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ABSTRACT

EFFECTS OF EXTERNAL FACTORS ON THE FLUIDITY OF SUPPORTED LIPID
BILAYERS AND CELL MEMBRANES

By
Masroor Hossain

Biological plasma membranes are essential for a cell’s proper function. They play key roles
in cell-communication, structural support, and are involved in key processes, such as inducing
anesthesia. They are composed of hundreds of distinct molecules with the majority being
phospholipids, followed by proteins and carbohydrates. We take advantage of this well-crafted
system by creating artificial bilayer models, whose parameters are well-controlled. Ultimately, the
goal of this research is to understand the complex interplay of molecules in a model bilayer through
translational diffusion constants and connect the results to live plasma membranes.

The model bilayer composition was simplified by focusing on major lipids, namely
cholesterol, 1,2-dioleoyl-sn-phosphatidylcholine (DOPC), sphingomyelin, and ceramide on mica
substrates. Various applications of artificial membranes exist, and we choose to focus on the area
of anesthesiology. Though anesthesia use continues to be vital, from minor to major surgical
processes, molecular mechanisms are not clear and lack of widespread consensus on theories cause
debate among researchers. The main contenders are anesthetics acting directly on proteins or
indirectly by dissolving in lipids and affecting transmembrane protein functions. Drawing from
previous work in the Blanchard research group, we apply ethanol and n-butanol, on our models to
understand interactions of general anesthetics with the bilayer. With perylene or 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) as fluorescent probes
(sensitive to phospholipid headgroup or tail mobility, respectively), the fluorescent recovery after

photobleaching (FRAP) technique results in fluorescence recovery curves of the supported lipid



bilayers, from which translational diffusion constants are extracted. The values are related directly
to fluidity and, as predicted, application of the short-chain alcohols led to higher diffusion
coefficients overall. However, high alcohol concentrations resulted in lower diffusion coefficients
potentially due to bilayer interdigitation. On both the macroscopic and microscopic scale, ceramide
rigidified the system.

As a whole, further investigations pointed to the heterogeneous morphology of the models.
Size-dependent FRAP measurements led to an important observation that anomalous diffusion is
occurring. Ultimately, results from the models need to be connected with those on live cell
membranes and we had this experience with a collaborative project with the Busik laboratory in
the physiology department at Michigan State University.

Their group works on various projects, one of which involves treatment options for retinal-
based degradation in diabetic subjects. Increased cholesterol generally decreases membrane
fluidity, and related to our research goals, the drug N, N-dimethyl-3B-hydroxy-cholenamide
(DMHCA), a selective LXR agonist, rejuvenated circulating angiogenic cell (CAC) membrane
fluidity which has potential in vascular repair of people afflicted with the diabetic retinopathy

complication.



Dedicated to Afroz Hossain, Rtham Hossain, Nahin Mulla, and late Mohammed Mazdar Hossain
who all sacrificed more than I can imagine.

v



ACKNOWLEDGEMENTS

First and foremost, I would like to thank my amazing advisor Dr. Gary Blanchard. He
deserves more gratitude than I can express. In addition to his critical insight and suggestions, he is
welcoming with a literal open-door policy, generous, kind, and understanding. From the first day
I joined his research group, expectations were clearly explained. His knowledge of both academic
and industrial settings helped tremendously, and I am fortunate to have worked under his
supervision. I thoroughly enjoyed scientific and academic discussions, soup lunches, words of
wisdom, and hilarious stories. In addition, I am grateful to the rest of the group - Sheryl Blanchard,
Dr. Stephen Baumler, Dr. Xiaoran Zhang, Dr. Krystyna Kijewska, Dr. Barrack Stubbs, Dr. Ke Ma,
Briana Capistran, Yufeng Wang, Corbin Livingston, Igbal Hossain, Andrew Wendel, Alexandra
Korabiewski, Austin Benedict, Yasmine Farhat, and Stephanie Schiffert.

I also appreciate the opportunity to have collaborated with Dr. Busik’s physiology group
and members Dr. Seda Grigoryan, Dr. Sandra Hammer, Dr. Yan Levitsky, Dr. Chao Huang,
Svetlana Navitskaya, Kiera Fisher, Anthony Novello, Delaney McFarland, David Pegouske, and
Travan Gentles. Along those lines, Dr. Maria Grant and her ophthalmology and visual sciences
group deserve my gratitude as well: Dr. Cristiano Vieira, Dr. Ana Leda Longhini, Mariana DuPont,
and others I communicated with indirectly.

Thank you to my guidance committee members Dr. Julia Busik, Dr. Dana Spence, Dr.
David Weliky, and Dr. Greg Swain for their support, suggestions for my research, and other advice.

I would like to thank my previous research group advisor Dr. James McCusker and

members Dr. Jennifer Miller, Dr. Monica Carey, Dr. Bryan Paulus, Dr. Christopher Tichnell, Dr.



Sara Adelman, Dr. Daniela Arias-Rotondo, Dr. Shuxuan Li, Matthew Woodhouse, Jonathan
Yarranton, Phillip Casamento, and Karl Nielsen.

It was a pleasure learning from various instructors in classes, and I appreciate their tutelage:
Dr. Thomas Hamann, Dr. Rémi Beaulac, Dr. Aaron Odom, Dr. James McCusker, Dr. John
McCracken, Dr. Denis Proshlyakov, Dr. Mitch Smith, Dr. Gary Blanchard, Dr. Greg Swain, Dr.
Dana Spence, Dr. Liangliang Sun, Dr. David Weliky, and Dr. Heedeok Hong.

I am grateful to have worked with many during my teaching assignments, particularly Dr.
Joseph Ward, Dr. Amy Pollock, Dr. Virginia Cangelosi, Dr. Kathryn Severin, Dr. Thomas Carter,
and Todd Burkhart.

I appreciate staff’s willingness to help, Anna Osborn, Tiphani Scott, Heidi Wardin, Bob
Rasico, Eric Smariege, Brenda Franklin, Dianne Karsten, Dawn Kuhn, Mary Mroz, David Voss,
Letta Dibaba, and Bill Flick.

Thank you to Dr. Babak Borhan and Dr. Xuefei Huang for access to freezers in the
penthouse and DLS instrument, respectively.

Thank you to friends from board game groups (Friend Zone, CGN, LAGE) and other
recreational activities for fun times. Thank you to fellow graduate students for scientific
discussions, activities (like ping pong), and rooming together - Eziz Kuliyev and Daniel
Steigerwald. Thank you to Lauren Skrajewski for showing me how to use EndNote. In Gary’s
words, “it is a game changer.” Thank you to Dr. Katharina Domnanich and Amanda Setser for
various kinds of knowledge and advice.

Special thanks to family, dear friends, and influential individuals who supported,

encouraged, motivated, and inspired me to do my best, like Jenna, Obi, Sarvie, Komal, Josh,

vi



Mojtaba, Roxanne, Michelle, Mo, Vernon, Trent, Natalie, Kio, Ben, Evelyn, Charlie, Clarice, Mr.
Phanisha Mandagere, and those no longer with us, notably Carol Whitney, David Haan, and Yu-
Ling Lien.

This research would not have been possible without funding from the National Institutes
of Health and MSU Department of Chemistry, for which I am grateful.

Thank you to high school teachers Dr. Myers, Mr. Branch, Mr. Carlson, and Ms. Ransford.
Thank you to college instructors Dr. Barth, Dr. Bartz, Dr. Smith, Martha Warpehoski, and previous
employers.

Though not mentioned here directly, I am grateful for the help and guidance of many. As
the African proverb goes, “it takes a village to raise a child.”

I tend to be meticulous and detail-oriented, sometimes focusing on a leaf or a tree. Both
Gary and Jim guided me to look at the forest as well (big picture) and finding balance has been an
area for continuous growth and improvement.

My graduate career has been far more than an academic challenge but also one of personal
development and growth. It is part of my journey of using chemistry to make a significant impact
in people’s lives. A lesson in perseverance reverberated throughout my time as a graduate student,
especially in times of hardship and low morale:

We fall so we can learn how to pick ourselves up.

vii



TABLE OF CONTENTS

LIST OF TABLES ...ttt ettt ettt st sbe et es et e et e nsentesbeebeeneas X
LIST OF FIGURES ...ttt sttt s b et sttt et e b Xi
KEY TO SYMBOLS AND ABBREVIATIONS ..ottt XVi
CHAPTER 1: INTRODUCTION ......eitiieieieieiesiesteeteett ettt sttt ettt st sse s s 1
REFERENCES ...ttt st b et et sa et b e sb et e st e sbeebesneens 9
CHAPTER 2: EXPERIMENTAL TECHNIQUES ... 16
Supported Lipid BIlAYETS .....cccviiiiiiiiieiieeiie ettt ettt ettt et e et e ebeebeesaneeneas 16
Dynamic Light Scattering MeasuremMents...........cccueeruierieeriienieeiieeneeeiteeneeesreesseeeseesseesseesseesseens 16
Human Circulating Angiogenic Cell Staining ............coccveeriierieeiiienieeiierie et siee e eseeeeaeens 17
Mouse Circulating Angiogenic Cell Staining..........ccceeviieiieriieriiieiie ettt 18
UV -ViSIDIE ADSOTPHON ...c.uiieiiieiiiieiieeieeite et eieeete et estteeteesteeebeesseessseesseeenseessaeenseesaeasseenseesnseens 19
FIUOTESCOICE ...ttt ettt et b et ettt e e et enbeenees 20
Measuring Translational Diffusion with Fluorescence Recovery After Photobleaching.............. 20
REFERENCES ...ttt ettt st b et ettt et e nbeenees 25

CHAPTER 3: EFFECTS OF ETHANOL AND N-BUTANOL ON STRUCTURAL
COMPOSITION OF SUPPORTED LIPID BILAYERS VIA TRANSLATIONAL DIFFUSION

........................................................................................................................................................ 28
ADSITACT ..ottt e e e e et e e — e e e et — e e e e aaateeeee—aaeeeetreeeeenraaaeas 28
INETOMUCTION . ...ttt e et e e et e e e et e e e eetaeeeeeetaeeeeeesaseeeeeasreeeeeneeeeeanns 28
EXPETIMENTAL......oiitiiiiiiiiiietce ettt sttt b ettt et e b enees 32
ReSUIS and DISCUSSION .....eeiiiiiiiieeeiiieeeeeieee ettt eeeee e eete e e e e e e e eeaaeeeeeeaaeeeeeeaaeeeeeeareeeeennreeeeas 35
COMNCIUSIONS ... et ettt ettt e et e e ettt e e e eetaeeeeeeaaeeeeeeteeeeeeesaeeeeeetaeeeeenssseeeeenssseeeenssseeeanns 41
REFERENCES ...ttt ettt e et e et e e et e e eaaaeeeaaeeeenaeeeenaeesteeeeneeeens 43
CHAPTER 4: INVESTIGATING ANOMALOUS DIFFUSION IN HETEROGENOUS
SUPPORTED LIPID BILAYERS VIA TRANSLATIONAL DIFFUSION .....ccoooviiiiiiiiiiein. 47
ADSITAC ..o e et e e e e — e e e e —— e e e e e t—aeeeee—aaeeeatraeeeenrraeean 47
INETOMUCTION ...ttt ee e e e et e e e et e e e e eeaaeeeeeetaeeeeeesaseeeeessseeeeeneeeeeanns 47
EXPETTMENTAL......ooitiiiiiiiiiiiteee ettt sttt b ettt et et e b enees 50
ReSUIS and DISCUSSION .....eeiieiiiiieeeiiieeeeeieee ettt eeeee e eete e e e et eeeeaaeeeeeeaeeeeeeeaaeeeeeeareeeeeenrreeeas 52
COMNCIUSIONS ... et ettt ettt e et e e ettt e e e eetaeeeeeeaaeeeeeeteeeeeeesaeeeeeetaeeeeenssseeeeenssseeeenssseeeanns 57
REFERENCES ...ttt ettt e et e et e e et e e et e e eaaaeeeaaeeeeaeeeseaaeesneeeeneeeens 59

MARROW DYSFUNCTION IN TYPE 2 DIABETES ......ooooiiioieeeee e 67
ADSITAC ..o e et e e e e — e e e e —— e e e e e t—aeeeee—aaeeeatraeeeenrraeean 67
INETOUCTION ...t e et e e et e e e et e e e eetaeeeeeetaeeeeeesaseeeeesseeeeenaseeeeanns 68
EXPETIMENTAL......ooitiiiiiiiiiiitee ettt sttt et b et sttt et e nbeenees 72

viii



RIESUIES ..ttt es s e s e e ennnnnnnnnnnn 78

DIESCUSSION ...ttt ettt et b et et s bt et e bt e s bt et e ea b e sb e et e estesbeenbeeatenaeeseeneens 100
AULhOT CONTTDULIONS ...ttt ettt ettt et et sb ettt e sbe et e et e saeeaeeaeens 107
ACKNOWIEAZEIMENLS......cueiiiiiiiiieeiieeiie ettt ettt et e et eeateebeessaeesseeesbeenseessseenseesaseenseennns 108
APPENDICES ...ttt ettt ettt ettt et e b e st eb e eb e e st e st et e bebesbeene e 109
Appendix A: Supplemental INfOrmation..........c..eeouerieririiiniiniiiieeeee e 110
Appendix B: Supplemental Methods ..........cceoeiiiiiiiiiiiiiiiiieieceeeeee e 122
REFERENCES ...ttt ettt ettt st bttt ettt e e nbenbesneene e 124
CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS ......ccoociviiiiieieieieieeeeeene 132
REFERENCES ...ttt ettt ettt st bt s e st et et et e nsenbesbeene e 137

X



LIST OF TABLES

Table 2.1. Membrane Components presented with their Mole Percentages and Volume in
Chloroform. DOPC stands for 1,2-dioleoyl-sn-phosphatidylcholine and DOPE is 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine.............cooeiiiiiiiiiiinie s 16

Table 3.1. Translational Diffusion Constants (D) for the Control Supported Lipid Bilayer System.
Samples A-F represent experiments performed on individually cleaved mica slides and n is the
number of measurements. Bilayers are composed of 10 mole % cholesterol, 40 mole %
sphingomyelin, 47 mole % DOPC and 3 mole % perylene (A-D) or 49 and 1 mole % DOPC and
perylene, respectively (E-F). Data are represented as mean + one standard deviation. ................ 39

Supplemental Table 5.1. Identification of human subjects. Subjects were enrolled according to
the following criteria presented in : (a). Any male or female between the ages of 21-98 years of
age were eligible to participate; (b) must have carried the diagnosis of diabetes (either type 1 or
type 2 diabetes) or healthy aged control; and (c) was willing and able to cooperate with the eye
exam protocol. The exclusion criteria included: (a) subjects with AMD, glaucoma, uveitis, known
hereditary degenerations or other significant ocular complications other than diabetic retinopathy;
(b) ongoing malignancy; (c) cerebral vascular accident or cerebral vascular procedure; (d) current
pregnancy; (e) history of organ transplantation; (f) presence of a graft (to avoid any effect of the
graft on inflammatory parameters); (g) evidence of ongoing acute or chronic infection (HIV,
Hepatitis B or C, tuberculosis); and (h) subjects with anemia.............ccceeeeerciieniencieenienieeeene, 110

Supplemental Table 5.2. Panel of antibodies used to determine myeloid cells on bone marrow
and blood. For preparation of antibody mixes, Brilliant Stain buffer was used and samples were
incubated for 30 minutes at 4°C in the dark, followed by two washes. Titers refer to final dilution
factors, and staining volume per sample was 100 pl. SB: Super Bright, BV: Brilliant Violet, BB:
Brilliant Blue, AF: AlexaFluor, PE: Phycoerythrin, APC: Allophycocyanin ..............cccueeuneeee. 120

Supplemental Table 5.3. Panel of antibodies used to determine precursor cells on bone marrow.
For preparation of antibody cocktail, Brilliant Stain buffer was used and samples were incubated
for 30 minutes at 4°C in the dark, followed by two washes. Titers refer to final dilution factors,
and staining volume per sample was 100 pl. SB: Super Bright, BV: Brilliant Violet, BB: Brilliant
Blue, AF: AlexaFluor, PE: Phycoerythrin, APC: Allophycocyanin............c.cceeeveecvienienveenneenne. 121

Supplemental Table 5.4. Panel of antibodies used to stain isolated cells from retina. For
preparation of antibody cocktail, Brilliant Stain buffer was used and samples were incubated

30 minutes at 4°C in the dark, followed by two washes. Titers refer to final dilution factors, and
staining volume per sample was 100 pl. SB: Super Bright, BV: Brilliant Violet, BB: Brilliant
Blue, AF: AlexaFluor, PE: Phycoerythrin, APC: Allophycocyanin...........ccccceeeeeecreenienveenneenne. 121



LIST OF FIGURES

Figure 1.1. Molecular Structure of a Generic Phospholipid. Some examples of the R group are
choline, ethanolamine, and serine, shown to the right. The left-most hydrophobic tail is saturated
and the other is unsaturated, and the bend shown is exaggerated for emphasis ............ccccecveeunenneen. 1

Figure 1.2. Molecular Structures of Anesthetics. The top six have been used in general anesthesia.

