Effects of the proinflammatory cytokine TNFα on the NADH FLIM signal of mature WT 

osteoclasts 

 Many inflammatory diseases such as periodontal infection or rheumatoid arthritis can 

lead to severe osteoclasts-mediated bone destruction 35. The inflammatory cytokine tumor 

necrosis factor alpha (TNFα) has been documented to accelerate osteoclastogenesis through 

both RANK dependent and independent pathway 36,37. However, its direct action on mature 
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multinucleated osteoclasts is much less clear. One neat thing about FLIM is its potential to 

identify cellular subtypes based on their phasor position without use of dyes or antibody labels 

38,39. We explored the potential of NAD(P)H FLIM to separate out mature osteoclast that had 

been exposed to inflammatory cytokines by treating mature OC with 10 ng/mL TNFα for 1 hour 

before acquiring FLIM data. OC exposed to TNF-α for 1 hour seemed to have 2% higher of 

fraction bound NAD(P)H in the cytoplasm, but the difference might be to too low to look 

obvious in the FLIM images (figure 6 A, B). 

 

Figure 6: Effects of TNFα treatment on the NAD(P)H FLIM signal of mature osteoclast. Mature 
osteoclast on day 4 post RANKL stimulation were treated with 10 ng/mL of the inflammatory 
cytokine TNFα for 1 hour before NAD(P)H FLIM signal was acquired. A. fraction of bound 
NAD(P)H in the cytoplasm. B. Fluorescent intensity and FLIM images of some representative 
untreated control and TNFα treated cells. C. The phasor plot with the color scale for FLIM 
images. Mann-Whitney U test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.5. n= 25-30 cells 
/ group, two independent experiments. 
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2.6 Discussion 

 In view of the high energy demand during osteoclastogenic differentiation and bone 

resorption, we used NAD(P)H FLIM to examine the change of cellular metabolic profile 

throughout osteoclast differentiation. Our data indicated that cytoplasmic fraction of bound 

NAD(P)H decreased going from BMM to pOC and increased back up going from pOC to OC. 

Thus, it is probable that the differentiating cells shifted to a more glycolytic state, and the 

mature osteoclast cells shifted back to a more oxphos dominant state. That is reasonable since 

many glycolysis related genes such as Hif1α and glucose transporters are increasingly expressed 

after RANKL initiates differentiation 19. Considering that cellular remodeling during 

differentiation is an energy demanding process, one might expect that cells would prefer 

mitochondrial oxphos, which is a more efficient method of making ATP 40. Nevertheless, the 

rate of ATP production by glycolysis is faster despite not utilizing the full energy potential of 

each glucose molecule 41. Unlike OCs, pOCs do not yet have the high number of fully developed 

mitochondria per nucleus42, so they might have to increase glycolysis to keep up with their 

energetic needs. Moreover, increased demand for lipid and protein production during 

osteoclast differentiation might pull away intermediates of glycolysis and TCA cycle such as 

acetyl-CoA to participate in many anabolic pathways 43,44. Thus, that would drive glycolytic 

reactions forward, further increasing the amount of free NADH. Upon reaching the OC stage, 

having increased number of mature mitochondria would allow cells to readily shift toward a 

more oxphos dominant metabolic program to satisfy their energetic needs.  

 Perturbation in iron transport and uptake is involved in many osteoclasts-mediated 

diseases 17,22,45. Abnormal level of intercellular iron can alter the metabolic programing, 
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resulting in change in cell activity and signaling. We examined how iron transport perturbation 

can affect cellular metabolic profile at each stage of osteoclastogenesis by comparing NAD(P)H 

FLIM data of fpn KO and tfr1 KO cells to WT cells. Our data indicated that the fraction bound 

NAD(P)H in the fpn KO and tfr1 KO cytoplasm were higher and lower than WT cells respectively, 

but only at the pOC stage. It was as we expected that the increased intracellular iron in fpn KO 

cells would stimulate mitochondria activity, resulting in increased oxphos. However, it was 

surprising that we only saw this difference in only the pOC stage but not in BMM or OC. 