Figure 1.3. Flowchart of CAC Drug Treatment. Cells from control, type 1, and type 2 subjects
were not treated or treated With DMHCA............ooiiiiiiiiiieeeeee e 7

Figure 2.1. Illustration of Fluorescence Recovery after Photobleaching in a Simplified Lipid
Bilayer. The bilayer is labeled with fluorophores (A), molecules in a region of interest are
photobleached (B), and bleached and fluorescent molecules are exchanged over time (C, D).....21

Figure 2.2. Images of a Cell during a Fluorescence Recovery after Photobleaching Measurement.
The region of interest is photobleached, causing that spot to appear darker and as the surrounding
perylene molecules diffuse into the ROI, the fluorescence intensity reCOVers..........coceevvereennennne. 21

Figure 3.1. Molecular Structures of Model Bilayer Components. From left to right: cholesterol,
DOPC, sphingomyelin, and perylene...........ccoecieriieiiieriieiiiecie ettt ettt eeaeens 32

Figure 3.2. Avanti® Mini Extruder Diagram. The assembly parts are shown through which two
syringes go, that face €ach Other...........ccooiiiiiiiiiiiii e 33

Figure 3.3. Particle Size Distribution of Extruded Solution. The y-axis represents random
fluctuations in the intensity of light scattered from the solution, and the average diameter here is
L33 00 et ettt e b e e a e e b ettt e bt e e et e b e st e e e eaee 34

Figure 3.4. Histograms of Translational Diffusion Constants and Fluorescence Images of Control
and Ethanol Supported Lipid Bilayers. The excitation wavelength is 405 nm and perylene emits
around 480 nm. The control has Tris® buffer in the aqueous overlayer, and ethanol concentrations
1ange from 0.3 = 1.3 Moo ettt et e et e et e e taeesbeenbaeenbeeseeenbaens 36

Figure 3.5. Histograms of Translational Diffusion Constants and Fluorescence Images of n-
Butanol Supported Lipid Bilayers. The excitation wavelength is 405 nm and perylene emits around

480 nm. The concentrations of n-butanol in the aqueous overlayer span 0.1 - 0.6 M................... 37

Figure 3.6. Simplified Illustration of Lipid Interdigitation. The molecules on top of arrows
represent ethanol or 7-DULanO] ............c.oooiiiiiiiiiiii et 41

xi



Figure 4.1. Molecular Structures of Lipids and Fluorescent Probes. From left to right: cholesterol,
1,2-dioleoyl-sn-phosphatidylcholine (DOPC), sphingomyelin, ceramide, perylene, and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ..................... 49

Figure 4.2. Reaction of Sphingomyelin to Ceramide and Phosphorylcholine. The enzyme acid
sphingomyelinase (ASM) catalyzes the breakdown via hydrolysis ..........ccceeervieniiiiiiininennne 50

Figure 4.3. Histograms of Translational Diffusion Constants along with Fluorescence Images of
Supported Lipid Bilayers. Top: control system representing 56 measurements; bottom: ceramide-
based system with 113 measurements. The histogram and image of the control was also presented
in our previous unpublished work. The perylene dye was excited at 405 nm, which emits around
A0 TITL .ttt et h et h e et e bt et e e bt e e ab e e b e e sa b e e bt e eateebeesareenn 54

Figure 4.4. Fluorescence Image of Supported Lipid Bilayer containing Rhodamine-PE
Fluorophore. The dark spots are cholesterol domains and bright ones are mostly phospholipids.
The rhodamine molecule was excited at 561 nm, which emits around 630 NM ..............cooveunnneee. 55

Figure 4.5. Plot of Diffusion Constant for Ceramide-Based Supported Lipid Bilayer as a function
of Region of Interest (ROI) Radius. Diffusion coefficients increase as bleaching spot size is
increased, implying anomalous diffusion behavior. The number of diffusion measurements are 7,
34, and 12 for radii of 5, 10, and 15 pm, reSpectively ........cccvveviiiiiiiniieiieieeieeeee e 57

Figure 5.1. DMHCA restores cholesterol homeostasis in diabetic retina. (A) Schematic
representation of DMHCA structure and function. (B) Compounds selected by One-way ANOVA
with p-value threshold of 0.05 are shown in the heatmap of LC-MS quantified free retinal sterols
from 9 month old mice. Quantification of desmosterol (C), total oxysterols (D), total cholesterol
(E), and non-esterified cholesterol (F). Data are LC-MS peaks normalized to internal standards,
log transformed and Pareto-scaled, presented as mean + SEM. (G) RT-qPCR of retinal ABCAL1
mRNA expression. *P < 0.05; **P < 0.03 ***P < (.01 analyzed using One-Way parametric
ANOVA with Tukey’s Test for multiple COMPATISONS.........cccuerrrieriieiiieriieeieeie e 80

Figure 5.2. DMHCA rescues membrane fluidity in circulating vascular reparative cells in humans
and mice. (A and B) CD34" cells were enriched from peripheral blood samples from nondiabetic
(n = 19) and type 2 diabetic (n = 19) patients. Representative single-cell images of membrane
staining from nondiabetic, diabetic (untreated), and DMHCA-treated diabetic CD34" cells (A).
Translational diffusion values from patient-derived CD34" circulating vascular reparative cells.
Control, nondiabetic cells (n = 136); diabetes, untreated diabetic cells (n = 89); D DMHCA,
DMHCA-treated diabetic cells (n = 42) (B). (C and D) CACs were isolated from BM of
nondiabetic (db/m; n = 11) and diabetic (db/db; n = 29) mice. Representative single-cell images of
membrane staining from nondiabetic, diabetic (untreated), and DMHCA-treated diabetic CACs
(C). Translational diffusion values from CACs. Control, nondiabetic cells (n = 11); diabetes,
untreated diabetic cells (n = 12); D DMHCA, DMHCA-treated diabetic cells (n = 17) (D). Data
are presented as mean = SEM. *P <0.05; **P <0.03; ***P <0.01. Analyzed using Kruskal-Wallis
test with multiple comparison correction via DUnn’s test ...........ceceevverienenieneenienieneeeeeenieene 82

Xii



Figure 5.3. DMHCA retards the development of diabetic retinopathy in db/db mice. (A) The
presence of inflammatory and antiinflammatory cells in the retina were determined by flow
cytometry. Monocytes were defined by CD45"CD11b"'Ly6G F4/80~ cells, classical monocytes
were determined as CCR2" cells, and nonclassical monocytes as CCR2". (B) The macrophages
were defined as CD45"CD11b*Ly6G F4/80" cells, and then the CD206  cells were gated to
quantify M1 macrophages and the CD206" to quantify M2 macrophages. (C) Immunofluorescence
staining of retinal cross-sections for CD45" cells. GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PL,
photoreceptor layer. (D) gPCR on retinal CCL-2 mRNA expression. (E) Trypsin digested retinal
flat mounts for acellular capillary quantification. (F) Retinal visual response assessed by
electroretinography. Scotopic a- and b-waves were quantified at an intensity of 0 db flash (3
cd/m?/s). Data are the mean + SEM. **P < 0.03 ***P < (.01. Analyzed using 1-way parametric
ANOVA with Tukey’s test for multiple COMPATISONS ........c.eevvierriieriieiiieieeieerie et 85

Figure 5.4. DMHCA reduces the inflammation in BM and increases the migration of vascular
reparative cells into the systemic circulation. (A—C) TNF-a (A) and CCL-2 (C) were quantified
by Cytometry beads array, and IL-3 was quantified by ELISA (B). (D and E) Monocytes from BM
(D) and peripheral blood (E) were quantified by flow cytometry and defined as
CD45*CD11b*"Ly6G LY6C" cells. (F and G) Flow cytometry analysis of levels of circulating
angiogenic cells (CAC) were determined as CD45"CV11b CDI133"FLK1" cells of BM (F) and
peripheral blood (G). Data are the mean = SEM. *P < 0.05; ***P < 0.01 analyzed using 1-way
parametric ANOVA with Tukey’s test for multiple cOmpariSOns..........c.cceeeveerieeciieniieecieeneeeaeane 87

Figure 5.5. DMHCA corrects hematopoietic stem and progenitor dysfunction in db/db mice. (A—
H) BM HSC (A-D) and HPC (E—H) was assessed by flow cytometry. HSCs were defined as Lin~
Scal*c-Kit" (LSK) BM cells (A). LT-HSCs were defined as CD34 FLT3~ (B), ST-HSCs as
CD34"FLT3 (C), and MPPs as CD34"FLT3" (D). HPCs were defined as LSK BM cells (E).
CMPs were defined as CD32/CD16 CD34" (F), GMPs as CD32/CD16"CD34" (G), and MEPs as
CD32/CD16 CD34- (H). CFU assays for ex vivo differentiation of cultured HPCs (I and J).
Granulocyte, macrophage (GM) CFUs (I) and granulocyte, erythroid, macrophage,
megakaryocyte (GEMM) CFUs (J). Data are presented as mean = SEM. **P < (.03; ***P <0.01.
Analyzed using 1-way parametric ANOVA with Tukey’s test for multiple comparisons............ 89

Figure 5.6. Single-cell RNA-seq analysis of untreated and DMHCA treated diabetic HSCs. (A)
UMAP representation of scRNA-seq from LSK sorted HSCs reveals 13 distinct clusters. (B)
Violin plots of lineage-specific gene expression across all 13 clusters. (C) Spatial representation
of lineage-specific gene expression. (D) UMAP cluster representations of untreated (db/db) and
DMHCA treated (db/db DMHCA) diabetic HSCs. (E) Cluster proportions of all 13 cell
populations in untreated and DMHCA-treated Samples ...........cccceevvieiiienieeniienieniieieeveenee e 93

Figure 5.7. DMHCA treatment increases expression of immediate early response genes. (A)
Differentially expressed genes in DMHCA treated diabetic HSCs. (B) Heatmap of the top 100 log
(fold change) genes from the DGE analysis. (C) Top 10 pathways from IPA pathway enrichment
analysis. (D) Transcription factor activity analysis of LXRp in untreated and DMHCA-treated
AB/AD INICE ...ttt ettt sttt et et beenees 95

xiii



Figure 5.8. Trajectory analysis of HSC differentiation reveals increased erythrocyte progenitor
flux with DMHCA treatment. (A) Pseudotime trajectory analysis identifies early partitioning of 2
distinct HSC differentiation pathways. (B) Diffusion embedding of PAGA analysis. (C) Ball-and-
stick representation of PAGA analysis. Circle size represents number of cells, and line thickness
represents connectivity between 2 groups of cells. (D) Gene expression changes of lineage-specific
genes along pseudotime differentiation of 7 lineages. (E) Diffusion embedding of PAGA analysis
separated by sample. (F) Compositional analysis showing density graphs of erythrocyte
progenitors in untreated and DMHCA-treated diabetic HSCs. (G) Violin plots comparing HBB-
BT gene expression across samples. (H) Spatial representation of HBB-BT gene expression across
SAIMPLES ..ottt ettt ettt ettt et ettt e bt e et e et eeab e e bee et e e bt e e nb e e beeeabeenbeeeabe e teeenbeenseeenbeeseeenseenseeenns 97

Figure 5.9. DMHCA induces subpopulation gene expression changes and enhances AP-1
signaling. (A) Compositional analysis showing density graphs of AP-1 high stem cells in untreated
and DMHCA treated diabetic HSCs. (B) Heatmap of differentially expressed genes in AP1-high
stem cells from untreated and DMHCA treated HSCs. (C) Significantly enriched
secondary/intracellular signaling pathways in DMHCA treated AP1-high stem cells from IPA
pathway enrichment analysis. (D) Heatmap of differentially expressed genes in erythrocyte
progenitors from untreated and DMHCA treated HSCs. (E) Significantly enriched
secondary/intracellular signaling pathways in DMHCA treated erythrocyte progenitors from IPA
pathway enrichment analysis. (F) Violin plots comparing expression of AP-1 complex genes
across samples and clusters. (G) Spatial representation of AP-1 complex gene expression across
SAIMPLES ..ottt ettt ettt ettt ettt e ettt e et e et e e b e e at e et e e naeeabe e bteenbeesaeenbeeseeenbeeseesnseans 100

Supplemental Figure 5.1. Gate Strategy of CAC on BM cells and PBMCs. CD45" cells were
gated after exclusion of debris, doublets and dead cells. The FLK-1"CD11b" cells were defined for
further selection 0f CD 133" CelIS....cuiviiiiiriiieieieieeecee ettt 116

Supplemental Figure 5.2. Gate Strategy to define monocytes and macrophages subtypes on
Retina. CD45" cells were gated after exclusion of doublets and dead cells. The CD11b" expressing
F4/80 and lacking expression of Ly6G were defined as macrophages, further the CD206" cells
were gated to address M2 and CD206 to define M1 macrophages. Monocytes (CD11b"Ly6G-
F4/807) were divided into CCR2" fraction comprised of classical monocytes and CCR2" fr action
defined as NONCIasSSICAl MONOCYLES .......ccueeriiiriieiiieiieeieeiee et eiee ettt sbeetaesaeeseeseneensees 117

Supplemental Figure 5.3. Gate Strategy of subtypes of monocytes on BM cells and PBMCs.
CD45" cells were gated after exclusion of debris, doublets and dead cells. The CD11b" expressing
Ly6C and lacking expression of Ly6G were defined as monocytes. Monocytes were divided into
CCR2" fraction comprised of classical monocytes and CCR2" fraction defined as nonclassical
10000 11010 4 [T USRS 118

Supplemental Figure 5.4. Gate Strategy of HSC on BM. Lin™ cells were gated after exclusion of
debris, doublets and dead cells. Sca-1-c-Kit" cells (LS-K) were divided in CD34"FcgRII/IIT*
(GMP), CD34*FcgRII/II (CMP) and CD34 FegRII/II- (MEP). Sca*c-Kit* (LSK) were divided in
CD34"FLT3" (MPP), CD34"FLT3 (LT-HSC) and CD34 FLT3" (ST-HSC) ...c.ccvevvevireiererenee 119