Likewise, NAD(P)H fraction bound in tfr1 KO cells’ cytoplasm was slightly lower than WT cells 

only in the pOC stage, suggesting that the mild iron starvation in tfr1 KO made them more 

glycolytic than WT at the pOC stage. A possible explanation to why we only saw a difference at 

the pOC stage is that fpn and tfr1 deletion would only alter the level of intracellular iron only 

during osteoclast differentiation. One should keep in mind that cellular need for iron uptake 

from the environment is relatively low, that over 90% of intracellular iron is recycled. Uptake 

from the environment only accounts for roughly 10% of the iron, and is only activated if cells 

really need iron 46. The differentiating pOC cells most likely needed iron because of increased 

mitochondria biogenesis 47. Furthermore, FPN is not the only factor that can decrease surplus 

intracellular iron, and TFR1 is not the only factor that mediate iron uptake (Figure 2). In the 

BMM and OC stages of fpn KO cells, ferritin storage and export might be able to sequester most 

of the excess iron despite lack of outward transport through FPN. However, enhanced iron 

uptake induced by iron regulatory protein 2 (IRP2) during osteoclast differentiation 47 might 

overwhelm ferritin storage, causing substantial increase in the level of intracellular iron relative 

to WT cells, and consequently increased oxphos. Similar explanation can be applied to the data 
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on TFR1 KO cells. At the BMM and OC stages, ferritin and heme uptake from the environment 

can make up for the loss of TFR1 mediated uptake (figure 2). However, enhanced need for iron 

during the pOC stage (characterized by IRP2 activation) might overwhelm ferritin and heme 

uptakes, resulting in a slight iron starvation in tfr1 KO cells, and consequently a slight decrease 

in NAD(P)H fraction bound relative to WT. Though our data was indeed interesting, these 

explanations are in no way definitive without measuring intracellular iron and expression of all 

iron transport proteins at every stage of differentiation.  

 TNF-α is a proinflammatory factor that is known to be involved in bone destruction in 

rheumatoid arthritis and periodontal disease. It is established that exposure to TNFα after 

RANKL can accelerate osteoclast differentiation by further stimulating NF-κB pathway 4. Recent 

studies from our collaborator and others had demonstrated that TNFα can also directly 

stimulate mature OC bone resorption activity like RANKL 5. We were interested in knowing 

whether TNFα exposure can change the NAD(P)H FLIM signal of OCs. Our data showed that 1 

hour of exposure to 10 ng/mL of TNF-a slightly increased fraction of bound NAD(P)H in the 

cytoplasm, suggesting that TNF-a might cause cells to shift to a more oxphos metabolic profile. 

Considering that TNF-α can participate in stimulating mature OCs bone resorption activity, 

which is energy demanding, OC cells might fulfill this increased need for ATP by enhancing 

oxphos. Additionally, TNFα is also capable to activating NADPH oxidase which create hydrogen 

peroxide using NADPH as energy, which might increase the fraction of bound NAD(P)H 

calculated through FLIM/phasor since it is still not possible to separate NADH and NADPH 

fluorescence signal. However, it is still unclear whether OCs express NADPH oxidase like its 

cousins, macrophage and dendritic cells. Nevertheless, we managed to distinguish OCs exposed 
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to TNFα from the untreated control without use of label or cell lysis.  

2.7 Limitation of the study and future works 

NADH and NADPH participate in distinct metabolic pathways, but it is still impossible to 

separate NADH and NADPH florescence from one another because they have the same 

spectrum and lifetimes. The intracellular concentration of NADH and NADPH might vary 

between cell types, and even cells in the same culture. In future studies, we will address this 

issue by using inhibitors that target either NADH or NADPH pathways and investigate how the 

FLIM data would change accordingly. Furthermore, our culturing condition might not be 

representative of the in vivo environment of osteoclasts. First, the majority of osteoclasts’ bone 

remodeling compartment is on spongy bone, next to the bone marrow, which is relatively 

hypoxic with O2 concentration around 3-4% 48. Secondly, the bone matrix is completely 

different than the glass surface of our imaging dishes. Thus, we aim to implement hypoxia 

condition in our future experiments, and possibly grow cells on bone or dentine chips. 