Xiv



Supplemental Figure 5.5. Expression of dendritic cell markers in scRNA-seq dataset from Dahlin
et al. 2018. scRNA-seq was performed on 44,802 HSCs derived from Lin"Sca-1"c-Kit" (LSK) and
Lin ¢c-Kit" (LK) BM cells. (A-C) Force-directed graph embedding of publicly available scRNA-
seq data from Dahlin et al. 2018 showing spatial distribution of the dendritic cell markers (A)
CD74, (B) H2-AA, and (C) H2-EB ......coiiiiiieiieeeeeeeeeee et 120

XV



(')
H-NMR
a
ABCAI
ACCORD
ACS

AF

AFM
AMD
ANOVA
APC
ASM
ATP

BB
BLM
BM

BV

CAC
CCL
CCR

CD

cer

KEY TO SYMBOLS AND ABBREVIATIONS

mean square displacement
deuterium nuclear magnetic resonance
anomalous diffusion coefficient
ATP-binding cassette transporter
Action to Control Cardiovascular Risk in Diabetes
American Chemical Society
alexafluor

atomic force microscopy
age-related macular degeneration
analysis of variance
allophycocyanin

acid sphingomyelinase
adenosine triphosphate

brilliant blue

black lipid membranes

bone marrow

brilliant violet

circulating angiogenic cell
chemokine (C-C motif) ligand
chemokine receptor

cluster of differentiation

ceramide

xvi



CFU
Chol

Cy5

DAPI
db/db
db/m
DC
DGE
DLS
DMHCA
DMSO
DOPC
DOPE
DR
ELISA
ERG
ESR
FADI
FBS
FITC
FLT

FRAP

colony forming unit

cholesterol

cyanine 5

translational diffusion constant
4',6-diamidino-2-phenylindole

diabetic mice

control mice

dendritic cell

differential gene expression

dynamic light scattering

N, N-dimethyl-3B-hydroxy-cholenamide
dimethyl sulfoxide
1,2-dioleoyl-sn-phosphatidylcholine
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
diabetic retinopathy

enzyme-linked immunoassay
electroretinogram

electron spin resonance

fluorescence anisotropy decay imaging
fetal bovine serum

fluorescein isothiocyanate

FMS like tyrosine kinase

fluorescence recovery after photobleaching

Xvil



GABAA y-aminobutyric acid type A

GEMM granulocyte, erythroid, macrophage, megakaryocyte
GMP granulocyte myeloid progenitor

HBB-BT hemoglobin B adult t chain

HIV human immunodeficiency virus

HS/PC hematopoietic stem and progenitor cell
HSC hematopoietic stem cells

HV high voltage

IACUC institutional animal care and use committee
IL interleukin

M intramuscular

Lo, 1 modified Bessel functions

IPA ingenuity pathways analysis

IRB institutional review board

KO knockout

LC-MS liquid chromatography-mass spectrometry
Lg liquid-disordered

LDL low-density lipoproteins

Liss Rhod PE lissamine rhodamine phosphoethanolamine
Lo liquid-ordered

LSK lineage scal "c-Kit"

LT long-term

LTQ linear trap quadrupole

XViii



LXR
MAST
MEP

mol

NMDA
PAGA
PBS
PC

PE
PMT
pO2
PSD

qPCR

RCT
RI
RNA
ROI
SALB
SB

scRNA-seq

liver X receptor

Model-based Analysis of Single-cell Transcriptomics
megakaryocyte-erythrocyte progenitor
mole

number of measurements
N-methyl-D-aspartate

partition-based graph abstraction
phosphate-buffered saline
polycarbonate

phycoerythrin

photomultiplier tube

partial pressure of oxygen

particle size distribution

quantitative polymerase chain reaction
radius of diffusing moiety

red blood cell

reverse cholesterol transport

refractive index

ribonucleic acid

region of interest

solvent-assisted lipid bilayer

super bright

single-cell RNA sequencing

Xix



SEM

SLB

SM

SR

SREBP-1c

ST

T

D

T2D

TCSPC

Texas Red

TNF

UMAP

Uuv

WT STZ

standard error of the mean

supported lipid bilayer

sphingomyelin

sulforhodamine

sterol regulatory element-binding protein-1lc
short-term

temperature

time

characteristic diffusion time

type 2 diabetes

time-correlated single-photon counting
sulforhodamine 101 acid chloride

tumor necrosis factor

uniform manifold approximation and projection
ultraviolet

volume

wild type streptozotocin

viscosity

radius of circular beam

XX



CHAPTER 1: INTRODUCTION

Biological membranes are responsible for protecting a cell from its environment and play
key roles in transport, cell communication (via proteins), and structural support. It is mainly
composed of lipids (phospholipids and sterols) with interspersed proteins and some carbohydrates
attached to lipids (glycolipids) and to proteins (glycoproteins). An amphiphilic phospholipid
consists of a hydrophilic phosphate headgroup and a hydrophobic hydrocarbon chain/acyl tail
group, both connected to a glycerol molecule (Figure 1.1). The polar head group orients toward
aqueous media while the non-polar tails face each other. There exists a “gallery” region between
the phospholipid leaflets in a bilayer. Singer and Nicolson’s fluid mosaic model proposed in 1972
emphasized the lipid bilayer’s fluidity.! It is thought to play a key role in how anesthetics work on

the molecular level.
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Figure 1.1. Molecular Structure of a Generic Phospholipid. Some examples of the R group are
choline, ethanolamine, and serine, shown to the right. The left-most hydrophobic tail is saturated
and the other is unsaturated, and the bend shown is exaggerated for emphasis.

The four main types of anesthesia are local which numbs a small area of the body; regional,

which blocks pain in a large part of the body such as an arm or a leg; general which involves



unconsciousness, amnesia, and analgesia; and monitored/conscious sedation where a patient is in
a deep “twilight” state of feeling relaxed and staying conscious, with the possibility of sleep and
no memory of the surgical procedure.? Examples of anesthetics include lidocaine (local), clonidine
(regional), propofol (general), and nitrous oxide (sedation) (Figure 1.2).%* In this work, we focus

on general anesthetics.
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Figure 1.2. Molecular Structures of Anesthetics. The top six have been used in general anesthesia.

General anesthetics have been in use as far back as 1540 by Paracelsus, and the first public
demonstration of ether in surgery was in 1846 by Morton, and though the physiological effects are
well known, how they work on a molecular level is still unclear.”> Meyer and Overton correlated
anesthetic potency with lipid solubility, and their theory gained prominence in the 1900s.® They
argued that anesthetic molecules, despite varying chemical structures (Figure 1.2), cause changes
in the structure of the bilayer (such as its fluidity) which may indirectly affect how integral

membrane proteins function, inducing anesthesia.’



Although the Meyer-Overton theory was widely accepted, exceptions exist such as
fluorothyl - shows no anesthetic activity but is structurally similar to anesthetics, a-chloralose -
potent anesthetic but with low lipid solubility, and chloral hydrate - less potent than predicted.””
Moreover, Franks and Lieb presented evidence in the late 1970s that general anesthetics interact
directly with proteins; in particular, their X-ray and neutron diffraction data showed that the
primary site of action of general anesthetics had both non-polar and polar characteristics, implying
that the site was composed of protein.!® They also performed other physical and electrophysiology-
based experiments to strengthen their theory.!®!* The inhibitory y-aminobutyric acid type A
(GABA\) receptor was discovered to be a main target for anesthetic action and acts by blocking
nerve impulses.!> '® However, other targets also exist such as the glycine!”, nicotinic
acetylcholine!®, and N-methyl-D-aspartate (NMDA) receptors!®.?® While scientists are leaning
toward the direct mechanism of action with different protein receptors, there is still widespread
debate on the theories. Nonetheless, a central theme that arises is that the fluidity of the plasma
membrane could be affected, whether indirectly or directly.

Membrane fluidity lacks an accurate definition and in general terms, it is indirectly
proportional to its viscosity. Dzikovski and Freed define it as “the variety of anisotropic motions
which contribute to the mobility of components in the biological membrane” and is a measure of
how easily molecules move in the membrane.?! Various factors can impact it such as temperature,
the chain length of phospholipids, their degree of saturation, and cholesterol. In general, increasing
temperatures increase membrane fluidity. Short-chain saturated fatty acids decrease the
melting/gel-to-fluid transition temperature, Tm, of phospholipid bilayers, are more susceptible to
changes in kinetic energy, participate in fewer London dispersion forces than their long-chain

counterparts, and therefore make the membrane more fluid.?> 23 Unsaturated fatty acyl chains



introduce “kinks” in the chain as pi bonds and form less stable van der Waals interactions with
surrounding lipids than saturated chains, leading to more fluid membranes.>* Cholesterol’s
hydrophilic hydroxyl group aligns with the phosphate groups of phospholipids, and the
hydrophobic steroid ring and hydrocarbon tail orient toward the phospholipid tails. It intercalates
among phospholipids and is a bidirectional regulator or buffer of fluidity since it prevents the
membrane from stiffening at low temperatures (steroid ring disrupts intermolecular interactions)
and at high temperatures, cholesterol brings the phospholipids together. Several techniques are
used to measure fluidity of a plasma membrane.

Some methods for measuring or studying the fluidity include electron spin resonance
(ESR) spectroscopy, atomic force microscopy (AFM), deuterium nuclear magnetic resonance (*H-
NMR) spectroscopy, and fluorescence microscopy.?! ESR involves studying the behavior of spin
probes, and associated spectroscopic parameters may be connected to the degree of membrane
fluidity.?>-2” AFM gives high-resolution images of surfaces with a spatial resolution of nanometers
or less and elucidates structural features (such as lipid-disordered and lipid-ordered phases) and
local changes of fluidity and elasticity in cell membranes.?®3? Deuterium nuclear magnetic
resonance spectral analyses (e.g. specific carbon-deuterium bond orientations in hydrophobic
regions or arrangement of amphiphile molecules at certain temperatures) can give information on
phase separations of a membrane, thereby characterizing its fluidity.*3-** Fluorescence Correlation
Spectroscopy can also be used to measure lateral diffusion coefficients of planar membranes on a
micrometer scale and related to fluidity.>¢-*® Of particular interest in the Blanchard research group
is fluorescence microscopy. The rotational diffusion behavior and fluorescence lifetime of a
fluorescent probe, obtained via fluorescence anisotropy decay imaging (FADI) and/or time-

correlated single-photon counting (TCSPC) experiments, may be correlated to the fluidity of a



monolayer or bilayer.*!-° However, the FADI and TCSPC techniques yield information on the
sub-micron scale, so in order to obtain translational diffusion coefficients of molecules in
membranes on the micrometer to sub-millimeter scale, fluorescence recovery after photobleaching
(FRAP) has been employed in this work, details of which are in the next chapter (Chapter 2:
Experimental Techniques).

Artificial lipid membranes allow one to change different parameters and relate the results
(such as changes in fluidity) to a biological plasma membrane. Ethanol and n-butanol have been

shown to have general anesthetic properties’!: >2

, and the Blanchard research group has experience
with studying their applications on model lipid bilayers.*3- In this work, we perform translational
diffusion measurements on solid supported lipid bilayers (SLBs) whose properties are well-
controlled, and the results can be connected to the cell membrane.

The literature is replete with experiments on several kinds of artificial lipid bilayers, some
of which are mentioned in Chapter 3. The reviews of Richter et al., Castellana et al., and Miller et
al. detail potential mechanisms behind lipid bilayer formation on solid supports.>*>° Briefly, key
factors include the bilayer composition, nature of the support (such as glass and mica), and the
aqueous environment. We prepared vesicle (also known as a liposome) solutions composed of
cholesterol, sphingomyelin, ceramide, 1,2-dioleoyl-sn-phosphatidylcholine (DOPC), perylene,
and/or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) on
freshly cleaved mica slides. In order to mimic a biological membrane, the pH of Tris® buffer was
around 7.5 which is similar to the body’s physiological pH. The phospholipid vesicles and
substrate would be expected to have negative charges at pH 7.5.5% 3 Repulsive forces compete

against the van der Waals forces of attraction. Therefore, divalent cations such as Mg?** or Ca?*

(Ca?" used in this work) bridge the two negatively charged groups.’” We prepared a 2 mM solution



of CaCl, because that is the approximate concentration of Ca?" in the extracellular space of
biological membranes.>® 3° Moreover, we observed that the CaCl, solution, when added to the
cleaved mica surface first, helped with stability and reproducibility of translational diffusion
measurements. Though we did not increase the ionic strength of aqueous solutions further, it might
promote adsorption of lipid vesicles onto the substrate.’>> Ultimately, we wish to make a
connection with live neuronal cell membranes by performing similar fluidity measurements.
Fortunately, the Blanchard research group has a long-standing, ongoing collaboration with the
Busik group in the physiology department at Michigan State University, hence giving us the
opportunity to study the fluidity of live cell membranes.

The Busik research group aims to develop novel therapeutic options for diabetes-related
retinal degradation by understanding the pathogenesis. Diabetes is commonly linked to
hyperglycemia (high blood glucose levels) but can also be associated with dyslipidemia (abnormal
levels of lipids in the blood - namely high levels of low-density lipoproteins, LDL , triglycerides,
and cholesterol and low levels of high-density lipoproteins), both of which may lead to the
development of sight threatening diabetic retinopathy (DR).%% ¢! Beta (B) cells are located in
pancreatic islets and are responsible for producing insulin, which helps glucose reach and be used
by different tissues. However, in type 1 diabetes, the beta cells are destroyed, so insulin is not
produced. In type 2 diabetes, insulin is produced but cells in the body do not respond to it normally
(insulin resistance) leading to elevated blood glucose levels. In both types, plasma lipid levels,
lipid profiles, and fatty-acid composition are affected, and dyslipidemia is connected to DR.®! This
complication results from damage of blood vessels in the retina which can swell, leak, or close, all
of which can lead to vision loss. Thus, of particular interest are bone-marrow derived circulating

angiogenic cells (CAC) because they can migrate toward sites of endothelial injury and promote



vascular repair, but their function is compromised in DR.%*¢7 Studies by Chakravarthy et al.
showed that CAC membrane fluidity is decreased in DR, likely from elevated LDL cholesterol.®-
" Therefore, we hypothesized that increasing or rejuvenating the fluidity could help CACs
function properly. CACs from non-diabetic (control), type 1, and type 2 patients as well as from
mice were isolated and each was split in two groups: cells treated ex-vivo with the drug N, N-

dimethyl-3p-hydroxycholenamide (DMHCA) or not treated for pairwise comparisons (Figure 1.3).

Control Diabetic

Cells DMHCA Cells DMHCA
Not Treated Treated Not Treated Treated

Figure 1.3. Flowchart of CAC Drug Treatment. Cells from control, type 1, and type 2 subjects
were not treated or treated with DMHCA.

DMHCA is a synthetic oxysterol and a selective liver X receptor (LXR) agonist that acts
as a cholesterol-lowering agent without promoting triglyceride synthesis.”>’* It rejuvenates
membrane fluidity in CACs, among positive pleiotropic effects, and has the potential to reduce
inflammation in diabetes; therefore, DMHCA treatment has exciting potential in correcting the
retinal and bone marrow dysfunction in type 2 diabetes, explained in Chapter 5. That work was
recently accepted for publication in the Journal of Clinical Investigation (JCI) Insight. How
general anesthetics work on the molecular level and how fluidity of diabetic cells can be measured
using a new diagnostic tool are the key research questions investigated in this work.