However, bone chips might increase difficulty of finding cells and decrease resolving power.  

2.8 Conclusion for chapter 2 

 In this study, we demonstrated that NAD(P)H FLIM coupled with phasor analysis can be 

a practical method to dynamically investigate cellular metabolic profile throughout 

osteoclastogenesis without labels or cell lysis. During osteoclast differentiation, cells seemed to 

shift toward glycolysis and then shifted back toward oxphos upon reaching maturation. Iron 

transport perturbation via ferroportin or transferrin receptor 1 deletion seemed to cause a shift 

in metabolism toward oxphos and glycolysis respectively, but only during differentiation. 

Finally, we also managed to distinguish mature osteoclasts exposed to TNFα from untreated 
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controls, suggesting that NAD(P)H FLIM/phasor might even have the potential study 

inflammatory bones destruction without antibody labels, unlike conventional assays.  

Chapter 3: The study on membrane fluidity during osteoclastogenesis using 

Spectral imaging and LAUDAN. 

3.1 Introduction 

 Cholesterol, the molecule that involved in controlling the viscosity of cell membranes, 

might have a critical role in osteoclast differentiation and function. One analysis of clinical data 

demonstrated that there could be an association between osteoporosis and high serum 

cholesterol although the correlation is inconsistent and varies between groups of patients 49. 

However, obese patients who administered the serum cholesterol lowering drug Statin seemed 

to recover bone density and have reduced risk of bone fracture 50. Sequestering cholesterol in 

the differentiating pre-osteoclast cells in vitro using MCD (methyl-β-cyclodextrine) disrupts cells 

fusion and promotes apoptosis. In mature osteoclast culture, MCD treatment interferes with 

actin ring formation, resulting in non-functional resorption zones and also mature osteoclast 

apoptosis 51,52. In contrast, supplementation of cholesterol to osteoclast culture in vitro 

promotes survival and function 52. Fatostatin, an inhibitor of sterol regulatory element binding 

protein (SREBP), was found to decrease RANKL-induced bone loss in mice by preventing 

osteoclast differentiation 53. SREBP is a master controller of both lipid and cholesterol synthesis.  

Activated SREBP increases expression of proteins associated with cholesterol and fatty acid 

synthesis 54.  
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 Given that lipids, especially cholesterol, might have an important role in osteoclast 

differentiation and function, in this part of the thesis I set out to investigate how the fluidity of 

membrane would change though out the course of osteoclast differentiation. Knowing more 

about membrane dynamics would allow us to design better therapeutic strategies in the future, 

while batter understand the pathogenesis of osteoclasts-mediated diseases. For this purpose, I 

used the fluorescent probe LAURDAN. This probe has been used extensively to study the 

fluidity of the cell membrane because of its unique ability to sense the polarity of its 

surrounding, while its hydrophobic tail allows the LAURDAN molecule to rapidly accumulate in 

the lipid bilayer (figure 7C). Coupled with spectral microscopy and phasor analysis, we can 

quickly examine membrane fluidity of cells in the single cell level, unlike other techniques that 

involve destruction of the entire cell culture. My preliminary data suggested that cellular 

membranes became more solid as cells differentiate toward mature osteoclast.  

3.2 Spectral phasor and LAURDAN 

In spectral imaging microscopy, the spectral information at each pixel is collected by 

first passing the emitted light through either a prism or a diffraction grating. Like fluorescence 

lifetime, the phasor approach can be used to describe the spectrum at each pixel. The spectrum 

at each pixel can be transformed into the phasor space using the following equations:  

𝐺(𝜆) =  
∫ 𝐼(𝜆)cos (

2𝜋𝑛(𝜆 − 𝜆𝑖)
𝜆𝑚𝑎𝑥 − 𝜆𝑚𝑖𝑛

)𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

∫ 𝐼(𝜆)𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
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On the spectral phasor plot, wavelength increases in the counterclockwise direction 

while the distance of a pixel from the center of the plot is proportional to the width of the its 

spectrum (figure 7 A,B).  