We use the fluorescence recovery after photobleaching (FRAP) technique to measure the

fluidity of planar supported lipid bilayers and circulating angiogenic cell membranes via



translational diffusion constants, described in Chapter 2: Experimental Techniques. Upon
application of ethanol and n-butanol (separately) to the aqueous overlayer of supported lipid
bilayers, we notice a trend of diffusion coefficients increasing with concentration, then decreasing
potentially due to a bilayer interdigitation phenomenon. The results and discussion are presented
in Chapter 3: Effects of Ethanol and n-Butanol on Structural Composition of Supported Lipid
Bilayers via Translational Diffusion. The data are indicative of a heterogenous nature of the planar
SLB system which was corroborated with ceramide-based and rhodamine-based systems,
molecules of which deviate from normal diffusion, explained in Chapter 4: Investigating
Anomalous Diffusion in Heterogenous Supported Lipid Bilayers via Translational Diffusion. A
connection between model membranes and live cell membranes was attempted by undertaking a
collaborative project and using FRAP to measure translational diffusion coefficients of circulating
angiogenic cells, mentioned in Chapter 5: Selective LXR agonist, DMHCA, corrects retinal and
bone marrow dysfunction in type 2 diabetes. Though the results from SLB and CAC membrane
fluidity experiments are different in detail, the results from both are connected on theoretical

grounds and are complementary.
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CHAPTER 2: EXPERIMENTAL TECHNIQUES
Supported Lipid Bilayers
Vesicle constituents are provided in Table 2.1 as an example, and mole percentages may
be adjusted accordingly based on a total of 4.0 x 10" moles. Tris® buffer (8 mM Tris® HCI, 2 mM
Tris® base, milli Q H>O, pH 7.5) was added for a total lipid concentration of 1 mg/mL (or 4 mM).

For instance, a total lipid mass of 2.66 mg needed 2.66 mL of Tris® buffer.

Table 2.1. Membrane Components presented with their Mole Percentages and Volume in
Chloroform. DOPC stands for 1,2-dioleoyl-sn-phosphatidylcholine and DOPE is 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine.

Molecule Mole Percent (%) Moles Volume (uL)
Cholesterol 10 4.0 x 107 31
DOPC 47 1.9 x 10¢ 148
Sphingomyelin 20 8.0 x 1077 56
Ceramide 20 8.0 x 1077 86
Perylene 3 1.2 x 107 30
Rhodamine-DOPE 1 4.0 x 108 52

Vesicle preparation, formation, extrusion, and deposition/fusion on supported lipid bilayers
(SLBs) are elucidated in detail in subsequent chapters. SLBs were characterized by Dynamic Light

Scattering and Fluorescence Recovery after Photobleaching experiments (vide infra).

Dynamic Light Scattering Measurements
Dynamic Light Scattering (DLS), also known as Photon Correlation Spectroscopy or
Quasi-Elastic Light Scattering, is a non-invasive technique used to measure the particle size
distribution of particles typically in the sub-micron region in solution, undergoing Brownian
motion."-2 Monochromatic light, usually from a laser, is incident on a sample and scattered light

interferes constructively or destructively. The fluctuations in light intensities are recorded as a
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function of time and are related directly to the translational diffusion coefficient, D, of the
molecules in solution via an autocorrelation function, which in turn yields the particle size, r

(hydrodynamic radius), through the Stokes-Einstein relation:

kgT
D=—2
é6nnr

where 1 is the viscosity of the solvent.

Instrument and Software Settings

DLS measurements were obtained at 25 °C using a Malvern Zetasizer Nano ZS which
determines vesicle size distribution. The instrument was equipped with a 633-nm He-Ne laser and
given a 30-min warm up time before use. Disposable UV cuvettes were used and filled to the
appropriate line, indicating a 1-mL volume. Zetasizer Software v 6.20 accompanied the instrument
and settings selected were: Measure, Manual, Measurement Type - Size, Material DOPC
(refractive index of 1.590, absorption of 0.01), water was the dispersant (temperature 25 °C,
viscosity 0.8872 cP, RI 1.330), Temperature 25.0 °C, Equilibration time 120 seconds, Cell type
ZENO112 low volume disposable sizing cuvette, Measurement duration: ‘No’ for extending
duration for large particles, Positioning method: ‘Seek for optimum position,” Automatic
attenuation selection: Yes. Once measurements are complete, multiple files may be selected, and

the particle size distributions may be viewed in the Intensity PSD (M) tab and saved.

Human Circulating Angiogenic Cell Staining
Perylene dye solution was prepared by dissolving 2 mg of perylene (Sigma Aldrich) in 8
mL of dimethyl sulfoxide DMSO (Sigma Aldrich) such that its concentration was 1 mM. It was

filtered into a sterile 50-mL tube and 200-mL aliquots were transferred to sterile 1-mL Eppendorf
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tubes, stored in a freezer. The samples with ca. 25,000 isolated circulating angiogenic cells were
stained with an amount commensurate with approximately 1-4 percent of the total volume. For
instance, 1-2 puL of perylene solution (at 37 °C) were pipetted into 50 puL of sample, mixed, and
kept in an incubator for 10 min. If there were 1000 pL of sample (typically for samples treated
with a drug), 10 pL of perylene were pipetted instead, mixed, kept in incubator for 10 min,
centrifuged (0.8 or 1 x 10° G, 10 min, 20 °C, Fisher Scientific AccuSpin Micro 17R), and 800 uL
of supernatant were removed. The stained samples, in Eppendorf tubes, were placed in floating
foams in a beaker with 37 °C-water and transferred to a laser instrument room for fluidity
measurements, utilizing fluorescence recovery after photobleaching (FRAP) technique. The
beaker assembly was set on a hot plate at the lowest heat setting with periodic monitoring of the
temperature. A 0.8-pL aliquot was pipetted on a microscope slide (Thermo Scientific plain
microscope slides, precleaned, 25 x 75 mm x 1 mm thick) and a cover-glass was placed on top
(Corning, 22 x 22 mm of 1 mm thickness). The assembly was turned upside down and positioned

on the flat stage of the FRAP instrument (vide infra).

Mouse Circulating Angiogenic Cell Staining
Perylene dye solution was prepared by dissolving 20 mg of perylene (Sigma Aldrich) in 8
mL of dimethyl sulfoxide DMSO (Sigma Aldrich) and stirred for at least five hours, such that its
concentration was 10 mM. The solution was filtered into a sterile 50-mL tube and 100-mL aliquots
were transferred to sterile 1-mL Eppendorf tubes, stored in a freezer. Each sample of isolated
circulating angiogenic cells was adjusted to a total volume of ~100 uL with Hanks’ Balanced Salt

Solution (HBSS) (Sigma Aldrich). Thereafter, 3 uL of 10 mM thawed perylene solution (37 °C)

was pipetted in and mixed to stain the cell membranes, for a final concentration of ~300 uM and
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incubated for 10 min. The suspension was centrifuged (10° G, 1 min, 20 °C, Eppendorf™
Centrifuge 5425), and supernatant was removed carefully - ensuring the pellet remained
unperturbed. About 20 uL. HBSS was added to ensure multiple trials for fluidity measurements
(vide infra). The stained samples, in Eppendorf™ tubes, were placed in floating foams in a beaker
with 37 °C-water and transferred to a laser instrument room for fluidity measurements. The beaker
assembly was set on a hot plate at the lowest heat setting with periodic monitoring of the
temperature. A 1-uL aliquot was pipetted on a microscope slide (Thermo Scientific plain
microscope slides, precleaned, 25 x 75 mm x 1 mm thick) and a cover-glass was placed on top
(Corning, 22 x 22 mm of 1 mm thickness). The assembly was turned upside down and positioned

on the flat stage of the FRAP instrument.

Absorption and emission spectra of vesicle-containing solutions were too dilute and
inadequate due to low volumes (approximately 1 mL). Therefore, absorption and emission spectra
of perylene and rhodamine in the literature were used for guidance.® # Specifically, perylene was
excited with 405-nm light and emitted around 480 nm, while rhodamine’s Aex was 561 nm and
emitted around Aem ~ 630 nm during fluorescence recovery after photobleaching experiments. The

instrument settings are described below.

UV-Visible Absorption
UV-Visible Absorption measurements were obtained using a Shimadzu UV-2600
Spectrophotometer. The system was given a few minutes to warm up before use, and two cuvettes
were used with the reference located in the back compartment. The UVProbe 2.60 software was
used in Spectrum mode to collect spectra, scanned from long to short wavelength, in automatic

sampling intervals, with a baseline collected for the solvent.
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Fluorescence

Fluorescence measurements were performed on a Jobin Yvon Horiba FluoroLog-3
Spectrofluorometer. The SpectrAcq computer system for data collection had to be turned off
before proceeding, in order to avoid damaging it. The lamp power supply was turned on which
starts a cooling fan, 30 seconds elapsed, and the “Main Lamp” switch was turned on. It was then
safe to turn on the SpectrAcq computer which took ~1 minute to boot up. The Instrument Control
Center (v 2.2.9.1, Copyright © 2000 Jobin Yvon, Inc.) software was used to collect emission scans,
which required collection wavelength range, wavelength increment, integration time, and

excitation wavelength values.

Measuring Translational Diffusion with Fluorescence Recovery After Photobleaching

The fluorescence recovery after photobleaching (FRAP) microscopy technique was
developed in the 1970s>® and regained prominence from the development of green fluorescence
protein as a fluorescent label>!4. FRAP is used to characterize the mobility of fluorescent
molecules at the micrometer scale. Specifically, the two-dimensional translational diffusion of a
fluorescent probe may be obtained and related to the diffusion of the system of interest, such as a
plasma membrane, proteins within, or artificial lipid bilayers.!>2! The fluorescence intensity of a
small area in a fluorescing region, also known as the region of interest (ROI), is first measured for
a baseline (pre-bleach). Then, the spot is transiently photobleached by a high-intensity laser beam
(stimulation) which causes molecules within that region to undergo irreversible loss of
fluorescence (Figure 2.1). The ROI is continuously monitored as a function of time by a
significantly attenuated beam (to prevent further bleaching), which results in a fluorescence

recovery curve over time due to surrounding fluorophores diffusing into the region, while
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photobleached ones diffuse out. Other ROIs may be selected for reference and background

measurements. An example of a cell undergoing the process is shown in Figure 2.2.

Fluorescence Intensity

Time
Figure 2.1. Illustration of Fluorescence Recovery after Photobleaching in a Simplified Lipid

Bilayer. The bilayer is labeled with fluorophores (A), molecules in a region of interest are
photobleached (B), and bleached and fluorescent molecules are exchanged over time (C, D).

Pre-bleach Shortly after bleach Post-bleach

Figure 2.2. Images of a Cell during a Fluorescence Recovery after Photobleaching Measurement.
The region of interest is photobleached, causing that spot to appear darker and as the surrounding
perylene molecules diffuse into the ROI, the fluorescence intensity recovers.

The diffusion of particles undergoing Brownian motion may be described by the Einstein
relation!”- 22

D = ”kBT
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where p is the “mobility” of a particle and is inversely related to the friction coefficient 2

_1
=7

and
f = 6mr
where 1 is the viscosity of the medium and r is the radius of the particle (assumed to be spherical).

Therefore, we get the Stokes-Einstein equation

kgT
D=—2
é6nnr

Diffusion may be classified as normal (Fickian) or anomalous (non-Fickian), explained in
more detail in Chatper 3: Investigating Anomalous Diffusion in Heterogenous Supported Lipid

Bilayers via Translational Diffusion.

A curve-fitting equation is then used to extract desired parameters, such as the recovery
time constant and diffusion coefficient. Several models exist depending on the extent to which the
fluorescent probe binds to the support, such as the reaction dominant (slow binding compared to
diffusion and measurement period), pure diffusion (free diffusion and non-existent binding), and
full-reaction diffusion (fast and relatively weak binding) models.?* 2> The pure diffusion model
was used in this work, where we assume the fluorescent probe (perylene) diffuses freely and there
is no binding to the mica substrate. Thus, fluorescence recovery may be modeled by the equation

derived by Soumpasis, from which the characteristic diffusion time tp may be extracted?

j = 1 ) 1, )

where [, and I; are modified Bessel functions of the first kind and o is the radius of the circular

beam.
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The translational diffusion constant can then be calculated from the equation below

D w
47,
Instrumentation

The system rests on a flat laser table and is comprised of an inverted confocal laser scanning
microscope (Nikon C2+). The microscope has a LED illuminator to acquire steady state
fluorescence images, high-speed galvano scanners for precision and high-definition imaging, a
motorized stage controlled with a joystick, objectives of 10X, 20X, 40X, 60X, and 100X
magnification (Nikon), and a 3 PMT detector (400-700 nm). A laser system excites at 405, 488,
561, and 640 nm with 4',6-diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate (FITC),
sulforhodamine 101 acid chloride (Texas Red), and cyanine 5 (Cy5), respectively. In the following
chapters, perylene and rhodamine-tethered lipids were excited by the 405 and 561-nm lasers,

respectively.

Software Settings

For cell membranes:

The system was accompanied by the NIS-Elements Acquisition imaging software (v 4.30).
For cell membrane fluidity measurements, software settings consisted of pixel dwell 1.9, size 512,
normal, DAPI checked, HV between 90-145 (typically ~125), offset of 10, and laser power 0.71.
The 40X objective was used to locate cells and region of interest (ROI) was either 3 or 2 pum
diameter for human or mouse samples, respectively, one used as the stimulating spot and the other
as a standard, placed in a dark, non-fluorescent spot. The dimensions of the slightly oblong

circulating angiogenic cell may be measured and usually have ~8 pum diameter. A continuous
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scanning time measurement was performed to ensure the cell did not move, indicated by a constant
fluorescent intensity value over time. There was 1 minute of data acquisition (for 61 loops) at 1
sec intervals, bleaching for 1 second (4 loops) with no delay in intervals, and acquisition for
another 5 min (301 loops) at 1 sec intervals. Data were saved as Microsoft Excel spreadsheets and

fit using IGOR Pro software (WaveMetrics Inc.), with code courtesy of Dr. Yan Levitsky.

For supported lipid bilayers:

The supported lipid bilayer assembly was placed on the flat stage and 10X objective used with
focal plane height of roughly 5,000 um. Key settings included ROI diameters of 10, 20, or 30 um
diameter, one used as the stimulating spot and the other as a reference, placed over the whole
region which encompassed the stimulating ROI as well. A continuous scanning time measurement
was performed to ensure the bilayer was not moving too much for a measurement, indicated by a
constant fluorescent intensity value over time. There was 1 minute of data acquisition (for 61
loops) at 1 sec intervals, bleaching for 1 second (4 loops) with no delay in intervals, and acquisition
for another 5 min (301 loops) at 1 sec intervals. Data were saved as Microsoft Excel spreadsheets

and fit using MATLAB (MathWorks ®), with code courtesy of Dr. Stephen Baumler.
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CHAPTER 3: EFFECTS OF ETHANOL AND N-BUTANOL ON STRUCTURAL
COMPOSITION OF SUPPORTED LIPID BILAYERS VIA TRANSLATIONAL
DIFFUSION
Abstract

The aim of the work was to understand how general anesthetics, such as short-chain
alcohols, interact with the biological plasma membrane on the molecular level. Specifically, we
studied the effects of varying concentrations of ethanol and n-butanol on the fluidity of planar mica
supported lipid bilayers. The bilayer was composed of 1,2-dioleoyl-sn-phosphatidylcholine
(DOPC), cholesterol, sphingomyelin, and perylene. Vesicle solutions were characterized by
dynamic light scattering which gives particle size distributions; the average particle diameter was
133 nm. Translational diffusion constants were obtained utilizing the fluorescence recovery after
photobleaching (FRAP) technique on the micrometer scale, and data were representative of a
heterogeneous system. Overall, the diffusion constants increased with ethanol concentration, then
decreased, and the structure appeared to have degraded in the vicinity of 0.8 M. A similar trend
was observed for n-butanol but at lower concentrations owing to a longer aliphatic chain
interacting to a greater extent with phospholipid tails; moreover, the integrity of the structure
appeared to have deteriorated around 0.4 M. The results are consistent with a bilayer interdigitation
phenomenon which could indirectly affect the function of integral membrane proteins, inducing
anesthesia.

Introduction

A plasma membrane surrounds biological cells and is primarily composed of a bilayer of
amphiphilic phospholipids, each of which contains a hydrophilic phosphate head group and
hydrophobic fatty acid tails. The membrane selectively regulates which materials enter and exit

the cell and the rate of diffusion. Thus, it plays key roles in cell signaling, communication,
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providing shape via the cytoskeleton, and protecting intracellular species from extracellular ones.
In an effort to take advantage of such a system, we are interested in creating model plasma
membrane systems with applications where they function in a biomimetic manner, such as
chemical sensors.! One avenue of gaining control over these systems is through the aqueous
overlayer where extracellular species, such as anesthetics, may come in contact with the lipid
bilayer. These interactions are of significance because they affect the fluidity of the membrane,
which direct the cell’s function. Moreover, the findings may provide insight as to how anesthetics
work on a molecular level, the mechanisms of which are not well understood.

While general anesthetics have been used for centuries, exactly how they work on the
molecular level is somewhat of a mystery. One popular mechanism was proposed by Meyer and
Overton in 1901 called the lipid theory.?* They observed a correlation between the potency of
general anesthetic agents and the degree to which they are soluble in fats, where potency is “the
reciprocal of the concentration causing the loss of the reflex in 50 % of the animals or patients
tested.” A nearly linear plot results between the potency and oil:gas partition coefficient.
Anesthetics can range from having simple molecular structures like those of gases nitrogen, argon,
and xenon to the more complex alcohols, alkanes, and amines. Despite the wide variation, it seems
that lipid solubility determines their anesthetic effect. Moreover, it is thought that general
anesthetics accumulate in the hydrophobic compartments of the central nervous system, namely
the plasma membrane of a nerve cell. A change in the membrane bilayer’s fluidity and thickness
may occur, but an indirect action is more likely. For instance, the lipid bilayer’s structure may
change in a way that alters how membrane integral proteins function, inducing anesthesia.
Although the theory seemed to explain how anesthetics work, exceptions were found and there

was accumulating evidence pointing toward general anesthetics interacting with proteins, termed
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the protein theory, proposed by Franks and Lieb in 1978.# In one instance, the firefly luciferase’s
function was inhibited by the general anesthetic bromoform by binding to a hydrophobic pocket
on the enzyme.> Additionally, stereoisomers of anesthetic compounds are soluble in lipids to the
same extent but have different anesthetic effects. These findings, along with more research, show
that lipid solubility is not the sole determinant of anesthetic potency. Nonetheless, there is no
widespread consensus as to how they work on the molecular level.

The focus of this work is on the effects of short-chain alcohols on a planar supported lipid
bilayer. Ethanol has been used as a general anesthetic® and its hydroxyl group may participate in
hydrogen bonding interactions with the lipid headgroups in a plasma membrane. Additionally,
ethanol’s hydrocarbons may interact with the acyl chains of lipids to an extent. Synthetic lipid
bilayers are well-controlled, and the results from fluidity experiments aid in performing similar
studies with live cell membranes. Previous work involved a planar phosphocholine lipid model
bilayer comprised of 1,2-dimyristoyl-sn-phosphatidylcholine (DMPC) and a fluorescent probe
perylene at 289 K (gel phase) and 303 K (fluid phase) (Figure 3.1).” The concentration of ethanol
was varied in the system to study the extent to which it affects properties of the bilayer structure,
via measuring rotational diffusion dynamics of the chromophore. Fluorescence lifetime and
anisotropy decay data were obtained from time-correlated single-photon counting (TCSPC)
measurements. It was revealed through data analyses that ethanol, around 0.6 M concentration,
affects the organization of the Ci4 phosphocholine bilayer structure below and above the gel-to-
fluid transition temperature (289 K and 303 K). The results were consistent with those in the
literature on phospholipids undergoing interdigitation phase transitions in the gel phase.’'* The
work showed the influence of ethanol on membrane fluidity and organization for synthetic

phosphocholine bilayers.
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In a different study by Setiawan, the effects of ethanol on the structure of planar lipid
bilayer structures were studied.!> However, in an effort to create a model plasma membrane system
that could function in a biomimetic manner, a ternary model system was synthesized. It consisted
of 1,2-dioleoyl-sn-phosphatidylcholine (DOPC), cholesterol, and sphingomyelin formed on mica
(Figure 3.1). The rationale for such a composition was, in part, based on the observation of
microscale phase segregation of cholesterol and phosphocholine domains, in the presence of
sphingomyelin.!®!® Akin to Pillman’s work, the tethered fluorescent probe sulforhodamine-
tagged-1,2-dioleoyl-sn-phosphatidylethanolamine (SR-DOPE) was used for time-resolved
fluorescence measurements. Steady state fluorescence imaging and fluorescence lifetime imaging
were performed using the TCSPC system, and fluorescence anisotropy decay imaging (FADI) data
were obtained via an inverted confocal scanning microscope. Steady state fluorescence images and
the orientational relaxation dynamics of the SR-DOPE chromophore showed that there were
structural changes in the lipid bilayer structure in the vicinity of 0.8 M ethanol; its integrity was
compromised at 1.5 M ethanol concentration. Similar experiments were performed using n-butanol
where the model bilayer was disrupted over a greater extent on the scale of micrometers.!”
Noticeable changes in chromophore rotational dynamics occurred around 0.4 M concentration
likely due to the more amphipathic character of n-butanol.

A common theme that arises from these studies hints toward the broader application in the
field of anesthesia since short-chain alcohols may have anesthetic affects. Therefore, in this work,
we are interested in measuring perylene diffusion over a range of distances, from sub-micron to
sub-millimeter, providing insight into the compositional heterogeneity that characterizes these
model bilayer structures. Specifically, Setiawan’s model system served as a benchmark, with slight

modifications, elucidated in the Experimental section (vide infra).'® For instance, the mica support
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was rinsed with 60 uL (instead of 3 mL) of Tris® buffer, ethanol, or n-butanol to have sufficient
fluorescence intensity during measurements.
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Figure 3.1. Molecular Structures of Model Bilayer Components. From left to right: cholesterol,
DOPC, sphingomyelin, and perylene.

Experimental
Chemicals. Cholesterol (ovine wool), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and
sphingomyelin (chicken egg) were purchased from Avanti® Polar Lipids, Inc.; perylene, calcium
chloride, Trizma® hydrochloride, Trizma® base, and ethanol (200 proof, ACS grade) from Sigma-

Aldrich; and n-butanol from Spectrum® Chemical. All compounds were used without further
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purification. Milli-Q® water (18 MQecm) was used to prepare 10 mM Tris® buffer consisting of

Trizma® HCI and Trizma® base (pH ~7.5). High grade mica (Ted Pella, Inc.) was the substrate.

Vesicle Preparation and Formation. The first step involves pipetting desired amounts of lipids
and perylene (dissolved in chloroform) in a 20-mL glass vial. The volumes were commensurate
with 10 mole % cholesterol, 47-49 mole % DOPC, 40 mole % sphingomyelin, and 1-3 mole %
perylene. Thereafter, the mixture was dried under a stream of nitrogen gas for at least 20 minutes
and Milli-Q water was added, such that the final lipid concentration was 1 mg/mL. The vial was
capped (sealed with Parafilm®) and immersed in a liquid nitrogen bath for 5 minutes, followed by
thawing in a 60 °C water bath for 5 minutes, and finally vortexed for 2 minutes; the freeze-thaw-

vortex process was performed five times.

Vesicle Extrusion. After the five cycles, 0.5-mL aliquots of the vesicle solution were extruded 11
times with a mini extruder apparatus (Avanti® Polar Lipids, Inc.) at room temperature (Figure
3.2).2% 1t consisted of two 1000-puL syringes (Hamilton GASTIGHT® #1001), two filter supports,
and a 50-nm pore size polycarbonate membrane disc (Whatman® 19 mm diameter, Nuclepore™

PC hydrophilic track-etched filter).

(Do) (B

Figure 3.2. Avanti® Mini Extruder Diagram. The assembly parts are shown through which two
syringes go, that face each other.?’

Dynamic Light Scattering. The extruded solution was characterized using the Dynamic Light

Scattering (DLS) technique, which gives particle size distributions. DLS measurements were
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obtained at 25 °C using a Malvern Zetasizer Nano ZS. The instrument was warmed up for 30
minutes prior to acquiring data. A plastic cuvette (cell # ZENO0112) was used. DOPC was selected

as the material and water as the dispersant. An example is shown in Figure 3.3.
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Figure 3.3. Particle Size Distribution of Extruded Solution. The y-axis represents random
fluctuations in the intensity of light scattered from the solution, and the average diameter here is
133 nm.

Vesicle Deposition/Fusion to form SLBs. The extruded vesicle solution was at room temperature
before deposition. First, a mica sheet was glued on a plastic petri dish containing a hole (for the
FRAP instrument lens), then a thin layer of mica was peeled with a razor blade and immediately,
7 puL of 2 mM CaCl; solution were pipetted onto the surface, followed by 60 pL of the vesicle
solution. The solutions stayed on the mica slide for 15 minutes, then depending on the system of
interest, 60 pL Tris® buffer, 60 uL ethanol (0.3 - 1.5 M), or 60 uL n-butanol (0.1 - 0.6 M) were
added. The petri dish assembly was sealed with Parafilm® and left for 1 hour to ensure planar
bilayer formation.

Fluorescence Recovery After Photobleaching (FRAP). FRAP is a fluorescence microscopy
technique that involves photobleaching a small area of fluorescent molecules, called region of
interest (ROT), with a high laser intensity.?" 2> The fluorescence intensity is then monitored over

time, and the rate of recovery gives information on two-dimensional lateral diffusion and
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molecular movement in the system of interest, namely planar model lipid bilayers. The instrument
consists of an inverted microscope and four lasers.

Briefly, the system is equipped with a confocal scanning microscope (Nikon C2+), that
provides high resolution, and five objectives of 10X, 20X, 40X, 60X, and 100X, of which the 10X
was used. The laser system excites at 405, 488, 561, and 640 nm with the dyes 4’,6-diamidino-2-
phenylindole (DAPI), fluorescein isothiocyanate (FITC), sulforhodamine 101 acid chloride (Texas
Red), and cyanine 5 (Cy5), respectively. DAPI was used for exciting the perylene fluorophore.

Samples were placed on a motorized stage. The circular ROI had a radius of 10 um for
stimulation and the entire area (including ROI) was selected as a reference. A continuous scanning
time measurement was performed to ensure the bilayer was not moving significantly for fluidity
measurements, indicated by a fairly constant fluorescent intensity value over time. Raw data were
saved as Microsoft Excel spreadsheets, normalized, and fit using MATLAB software
(MathWorks).

Results and Discussion

The central point of this work is to understand how anesthetics work on the molecular level
by studying the effects of varying concentrations of ethanol and n-butanol on the fluidity of a
planar lipid bilayer on mica. The results also provide insight to understanding membrane structure
and dynamics. We obtain the information from magnitudes and distributions of translational
diffusion constants via fluorescence recovery after photobleaching experiments (Figures 3.4, 3.5).
Based on the Stokes-Einstein equation, we see how translational diffusion D (in um?/s) is related
to viscosity, where 1 is the viscosity of the medium and r is the radius of the diffusing moiety

(assumed to be spherical), namely perylene.?*23
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Figure 3.4. Histograms of Translational Diffusion Constants and Fluorescence Images of Control
and Ethanol Supported Lipid Bilayers. The excitation wavelength is 405 nm and perylene emits
around 480 nm.” The control has Tris® buffer in the aqueous overlayer, and ethanol concentrations
range from 0.3 - 1.3 M.
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Figure 3.5. Histograms of Translational Diffusion Constants and Fluorescence Images of n-
Butanol Supported Lipid Bilayers. The excitation wavelength is 405 nm and perylene emits around
480 nm.” The concentrations of n-butanol in the aqueous overlayer span 0.1 - 0.6 M.
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The initial procedure of vesicle deposition to form the planar SLBs involved little to no
rinsing of the mica support because the fluorescence intensity would decrease drastically if rinsed.
However, there were bright spots around 10 um in diameter which appeared throughout.
Troubleshooting methods involved depositing solutions on mica in different orders, increasing
perylene concentration, changing FRAP parameters, extruding via membranes of different pore
sizes, filtering aqueous solutions (Milli Q water, Tris® buffer, and CaCl), sonicating vesicles
instead of extruding, and utilizing glass surfaces. Literature searches revealed the presence of
circular bright spots in other researchers’ SLB systems which were attributed to unfused lipid
vesicles.?%28 Numerous trials later, an effective method was rinsing the aqueous overlayer with 60
uL of desired solution and waiting for an hour before collecting data.

For fluidity measurements of artificial lipid bilayers involving the perylene probe, the pure
diffusion model was applied where perylene is thought to reside in the aliphatic chains due to its
hydrophobicity.”- 2 The model assumes free diffusion and relatively non-existent binding of the

fluorophore to support:

0= 1 (@) + 1 ()

I, and I are modified Bessel functions, t is the recovery time constant, ® is the radius of the
bleaching spot, and D is the translational diffusion constant, explained by Soumpasis?® and
Baumler.*

While the benchmark for this work is Setiawan’s ternary model system, the chromophores
are different; sulforhodamine-tagged phospholipid (SR-DOPE) measures phospholipid headgroup

diffusion, whereas perylene was used in this work, which is not bound and measures tail group
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mobility. As presumed in that work, the SR-DOPE chromophore was distributed equally between
the top and bottom lipid leaflets and an aqueous layer on the mica support, and we too make the
same assumption with perylene. Moreover, he utilized the fluorescence anisotropy decay imaging
technique to obtain fluorescence images and chromophore rotational diffusion, whereas we used
fluorescence recovery after photobleaching to measure chromophore translational diffusion.
Translational diffusion is generally better and more useful here because we get information on the
um to mm length scales whereas rotational diffusion measurements provide information on the
um or smaller scales. Nevertheless, while the diffusion constant data are different, there are
similarities.

The average translational diffusion value for the control system within one standard
deviation is 4.2 + 0.8 um?/s (n = 56) and varied from 2.6 - 6.4 um?/s (Table 3.1). Although the
fluorescence image appears to show an even distribution, further analysis from a histogram of the
diffusion values revealed a wide distribution, indicative of a heterogeneous nature of the supported
lipid bilayer (Figure 3.4), which was also observed by Setiawan.!® Thereafter, ethanol was applied
to the aqueous overlayer at different concentrations, and significant changes were immediately
observed.

Table 3.1. Translational Diffusion Constants (D) for the Control Supported Lipid Bilayer System.
Samples A-F represent experiments performed on individually cleaved mica slides and n is the
number of measurements. Bilayers are composed of 10 mole % cholesterol, 40 mole %

sphingomyelin, 47 mole % DOPC and 3 mole % perylene (A-D) or 49 and 1 mole % DOPC and
perylene, respectively (E-F). Data are represented as mean + one standard deviation.