 

Figure 7: LAURDAN and spectral imaging. Spectral phasor graph and the molecular structure of 
LAURDAN. A and B. Phasor positions and their equivalent spectra from Cutrale et al 55. C. 

LAURDAN molecular structure.  

 

LAURDAN (6-dodecanoyl-2-dimethylaminonaphthalene) is a molecule belonging to the 

family dimethyaminonaphthalene (Figure 7C). Light excitation can cause the dipole moment of 

LAURDAN molecules to greatly increase, that it can reorient the other polar molecules in the 

surrounding environment. Spending energy on reorienting the surrounding molecules causes 
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the emission spectrum of LAURDAN to shift toward red, longer wavelength 56. The LAURDAN 

molecule also possesses a hydrophobic tail which would allow the molecule to rapidly integrate 

into the lipid bilayer, making it possible to examine water penetration, a property related to the 

physical phase of the membrane. In a pure liquid order (lo) membrane, LAURDAN emission 

centers around 440 nm. However, a liquid disorder (ld) membrane would allow water 

molecules to penetrate inside, which is sensed by the LAURDAN molecule upon excitation, 

resulting in a 50 nm red shift 57,58. Cell membrane fluidity is determined by both the lipid 

composition and cholesterol. Prior studies showed that imaging with LAURDAN can distinguish 

between artificial DPPC vesicles with different cholesterol concentration 57,59. When coupled 

with spectral phasor analysis, LAURDAN can also distinguish cell membranes in a multitude of 

physiological conditions 60,61. Thus, it might be useful in examining the change of membrane 

fluidity during osteoclastogenesis, allowing us to indirectly have a deeper understanding of the 

role cholesterol and other lipids have in osteoclasts-mediated diseases.  

3.3 Materials and methods 

Osteoclast culture and differentiation 

Cells were collected, cultured, and stimulated in the same way as chapter 2.  

LAURDAN treatment and spectral imaging 

Spectral fluorescence data was collected using the Lamda mode configuration of Zeiss 

LSM 710 laser scanning microscope (Carl Zeiss, Dublin, CA-USA) equipped with a Ti: Sapphire 

laser (Spectra-Physics Mai Tai, Newport Beach CA-USA). The Lamda mode was configured in 32 

channels, each has a bandwidth of 9.7 nm and the total range from 416 to 728 nm. Frame size 
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was 256x256 and the pixel dwell time was 5.09 μs / pixels. Cells were treated with 1 uM 

LAURDAN 30 minutes before imaging. To excite LAURDAN, the excitation laser wavelength was 

adjusted to 780 nm (2 photons excitation). A 40x water objective from Zeiss was used for 

capturing of all images. The spectral LSM file was transformed into phasor using the the 

program SimFCS developed at the Laboratory for Fluorescence Dynamics. One image was taken 

with the laser off to be used for background subtraction in SimFCS.  

3.4 Preliminary results 

 

Figure 8: LAURDAN fluorescence during osteoclast differentiation. A. the phasor cloud of the 
entire experiment, blue cursor was placed in the center of the phasor plot, green and red cursor 
was placed on the circle at 435 and 520 nm wavelength respectively. B. Representative images, 
first row is LAURDAN intensity image, second row is the fluidity image constructed by placing a 
color scale on top of the line connecting red to green cursor. C. the spectrum of LAURDAN on 
the membrane of the entire cells from each group (BMM, pOC, OC) by projecting the phasor 
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cloud of the entire group onto the red-green line, which goes from 430 nm to 520 nm. n = 6 
cells / group. 