Sample D (um?s) n
A 43+1.0 13
B 40+0.6 8
C 3.7+0.5 10
D 48+0.8 8
E 3.7+0.8 8
F 47+0.5 9
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From images, circular bright spots were present at every concentration of ethanol tested,
potentially characteristic of unfused vesicles and/or perylene aggregates (Figure 3.4).2%28 They did
not interfere with the regions of interest at 0.3 M, making it possible to obtain diffusion constants.
The values also have a wide range of 1.6 - 6.2 um?/s, with the possibility of areas in the planar
bilayer that had both more fluid- or more rigid-like structures. Upon increasing the ethanol
concentration to 0.5 M, the bright spots moved too quickly and interfered with data collection
leading us to believe the system was more fluid. A reasonable explanation is that the hydroxyl
groups of ethanol undergoes hydrogen bonding interactions with those of the lipids, resulting in
dilation of the head groups. Surprisingly for 0.8 M ethanol, images showed both slow- and fast-
moving spots with diameters of 5-10 um and some greater than 20 um giving more insight to the
heterogeneous nature of the system. The images also hint that the structure was starting to degrade,
which was also noted by Pillman and Setiawan.” !> Nonetheless, it was possible to collect few
diffusion values which had a high range of 4.3 - 6.1 um?/s, indicative of a more fluid system as
predicted. From concentrations of 1.0 M ethanol and above, there was difficulty collecting data,
despite many attempts, so the structure seemed to have degraded significantly, consistent with
Setiawan’s work."> Even fewer values were obtained at 1.5 M, but the low values of 0.6 — 1.3
um?/s are meaningful, discussed later (vide infra). In order to gain more insight into the structural
dynamics of the bilayer system, similar experiments were performed using n-butanol.

Although the diffusion constants are on a similar order of magnitude, the images give more
information. The morphological differences, compared to ethanol application, were strikingly
different. This is not surprising as n-butanol has two more carbon atoms than ethanol, allowing it
to penetrate farther into the acyl chains of the lipids. As a result, more diffusion values were

obtained due to the absence of fast-moving spots, only a few appeared at 0.3 M r-butanol and
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patches of bright areas appeared at 0.6 M showing physical disruption of the bilayer, and there are
wider distributions of values at lower concentrations than for the system exposed to ethanol (Figure
3.5). The fluorescence image at 0.4 M is drastically different than the rest, and Setiawan had also
noticed loss of fluorescence signal here, which he attributed to the bilayer detaching from the mica
support.!”” As with the ethanol system, the n-butanol analog also exhibits a similar trend of
diffusion values increasing with concentration, then decreasing. Both alcohols participate in
hydrogen bonding and van der Waals interactions with the lipid headgroup and acyl chains to
different extents, respectively. Taken together, it is thought that at high concentrations, dilation of
the lipid headgroup occurs and the “gallery” region between phospholipid tails disappear, leading

to bilayer interdigitation (Figure 3.6).7-1519:31-40
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Figure 3.6. Simplified Illustration of Lipid Interdigitation. The molecules on top of arrows
represent ethanol or n-butanol.
Conclusions

We have performed fluidity measurements, utilizing fluorescence recovery after
photobleaching, on planar lipid bilayers on mica with Tris buffer, ethanol, and n-butanol as liquid
overlayers. The model was composed of cholesterol, DOPC, sphingomyelin, and perylene. The
diverse spread of translational diffusion constants showed a heterogeneous distribution of
molecules in the membrane. However, there was a trend of increasing fluidity with increasing

concentrations of the short-chain alcohols until high concentrations, where fluidity decreased. The
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results suggest that the leaflets dilate to a point, then interpenetrate which makes the system rigid
and can prevent a live cell from functioning properly. Although care was taken to obtain
reproducible results, heterogeneity makes it a challenge to discover potential outliers.

It was imperative that variables were kept constant, such as pH, temperature, and type of
substrate, but key factors accounting for variations in data could be how mica slides were peeled.
Dynamic Light Scattering measurements were performed prior to fluidity measurements to ensure
the same particle size distribution (Figure 3.3). However, the contamination profile of lab
environments and effects of lipids oxidizing are factors worth investigating. Moreover, other
characterization techniques, like transmission electron microscopy would be useful. Moving
forward, the effects of variables such as pH and ionic strength of aqueous overlayer solution are
worth pursuing. From a macroscopic perspective, how general anesthetics work on the
physiological system are known, but there can be side effects such as memory loss, nausea,
headache, nerve damage which vary in severity and frequency. Understanding the molecular
mechanisms may provide insight to reduce harmful risks and/or synthesis of more effective general

anesthetics.
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CHAPTER 4: INVESTIGATING ANOMALOUS DIFFUSION IN HETEROGENOUS
SUPPORTED LIPID BILAYERS VIA TRANSLATIONAL DIFFUSION

Abstract

Utilizing fluorescence recovery after photobleaching (FRAP), insight was obtained about
translational diffusion constants on the micrometer scale of mica supported lipid bilayers
composed of cholesterol, 1,2-dioleoyl-sn-phosphatidylcholine (DOPC), sphingomyelin, and
ceramide, with perylene or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) as the fluorescent probe. Lipid vesicles were formed and extruded via 50,
100, 200, and 400-nm polycarbonate membrane discs. Ceramide-based systems offered resistance
during extrusion, and though they have lower diffusion constants than the control, the distribution
of values is indicative of a heterogeneous system. Furthermore, a rhodamine-based system and
size-dependence study show anomalous diffusion behavior which represents the complexity of
mammalian plasma membranes. In the rhodamine batch, dark spots are cholesterol domains and
bright ones are likely phospholipids. It is possible different domains, such as liquid-ordered (Lo)
and liquid-disordered (L), exist in the systems that are rich in cholesterol and sphingomyelin.

Introduction

A biological cell is the smallest fundamental unit of life and the selectively permeable
plasma membrane surrounding it protects the cell the from extracellular species, aids in cell
signaling, and mediates cellular processes. It is primarily composed of phospholipids with other
molecules interspersed throughout, such as cholesterol, proteins, and carbohydrates. The fluidity
of the membrane plays a key role for enzymes and transport molecules to function properly, and
its function may be studied by performing experiments on simplified model lipid bilayers, the
parameters of which are well-controlled. There are various kinds of artificial membranes'- 2, such

as black lipid membranes (BLM)3*”7, polymer-cushioned lipid bilayers® !4, hybrid bilayers!>-2!,
p poly
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tethered lipid bilayers=“~’, suspended lipid bilayers-"-~*, supported vesicular layers’* >, supported
lipid bilayer patches®*, and supported lipid bilayers (SLB)*-!. All have advantages and
disadvantages; for example, while BLMs are well suited for electrical characterization, they
generally have poor lifetimes of less than an hour*?. We choose SLBs for our experiments (vide
infra) because they are stable for long-term experiments, amenable to multiple physical
characterization techniques, and there is ample groundwork in the Blanchard research laboratories,
for novel experiments, with components relevant to this work shown in Figure 4.1.35% We
received the inspiration for including ceramide in SLBs from the work of Chakravarthy et al. who
focused on mitigating ceramide levels in synthetic and mice circulating angiogenic cell
membranes.* Their work is ultimately geared toward increasing the armamentarium of the
effective treatment options for people afflicted with diabetic retinopathy (DR). This complication
of diabetes affects 5.3 million adults in the U.S. and 24,000 of them go blind each year; 60 percent
are affected after within 10 years of their diabetic diagnosis and 80 percent within 15 years of their
diagnosis.**4 A circulating angiogenic cell (CACs) is a bone marrow-derived reparative cell that
promotes angiogenesis (development of new blood vessels) but whose membrane fluidity is
compromised in dyslipidemia which patients with DR may be inflicted with.*’ Acid
sphingomyelinase (ASM) is an enzyme that catalyzes the hydrolysis of sphingomyelin to
ceramide, and the latter may intercalate into the plasma membrane, making it more rigid (Figure
4.2).%-%8 Therefore, inhibiting ASM in diabetic CACs was shown to improve membrane fluidity,
and the cells egressed from the bone marrow toward damaged retinal vessels.*?

We, therefore, synthesized supported lipid bilayers and varied the lipid composition to

study the effects of ceramide on the fluidity of the planar membrane and aimed to control the
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system, with the hopes of correlating the results to live cell membranes. The fluidity was measured

using the fluorescence recovery after photobleaching technique, described herein.
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Figure 4.1. Molecular Structures of Lipids and Fluorescent Probes. From left to right: cholesterol,
1,2-dioleoyl-sn-phosphatidylcholine (DOPC), sphingomyelin, ceramide, perylene, and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl).
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Figure 4.2. Reaction of Sphingomyelin to Ceramide and Phosphorylcholine. The enzyme acid
sphingomyelinase (ASM) catalyzes the breakdown via hydrolysis.

Experimental
Materials. Lipids and rhodamine-tethered probe were purchased from Avanti® Polar Lipids and
used without further purification. Perylene, calcium chloride, Trizma® hydrochloride, and Trizma®
base were purchased from Sigma-Aldrich. A 10 mM Tris® buffer (Trizma® HCl and Trizma® base,
pH ~7.5) was prepared with Milli-Q® water (18 MQscm). The solid substrate was high grade mica

(Ted Pella, Inc.).

Vesicle Formation and Extrusion. The control system (Batch 1) consisted of 10 mol %
cholesterol (ovine wool), 40 mol % sphingomyelin (chicken egg), 47-49 mol % DOPC, and 1-3
mol % perylene. The ceramide system (Batch 2) consisted of 10 mol % cholesterol, 20 mol %
sphingomyelin, 20 mol % ceramide, 47 mol % DOPC, and 3 mol % perylene. The rhodamine-
based system (Batch 3) consisted of 10 mol % cholesterol (ovine wool), 40 mol % sphingomyelin

(chicken egg), 49 mol % DOPC, and 1 mol % 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
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N-(lissamine rhodamine B sulfonyl). Appropriate amounts of constituents, present in chloroform,
were dried under N (o) and Tris® buffer was added to result in 1 mg/mL lipid concentration. The
mixture underwent five freeze-thaw-vortex cycles of 5, 5, and 2 minutes, respectively; liquid
nitrogen was used for freezing and a 60 °C water bath for heating.>- 4%- 434 The vesicle solution
of the control was extruded 11 times through a 50-nm polycarbonate membrane disc, ceramide
system through a 400-nm filter followed by 200-nm, and rhodamine system through a 100 nm
filter. The particle size distribution was characterized by Dynamic Light Scattering measurements,
which showed average diameters of the control, ceramide, and rhodamine-based solutions of 133,

145, and 131 nm, respectively.

Planar Bilayer Formation via Vesicle Deposition/Fusion. A hole on a plastic petri dish was cut
and a mica slide was glued to the dish for support. Thereafter, a mica sheet was meticulously
peeled, followed by addition of 7 puL. of CaCl, and 60 uL of extruded vesicle solution, which sit
for 15 minutes before adding 60 uL of Tris® buffer. The dish assembly was covered tightly with
Parafilm® and one hour elapsed before performing fluorescence recovery after photobleaching
measurements. For Batch 3, the surface was rinsed with a few milliliters of Tris® buffer after the

one-hour period.

Translational Diffusion Measurements. The fluorescence recovery after photobleaching
microscopy technique was utilized to measure the mobility of the fluorescent probe perylene. The
fluorescing molecules in a region of interest (ROI) on a plasma membrane are irreversibly

).50-52

photobleached with high laser intensity (405 nm herein Thereafter, some surrounding

fluorophores may diffuse translationally into the ROI, while bleached ones exit. The fluorescence
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recovery is monitored over time and the resulting curve can be fit to appropriate models for
recovery a time constant (1), which may be converted to translational diffusion constants (D). The
instrumental setup was described elsewhere.>? Briefly, the system consists of an inverted confocal
microscope (Nikon C2+), moveable stage, laser systems (405, 488, 561, and 640 nm), an LED
illuminator, and standard objectives (Nikon). Data were analyzed with a pure diffusion model

(discussed below) using MATLAB software (MathWorks).

Results and Discussion

The goal of this work was to synthesize model lipid bilayers that could mimic a cell
membrane and to perform fluidity measurements of those systems. On the macroscopic level, there
was incredible resistance during extrusion of ceramide-containing vesicles through membranes
with pore diameters of 50 and 100 nm. The amino and hydroxyl groups on ceramide participate in
hydrogen bonding interactions with those of the lipids, rigidifying the system (Figure 4.1). Further
proof was obtained from fluorescence recovery after photobleaching (FRAP) experiments.
Fluorescence recovery curves were fit to a pure diffusion (of perylene) model described by

Soumpasis and Baumler, from which fluorescence recovery time constants, T, were obtained>* >

frap(t) = 2 [10 (%) +h (;_i)]

where [, and I[; are modified Bessel functions of the first kind and o is the ROI radius. The t value

was converted to the translational diffusion constant, D, of perylene. D, in turn, is related directly

52



to the fluidity of the synthetic bilayer and is inversely related to the viscosity, 1, of the medium -

seen from the Stokes-Einstein equation below

kgT
D=2
é6nnr

where r is the radius of the diffusing molecule.>? 3% 6

Mammalian plasma membranes consist of several hundred distinct lipids and proteins,
along with carbohydrates.’” Recent advancements in powerful characterization techniques, such
as mass spectrometry, enables the elucidation of some of the complexity.’®%> We synthesized a
simplified model composed of DOPC, sphingomyelin (SM), ceramide (cer), cholesterol (chol),
and one-three mole percent of perylene as a fluorescent tag. This control system was presented in
our previous work®, and fluorescence images appear identical (Figure 4.3). However, the control
has an average value within one standard deviation of 4.2 + 0.8 um?/s (n = 56) while the ceramide
system’s is 2.8 + 0.8 um?/s (n = 113), which was evidence for ceramide’s effect of making the
membrane stiffer. Although the average values are different, we noticed great variations and
gained more insight from plotting diffusion values as a histogram, which shows that the system is

heterogeneous (Figure 4.3).
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Figure 4.3. Histograms of Translational Diffusion Constants along with Fluorescence Images of

Supported Lipid Bilayers. Top: control system representing 56 measurements; bottom: ceramide-
based system with 113 measurements. The histogram and image of the control was also presented
in our previous unpublished work.%* The perylene dye was excited at 405 nm, which emits around
480 nm.*

Heterogeneity has been observed even in single-component lipid bilayers by Nojimata and
Iwata who utilized picosecond time-resolved fluorescence spectroscopy to study rotational
dynamics of trans-stilbene in their models.® Specifically, our ternary control (DOPC, SM, Chol)
and Batch 2 (DOPC, SM, Chol, cer) models both exhibited heterogeneity, also observed in similar
systems by Gonzélez-Ramirez who varied the mole percentages of N-palmitoyl derivatives of SM,
cer, chol, and dipalmitoylphosphatidylcholine.%® Moreover, in artificial biomembranes rich in chol
and SM, it was shown that liquid-ordered (L) and liquid-disordered (L4) domains exist and freely
floating lipid rafts may be present in L, states.®””’ While the domains have certainly been
71-73

observed, the elusive nature of the postulated rafts as well as their nanoscopic dimensions

make it difficult to detect by the FRAP technique, namely due to its insufficient spatial resolution
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and ensemble measuring nature.’® 7 7> In an effort to probe head group mobility, the perylene
probe in Batch 1 (control) was replaced by one mole percent of a sulforhodamine tagged lipid, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (18:1 Liss Rhod

PE) (Figure 4.4).