To analyze the phasor plot, we used the three components analysis approach, in which 

one cursor is placed on the center (background) and two were placed on the circle at 435 nm 

and 520 nm (Figure 8A). The phasor cloud of all the cells in the experiment lie within the 

triangle formed by the three cursors. Then, using SimFCS, the phasor cloud was projected onto 

the red-green line. The fluidity image was constructed by placing a color scale on top of the red-

green cursor line. On the color scale, red was the most fluid while blue was the most solid 

(Figure 8 A, B). If the LAURDAN spectrum of a pixel is closer to the green cursor, the LAURDAN 

molecules inside this pixel was inside a more aqueous membrane. Fluidity images in figure B 

showed that BMMs had more red and orange pixels than either pOCs or OCs, suggesting that 

the total membrane of BMM was more fluid. There seemed to be no obvious difference 

between pOC and OC cells. Instead of selecting all the cells in the experiment, one single group 

of cells (e.g. BMM) can be selected on SimFCS, and the phasor cloud of this group can be 

projected on to the red-green cursor line. The resulting histogram is a spectrum that sums up 

the LAURDAN spectra of the entire group (figure 8C). As cells differentiate from BMM to pOC 

and OC, the average LAURDAN spectra seemed to slightly shift toward a shorter wavelength, 

suggesting that pOCs an OCs has higher total membrane viscosity.  

3.5 Discussion 

Increasing amount of evidence has demonstrated the importance of cholesterol and 

lipids in osteoclast differentiation and function. Because lipid composition and especially 

presence of cholesterol are critical in determining the dynamics of the cell membranes. In this 

study, we aimed at investigating the possible change of membrane fluidity during osteoclast 
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differentiation using LAURDAN coupled with spectral imaging and phasor analysis. Our 

preliminary data indicated that the average spectrum of LAURDAN in pOC and OC cells shifted 

toward the blue side relative to LAURDAN in BMM, suggesting that the total membranes of pOC 

and OC cells might be more solid than the membranes of BMM. It should emphasized that the 

LAURDAN spectrum and fluidity images in our preliminary study are representative of the cell 

total membrane. Though it would be more ideal to observe the plasma membrane or organelle 

membrane separately, we could not resolve individual membrane because the thickness of 

phospholipid bilayer is about 10 nm, well below the resolving power of 366 nm in our current 

setup. This issue will be addressed in the future by using other imaging modalities that increase 

resolving power such total internal reflection fluorescence microscopy (TIRF) or super 

resolution microscopy in future experiments. However, preliminary data on total membrane 

fluidity would at least give us some clue about change in physical property of cells’ membranes 

as they differentiate toward mature OCs. It was as we expected that OCs would have more solid 

membranes because these are very large cells (up to 150 um in diameter), thus their 

membranes might need to be rigid to maintain its massive structure. The increase in membrane 

solidity can also be attributed to increase in lipid rafts, which are microdomains packed full of 

cholesterol 62. The lipid raft marker flotillin was found to have substantially increased 

expression during and after osteoclast differentiation51. OCs contain a large amount of different 

membrane transporters on either the bone resorption side or the basolateral side of their 

plasma membrane 63. Attaching to lipid rafts might ensure proper function of membrane 

transporters by limiting lateral diffusion, allowing them to stay on their proper side of the 

membrane. Lipid rafts on the endoplasmic reticulum might have increased in pOC and OC as 
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well, because the liquidity images seems to show that most of the different in fluidity was 

inside the cells (figure B). It might be reasonable considering that the membrane transporters 

are form on the ER and constantly shuttled onto the plasma membrane via vesicles.  

3.6 Conclusion and future works 

 In this study, we demonstrated that cellular total membranes became less fluid as they 

differentiate from bone marrow monocyte, to pre-osteoclasts, and mature osteoclast via 

LAURDAN spectral imaging coupled with phasor analysis. Knowing more about changes in 

membrane fluidity will allow us to indirectly better understand the role of cholesterol and lipid 

rafts in proper osteoclast function. Besides moving to different imaging platforms like TIRF and 

STED for better resolving power, we can also investigate how cholesterol sequestering 

compounds affect the membrane fluidity of osteoclasts in the future.   
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