20 pm|

Figure 4.4. Fluorescence Image of Supported Lipid Bilayer containing Rhodamine-PE
Fluorophore. The dark spots are cholesterol domains and bright ones are mostly phospholipids.
The rhodamine molecule was excited at 561 nm, which emits around 630 nm.*’

Fluorescence images were similar to Setiawan’s, where the dark spots are indicative of
cholesterol and bright ones surrounding them are representative of the rhodamine-PE probe with
DOPC (Figure 4.4).% Unfortunately, it was challenging to measure the fluidity with consistency
because the dark regions of varying dimensions (potentially due to lipid aggregates) moved
constantly and interfered with ROIs, often precluding data collection. Nonetheless, the varying
diameters and distributions of spots in the fluorescence images give some insight of the
heterogeneity. Furthermore, we sought to understand the heterogeneous nature of these synthetic
bilayers by conducting size-dependence measurements on Batch 2 (ceramide-based model).

The translational diffusion constants as a function of spot size we obtained exhibited a
deviation from Fickian, or normal, diffusion (Figure 4.5). According to normal diffusion, the

diffusion coefficient should be constant regardless of spot size. However, the trend we see is

indicative of anomalous diffusion behavior which was also observed by Kijewska on monolayer
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systems.>® For a two-dimensional system where particles exhibit Brownian motion, Gaussian

diffusion may be modeled by the Einstein equation’®,

(r?) = 4Dt

where (r?) represents the mean square displacement, D is the translation diffusion coefficient, and
t is time. On the other hand, anomalous non-Gaussian diffusion may be represented by the
modified equation,
(r?) = 4Dt~

in which the case o < 1, known as anomalous subdiffusion, has been observed and simulated in
plasma membranes and in supported lipid bilayer systems.’6-8! Ratto and Longo had noticed via
Monte Carlo simulations of lipid bilayers that diffusion is normal, given a long period of time, but
anomalous at short times.”® While proteins and diverse obstructions can cause anomalous
diffusion®?, the phenomenon was observed in our simplified ceramide SLB. Other contributing
factors could be the existence of different lipid phases (gel or liquid-like) and phase segregations.

A potential way of characterizing heterogeneity could be placing bounds, such as length
scales of diffusion and size distribution of scattering, in models. Information on the boundaries

may be gathered from atomic force microscopy studies.
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Figure 4.5. Plot of Diffusion Constant for Ceramide-Based Supported Lipid Bilayer as a function
of Region of Interest (ROI) Radius. Diffusion coefficients increase as bleaching spot size is
increased, implying anomalous diffusion behavior. The number of diffusion measurements are 7,
34, and 12 for radii of 5, 10, and 15 um, respectively.
Conclusions

Three different lipid bilayer systems supported on mica were studied. Batch 1 (control
system) consisted of cholesterol, sphingomyelin, DOPC, and perylene and a histogram of the
translational diffusion values, obtained from FRAP experiments, was indicative of a heterogeneous
distribution. Batch 2 was similar to the control but also included ceramide, which drastically
rigidified the vesicle solution, noticed from resistance in extrusion. Additionally, the histogram of
diffusion constants was skewed toward lower values, which is sensible since ceramide may

intercalate into the bilayer. The third batch was similar to the control but perylene was replaced

with a rhodamine-tethered lipid probe and exhibited dark spots of cholesterol and bright spots of
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mainly phosphocholines. Thereafter, we probed Batch 2 further by changing the spot size and
noticed that the diffusion constant increased with spot radius, indicative of anomalous diffusion.

Even by simplifying our model of the plasma membrane by excluding proteins,
complexities are present in lipid bilayers due to possible lipid and dye aggregates, phase
segregation, and/or lipid rafts; it is important to understand how those variables are involved in
giving the membrane its heterogeneous nature.

The bright spots in the rhodamine system were unexplored in our work but increased in
size upon increasing laser intensity irradiation by Setiawan and Blanchard (private
communication). It is possible that the system was being heated, then annealing occurred, resulting
in microcrystalline lipid domains. It would be worthwhile to investigate this concept further with
controlled experiments.

When preparing the supported lipid bilayers, the method of vesicle and bilayer preparation
can impact results significantly. Scientists have been working on advancing this area with unique
and novel techniques, such the bicelle and solvent-assisted lipid bilayer (SALB) methods.5 84
Moving forward, it would be useful to alter lipid profiles and concentrations. For instance,
cholesterol is known to regulate membrane fluidity over a range of low and high temperatures by

preventing phospholipids from clustering and by decreasing fluidity, respectively. The effects of

other variables such as pH, temperature, and ionic strength may be studied as well.
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Abstract

In diabetic dyslipidemia, cholesterol accumulates in the plasma membrane, decreasing
fluidity and thereby suppressing the ability of cells to transduce ligand-activated signaling
pathways. Liver X receptors (LXRs) make up the main cellular mechanism by which intracellular
cholesterol is regulated and play important roles in inflammation and disease pathogenesis. N, N-
dimethyl-3B-hydroxy-cholenamide (DMHCA), a selective LXR agonist, specifically activates the
cholesterol efflux arm of the LXR pathway without stimulating triglyceride synthesis. In this study,

we use a multisystem approach to understand the effects and molecular mechanisms of DMHCA

treatment in type 2 diabetic (db/db) mice and human circulating angiogenic cells (CACs), which
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are hematopoietic progenitor cells with vascular reparative capacity. We found that DMHCA is
sufficient to correct retinal and BM dysfunction in diabetes, thereby restoring retinal structure,
function, and cholesterol homeostasis; rejuvenating membrane fluidity in CACs; hampering
systemic inflammation; and correcting BM pathology. Using single-cell RNA sequencing on
lineagescal "c-Kit" (LSK) hematopoietic stem cells (HSCs) from untreated and DMHCA-treated
diabetic mice, we provide potentially novel insights into hematopoiesis and reveal DMHCA’s
mechanism of action in correcting diabetic HSCs by reducing myeloidosis and increasing CACs
and erythrocyte progenitors. Taken together, these findings demonstrate the beneficial effects of

DMHCA treatment on diabetes-induced retinal and BM pathology.

Introduction

The landmark ACCORD Eye study demonstrated that, in individuals with type 2 diabetes
(T2D) and dyslipidemia, tight glycemic control supplemented with fenofibrate/statin combination
significantly reduced the progression of diabetic retinopathy (DR) compared with statin
supplement alone.! Subgroup analysis of the dyslipidemia cohort revealed that elevated LDL-
cholesterol was the only individual lipid measurement that was significantly associated with worse
DR progression. These data establish diabetic dyslipidemia, and hypercholesterolemia
specifically, as risk factors for DR and support the notion that therapies targeting lipid metabolism
are clinically efficacious in T2D.

Serum cholesterol, which reflects the cholesterol exchange between tissues, is the clinical
measurement used to estimate an individual’s total cholesterol level. However, the overwhelming
majority of cholesterol is distributed in the cell membranes of peripheral tissues where it accounts
for 30-50 % of the plasma membrane molar ratio.? Statins, the first line treatment for

hypercholesterolemia, predominantly target cholesterol biosynthesis, and thereby decrease
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circulating LDL as well as peripheral cholesterol biosynthesis.> However, statins have a lesser
effect on the efflux of intracellular cholesterol in peripheral tissues such as the retina.** In diabetic
dyslipidemia, cholesterol accumulation leads to reduced membrane fluidity, inflammation, and
disease pathogenesis.®” Increases in membrane cholesterol promote stabilization of membrane
microdomains, such as lipid rafts, which allow, for example, cytokine receptor clustering leading
to increased intracellular second messenger signaling and amplification of inflammatory cytokine
signaling.®” In addition, cholesterol can affect membrane fluidity that is of particular importance
for BM-derived cell trafficking and mobility.!°

Liver X receptors (LXR) are the main cellular mechanism by which intracellular
cholesterol is regulated. These nuclear receptors transcriptionally regulate genes involved in lipid
metabolism to homeostatically balance the endogenous biosynthesis, dietary uptake, metabolism,
and elimination of lipids.!! LXR activation is induced by elevated intracellular cholesterol and
stimulates cholesterol removal through reverse cholesterol transport.'>!* In addition, LXR
activation maintains the composition and physical properties of the cell membrane through the
coupled regulation of phospholipid and cholesterol metabolism.'* Activation of LXR is signaled
through direct binding of endogenous lipid ligands, such as oxysterols and other cholesterol
derivatives, as well as intermediate precursors in the cholesterol biosynthesis pathway.!!:1?
Synthetic chemical agonists of LXR have been developed for therapeutic intervention, and while
they have proven efficacious in diabetic animal models,'>!? their undesirable adverse effect
profile, including hypertriglyceridemia and hepatic steatosis, has hampered clinical
development?®2!,

N, N-dimethyl-3B-hydroxy-cholenamide (DMHCA) is a synthetic oxysterol that induces

gene-specific modulation of LXR.?>?* Mechanistically, DMHCA activates LXR through direct
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agonism as well as the inhibition of desmosterol reduction, the final step in the predominant
cholesterol biosynthesis pathway, leading to the accumulation of the potent LXR agonist
desmosterol.?> 26 During endogenous LXR activation, compensatory fatty acid biosynthesis is
stimulated through the transcriptional induction of SREBPIc, leading to elevated triglyceride
levels.?® Intriguingly, DMHCA selectively activates the cholesterol efflux arm of the LXR
pathway, through the induction of ATP-binding cassette transporter (ABCA 1), with minimal effect
on SREBPlc compared to other LXR agonists, such as T0901317 and GW3965.25-%° Thus,
DMHCA has lower risk for the undesirable adverse effects that plagued previous LXR modulators,
while retaining the ability to lower circulating LDL and restore peripheral cholesterol
homeostasis.???8

LXR signaling plays an important role in inflammation and disease.*® In the retina, LXR
depletion causes retinal/optic nerve degeneration®!, formation of acellular capillaries!®, and retinal
pigment epithelial changes*®, suggesting that LXR is required for normal retinal maintenance and
that its absence results in pathologies spanning the entire retina. Interestingly, in the diabetic retina,
LXR expression is downregulated, and activation of LXR using a chemical agonist is sufficient to
reduce gliosis and the formation of acellular capillaries'®!”. LXR activation also displays potent
antiinflammatory effects, which are mediated, in part, by altering the composition of the plasma

membrane.??

By selectively regulating the cholesterol content of specific membrane
microdomains, LXR inhibits signaling through TLRs 2, 4, and 9.3 In diabetes, gut barrier
dysfunction is an early event that increases circulating bacterial antigens, leading to enhanced acti-
vation of TLRs on endothelium and promoting chronic systemic inflammation.>* Thus, LXR

agonists, such as DMHCA, have the potential added benefit of hampering widespread

inflammation in diabetes.
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Additional features of diabetes are vascular insufficiency and deficient wound healing.
Circulating CD34" vascular reparative cells, also known as circulating angiogenic cells (CACs),
play an important role in promoting vascular integrity and maintenance.’ These cells require a
complex network of intercellular signaling to home to areas of injury and provide trophic support
that promotes vascular repair. In diabetes, these cells are defective, are low in number, and their
levels inversely correlate with the presence of microvascular complications, such as DR.?%37 Cell
replacement treatments using nondiabetic-derived vascular reparative cells have proven
efficacious in DR mouse models®®, but drug treatments are needed that target and rejuvenate this
population of circulating cells. In diabetic mice, LXR activation has been shown to restore the
equivalent population of vascular reparative cells by enhancing their migration and suppressing
oxidative stress and inflammatory gene expression.'® Moreover, in LXR—double-KO mice fed a
high-fat diet, circulating vascular reparative cells are dysfunctional, decreased in number, and
show an increased cellular cholesterol content.’® Interestingly, these mice also demonstrated
alterations in hematopoietic stem and progenitor cells (HS/PCs), suggesting that LXR’s effects
may extend to the hematopoietic stem cell (HSC) compartment.*® Together, these studies suggest
that LXR modulators like DMHCA can positively impact multiple tissues and cell types in
diabetes.

In this study, we use a multisystem approach to understand the effects and molecular
mechanisms of DMHCA treatment in T2D db/db mice and human vascular reparative cells. Using
lipidomics, single-cell membrane fluidity assays, flow cytometry, and single-cell RNA sequencing
(scRNA-seq), we characterize the effects of diabetes and DMHCA treatment on the retina,

circulating immune cells, and BM compartment.
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Experimental
A detailed description of electroretinogram (ERG), qPCR, immunofluorescence staining,

cytokines quantification, and BM analysis is included in Supplemental Methods.

Human study. Study subjects were recruited as healthy controls (n = 19) or patients with diabetes
(n=19) with either no retinopathy or with different stages of DR. Subjects were enrolled according
to the criteria presented in Supplemental Table 5.1.The degree of DR was assessed using color
fundus imaging and fluorescence angiography. Peripheral blood was obtained for plasma

collection and CD34" cell isolation.

Human CD34" cell preparation. A total of 120 mL of peripheral blood was diluted with PBS (1:1).
Then, every 25 mL—diluted blood sample was gently overlaid on 12.5 mL Ficoll-Paque Plus
(catalog 17-1440-02, GE Healthcare) in 50-mL tubes. After centrifugation at 800 g for 30 minutes,
the buffy coat was transferred into a new 50-mL tube and washed 3 times with PBS supplemented
with 2 % FBS and 1 mM EDTA. Peripheral blood mononuclear cells were then enriched for CD34"
cells by the human CD34" selection Kit (catalog 18056, Stemcell Technologies) using EasySep
magnets.
Membrane fluidity. CACs isolated from control or diabetic mice and CD 347 cells were left
untreated or treated with DMHCA at 10 puM overnight (16-18 hrs) in StemSpan SFEM + CC 110
media at 37 °C.

Perylene stock solution (1 mM) was prepared in dimethyl sulfoxide DMSO (Sigma
Aldrich), aliquoted and stored in a -80 °C freezer. CACs were stained with 10 uM perylene for 10

min, centrifuged (0.8 or 1 x 10° G, 10 min, 20 °C, Fisher Scientific AccuSpin Micro 17R) to
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concentrate and locate cells more easily with a confocal microscope later and kept at 37 °C until
use. A 0.8-uL aliquot was pipetted on a microscope slide (Thermo Scientific plain microscope
slides, precleaned, 25 x 75 mm x 1 mm thick) and a cover-glass was placed on top (Corning, 22 x
22 mm of 1 mm thickness). The assembly was turned upside down and positioned on the flat stage

of the FRAP instrument (vide infra).

FRAP Measurements. FRAP was performed as previously described.”!”> Samples were placed on
a motorized stage of a confocal scanning microscope (Nikon C2+), and images using 40X
objective and 405-nm excitation laser. NIS-Elements Acquisition imaging software (v 4.30) was
used for FRAP experiments, with settings of pixel dwell 1.9, size 512, normal, DAPI checked,
high voltage (HV) between 90-145 (typically ~125), offset of 10, and laser power 0.71. The 40X
objective was used to locate cells and region of interest (ROI) was either 3 or 2 um diameter for
human or mouse samples, respectively, one used as the stimulating spot and the other as a standard,
placed in a dark, non-fluorescent spot. A continuous scanning time measurement was performed
to ensure the cell did not move, indicated by a constant fluorescent intensity value over time. There
was 1 minute of data acquisition (for 61 loops) at 1 sec intervals, bleaching for 1 second (4 loops)
with no delay in intervals, and acquisition for another 5 min (301 loops) at 1 sec intervals. Data

were fit using IGOR Pro software (WaveMetrics Inc.).

Experiment design for murine studies. Male B6.BKS(D)-Lepr®/J (stock no. 000697)

db/db db/m

homozygous Lepr®® were diabetic, and heterozygous Lepr®™ were used as controls (denoted
as db/db and db/m, respectively). All mice were obtained from The Jackson Laboratory and

housed in the institutional animal care facilities at the University of Alabama at Birmingham
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(IACUC 20917) with strict 12-hour/12-hour light/dark cycle. Animals were considered as
diabetic and used in the DMHCA treatment if the serum glucose level was above 250 mg/dL on
2 consecutive measurements. Animals have been randomly assigned to experimental groups. The
animals received DMHCA (Avanti Polar Lipids) in their chow (8 mg/kg body weight/day or base
diet). The animals were fed the test diets for 6 months after diabetic onset. The db/m and db/db
mice were each divided in 2 subgroups, with half the mice in each group receiving control chow
and the other half receiving DMHCA containing chow.

Lipid extraction. Mouse retinas were subjected to monophasic lipid extraction in

methanol/chloroform/ water (2:1:0.74, v:v:v) as previously described.”

Analysis of free and total sterol content. Sterols and oxysterols were analyzed by high-
resolution/accurate mass LC-MS using a Shimadzu Prominence HPLC equipped with an in-line
solvent degassing unit, autosampler, column oven, and 2 LC-20AD pumps, coupled to a Thermo
Fisher Scientific LTQ-Orbitrap Velos mass spectrometer. Lipid extracts were used directly for
analysis of free sterols and oxysterols or were subjected to alkaline hydrolysis of sterol esters for
analysis of total cellular sterols as previously described.”* Gradient conditions, peak finding, and
quantitation of sterols and oxysterols were performed as previously described.”” Sterol and
oxysterol identifications were performed by comparison of retention time, exact mass, and MS/MS

profiles to authentic standards purchased from Steraloids.

Acellular capillaries. Eyes were fixed in 2 % formalin, and trypsin digest was performed for

analysis of acellular capillaries as previously published.”®

CFU. Analysis of CFUs was performed as previously published.”’
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Flow cytometry analysis. A total of 2 x 10° cells isolated from BM and 100 pL of peripheral
blood was incubated with Ammonium Chloride solution (Stemcell Technologies, catalog 07850)
for 14 minutes on ice to lyse RBCs. The cells were washed twice with PBS 2 % FBS and
incubated with a cocktail of primary antibodies for 30 minutes at 4 °C in the dark; for the panel
of antibodies for myeloid analysis, refer to Supplemental Table 5.2. To quantify precursor cells
in the BM, 1 x 10° cells were incubated with a cocktail of antibodies containing c-Kit (CD117),
viability dye 510, FcyRII/III, Sca-1, lineage cocktail, CD34, FLT3 (CD135), and CD127; for the
panel of antibodies for precursor analysis, refer to Supplemental Table 5.3. After washing, the
cells were acquired on BD FACSCelesta. Retina cells were isolated by incubating the entire
retina with the digesting buffer (RPMI 5 % FBS, 10 pg/ mL collagenase D, and 300 U/mL
DNase) for 1 hour at 37 °C. The suspension of cells was filtrated in a 40-pum cell strainer and
incubated with a cocktail of antibodies containing anti-F4/80, viability dye 510, Ly6G, CDA45,
CD11b, CCR2,CD133, CD206, Ly6C, and Flk-1; for the list of antibodies, refer to Supplemental
Table 5.4. All the flow cytometry analyses were performed using FlowJo software (Tree Star

Inc.).

10X Genomics single cells. For scRNA-seq, BM single-cell suspensions were generated from 9-
month-old untreated and DMHCA-treated db/db mice. Briefly, BM cells were aspirated from
femur samples and filtered through 40 um mesh. Single-cell suspensions were column enriched
for Sca-17, FACS sorted using lineage™ and c-Kit1 " markers and assayed for viability using trypan
blue. Viable cells were then run through the 10X genomics platform for droplet-based single-cell
barcoding and cDNA generation. [llumina HiSeq was used for cDNA sequencing. The 10X

Genomics Software Cell Ranger (version 3.1.0) was used for quality control of sequencing reads,
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FASTQ file generation, and demultiplexing. The STAR software was used for read alignment

using the mouse mm10 reference genome.

ScRNA-seq data analysis. For scRNA-seq data analysis, multiple software platforms were used,
including Scanpy, Monocle, and Seurat.”® For transcript quality control, Scanpy was used to plot
histograms of total counts per cell and genes per cell, which were then used to identify cutoffs
that eliminated doublets and damaged cells. Additionally, a mitochondrial gene percentage cutoff
of 20 % was used to further eliminate damaged cells. After quality control, 5103 cells were
recovered from the untreated diabetic group and 5152 cells from the DMHCA-treated group, for
a total of 10,255 cells. The 2 treatment groups were then concatenated to form a single data file,
and a minimum cutoff of 10 cells per gene was used to eliminate lowly represented genes.
Normalization was performed using Scran, which employs a pooling-based size factor estimation
method to normalize single-cell transcript data across heterogenous cell populations.” Scanpy
was then used to perform complete cell cycle regression using the cell cycle genes identified by
Tirosh et al..° ComBat was used for batch correction with cell cycle scores included as covari-
ates.®! Scanpy was then used to select 4500 highly variable genes, and the uniform manifold
approximation and projection (UMAP) plot was generated using a resolution of 0.8.
Subclustering was then performed to arrive at the final UMAP representation of 13 clusters.
Scanpy was used to identify marker genes for each cluster. The assignment of cluster identities
was guided by the expression of lineage-specific marker genes identified in previous scRNA-seq
data sets on murine HSCs.®? In the case of undefined cell populations, clusters were identified
based on their unique expression patterns and the presence/absence of lineage-specific markers.

Compositional analysis was done using Scanpy.
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To identify differentially expressed genes across total samples or specific cluster
subpopulations, Model-based Analysis of Single-cell Transcriptomics (MAST) was used and the
analysis included the technical covariate number of genes expressed per cell.> An FDR cutoff
of 0.01 was used in the total sample DGE, while a cutoff of 0.05 was used in the subpopulation
analyses. Pathway enrichment analysis was performed using Ingenuity Pathways Analysis (IPA;
QIAGEN), with all canonical pathways used in the total sample DGE and secondary
messenger/intracellular signaling pathways in the subpopulation analyses.

Transcription factor activity was analyzed with the pySCENIC package using the
preprocessed raw count matrices.®* Pseudotime trajectory analysis was performed using Monocle
with the naive B cell population removed and max components set to 3. PAGA analysis was
performed using the preprocessed data file with the threshold set to 0.07. Seurat was used to

graph the violin plots.

Statistics. All data sets were assessed for normality against a Gaussian Distribution via the Shap-
iro-Wilks test. Data composed of more than 2 individual groups that were determined to be
normally distributed were subjected to a 1-way parametric ANOVA with Tukey’s test for
multiple comparisons. Data composed of more than 2 individual groups that were determined to
be nonnormally distributed were subjected to a Kruskal-Wallis test with multiple comparison
correction via Dunn’s test. A value of P < 0.05 was considered to be statistically significant for
all tests. All values are expressed as mean = SEM. Statistical tests were performed using statistics

software (GraphPad Software).
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Study approval. All human studies were approved by the IRBs at the University of Alabama (IRB-
300000068). All mice were housed in the institutional animal care facilities at the University of

Alabama at Birmingham (IACUC 20917).

Results

Systemic DMHCA treatment restores cholesterol homeostasis in the diabetic retina.
Dysregulation of the delicate balance between cholesterol biosynthesis, uptake, and removal leads
to accumulation of cholesterol in the diabetic retina. To test whether selective LXR agonism, using
systemic DMHCA treatment (Figure 5.1A), is sufficient to reduce the levels of cholesterol in the
retina, T2D db/db mice were treated with oral DMHCA for 6 months after the onset of diabetes.
Liquid chromatography—mass spectrometry (LC-MS) was performed on lipid extracts from whole
retina to quantify sterol levels before (nonesterified cholesterol and sterol metabolites) and after
alkaline hydrolysis (esterified and nonesterified cholesterol).

The retinal sterol profiles of db/m heterozygous controls, db/db diabetic mice, and db/db
diabetic mice treated with DMHCA are represented by the heatmap in Figure 5.1B. DMHCA
significantly increased endogenous LXR ligands, desmosterol, and total oxysterols in the diabetic
retina, consistent with the drug’s mechanism of action (Figure 5.1, C and D). The total cholesterol
content of the diabetic retina was over 2 magnitudes higher than db/m control, consistent with
diabetic dyslipidemia (Figure 5.1E). DMHCA treatment reduced total retinal cholesterol by over
a magnitude in the diabetic animals, bringing it back to baseline levels (Figure 5.1E). Compared
with db/m controls, DMHCA also significantly reduced nonesterified cholesterol (Figure 5.1F).

In addition to inhibition of cholesterol synthesis, DMHCA increased cholesterol removal

through activation of LXR-induced reverse cholesterol transport and modified cholesterol

78



metabolism to favor the synthesis of more soluble oxysterols. Indeed, DMHCA treatment
increased free oxysterols by > 50 % (Figure 5.1D). In addition to DMHCA and desmosterol,
many other oxysterol species serve as endogenous LXR agonists.*! Consistent with LXR
agonism, DMHCA treatment increased the LXR-controlled transcriptional expression of the
cholesterol efflux pump ABCA1 by over 100 % in the diabetic retina (Figure 5.1G). Together,
these data demonstrate the dramatic shift in the cholesterol metabolism in the diabetic retina and
provide support that systemic DMHCA treatment can restore cholesterol homeostasis in the

retina.
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Figure 5.1. DMHCA restores cholesterol homeostasis in diabetic retina. (A) Schematic
representation of DMHCA structure and function. (B) Compounds selected by One-way ANOVA
with p-value threshold of 0.05 are shown in the heatmap of LC-MS quantified free retinal sterols
from 9 month old mice. Quantification of desmosterol (C), total oxysterols (D), total cholesterol
(E), and non-esterified cholesterol (F). Data are LC-MS peaks normalized to internal standards,
log transformed and Pareto-scaled, presented as mean = SEM. (G) RT-qPCR of retinal ABCALI
mRNA expression. *P < 0.05; **P < 0.03 ***P < (.01 analyzed using One-Way parametric
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DMHCA rescues diabetes-induced membrane rigidity in circulating vascular reparative
cells in mice and humans. In diabetes, buildup of cholesterol impedes the fluidity of the plasma
membrane, causing a pathologic increase in the rigidity of the cell.*'*** To test whether the
observed improvements in cholesterol metabolism with DMHCA treatment could rescue this
diabetic phenotype, we used an ex vivo imaging approach to quantify the effects of DMHCA on
membrane fluidity of stem/progenitor cells from diabetic individuals and mice. For human
studies, peripheral CD34" cells, a vascular reparative population, were collected from 19
individuals with T2D and from 19 nondiabetic control subjects (Supplemental Table 5.1);
supplemental materials are located after the references section. We chose to focus on CD34" cells
because membrane fluidity is especially important in this population, which require membrane
flexibility to egress from the BM and a complex network of lipid rafts to transduce activation
signals. Compared with the control cells (n = 136), the membrane fluidity of diabetic CD34" cells
(n=89) - as assessed by fluorescence recovery after photobleaching (FRAP) - was significantly
reduced (Figure 5.2, A and B). This is consistent with the well-described dysfunction of CD34"
in diabetes, leading to a reduced ability to correct chronic vascular injury such as occurs in DR.
Remarkably, ex vivo treatment of diabetic CD34" cells with DMHCA for 16—18 hours restored
the fluidity of the membranes to baseline nondiabetic levels (Figure 5.2B). These data
demonstrate that DMHCA restores the structure, and presumably function, of dysfunctional
CD34" vascular reparative cells.

A similar approach was used to assess the ex vivo ability of DMHCA to correct the
membrane fluidity of CACs in diabetic mice. CACs were defined as CD45°CD11b-
CDI133"FLKI1" peripheral circulating cells (Supplemental Figure 5.1). Compared with control

cells (n =11), CACs from db/db mice (n = 12) showed increased membrane rigidity, similar to
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what was observed in diabetic human—derived CD34" cells (Figure 5.2, C and D). After 16-18
hours of ex vivo DMHCA treatment, the membrane fluidity of diabetic CACs (n = 17) was
rescued to above-baseline nondiabetic levels (Figure 5.2D). These data complement those
observed in the human studies and demonstrate the potent ability of DMHCA to acutely correct

membrane rigidity.
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Figure 5.2. DMHCA rescues membrane fluidity in circulating vascular reparative cells in humans
and mice. (A and B) CD34" cells were enriched from peripheral blood samples from nondiabetic
(n = 19) and type 2 diabetic (n = 19) patients. Representative single-cell images of membrane
staining from nondiabetic, diabetic (untreated), and DMHCA-treated diabetic CD34" cells (A).
Translational diffusion values from patient-derived CD34" circulating vascular reparative cells.
Control, nondiabetic cells (n = 136); diabetes, untreated diabetic cells (n = 89); D DMHCA,
DMHCA-treated diabetic cells (n = 42) (B). (C and D) CACs were isolated from BM of
nondiabetic (db/m; n = 11) and diabetic (db/db; n = 29) mice. Representative single-cell images of
membrane staining from nondiabetic, diabetic (untreated), and DMHCA-treated diabetic CACs
(C). Translational diffusion values from CACs. Control, nondiabetic cells (n = 11); diabetes,
untreated diabetic cells (n = 12); D DMHCA, DMHCA-treated diabetic cells (n = 17) (D). Data
are presented as mean = SEM. *P <0.05; **P <0.03; ***P <0.01. Analyzed using Kruskal-Wallis
test with multiple comparison correction via Dunn’s test.
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DMHCA slows the progression of DR in db/db mice. Given the remarkable ability of
DMHCA to restore cholesterol homeostasis in the diabetic retina and to rescue the membrane
fluidity of circulating vascular reparative cells in diabetes, we next sought to explore the
functional impact of these beneficial effects on the progression of DR. Similar to humans,
diabetic db/db mice develop progressive retinal pathology that shares many key features with
DR, including increased infiltration of proinflammatory leukocytes, formation of acellular
capillaries, and reduced visual response.*>*¢ To assess the antiinflammatory effects of DMHCA
on the diabetic retina, flow cytometry was used to quantify the relative percentages of infiltrating
monocytes/macrophages. To isolate macrophages and monocytes, CD45°CD11b" cells were
gated on the macrophage marker F4/80 (Supplemental Figure 5.2). Macrophages were further
gated on CD206 to isolate M1-like CD206~ macrophages and M2-like CD206" macrophages,
while monocytes were gated on CCR2 to isolate classical CCR2™ monocytes from nonclassical
CCR2" monocytes (Supplemental Figure 5.2). Compared with control, diabetes induced a
relative increase in classical monocytes and proinflammatory M1-like macrophages and a
decrease in nonclassical monocytes and reparative M2-like macrophages (Figure 5.3, A and B).
Systemic DMHCA treatment rescued nearly all of these defects in the proinflammatory state of
the diabetic retina. DMHCA reduced the relative proportion of classical monocytes to below
baseline, restored the proportion of nonclassical monocytes to baseline, and increased the
proportion of reparative M2-like macrophages (Figure 5.3, A and B).

Consistent with these data, the absolute number of leukocytes in retinal cross-sections
stained with CD45 were increased in untreated diabetes compared with control, and DMHCA
treatment significantly reduced the number of infiltrating CD45" leukocytes (Figure 5.3C).

Furthermore, the transcript level of CCL-2, a hypoxia-induced monocyte chemoattractant, was

83



significantly increased in the untreated diabetic retina compared with control, and DMHCA
restored the CCL-2 transcript level to baseline (Figure 5.3D).

A hallmark feature of DR is microvascular dropout, which promotes retinal ischemia in
diabetes. Compared with control, the number of acellular capillaries in the untreated diabetic retina
was significantly increased (Figure 5.3E). DMHCA protected the diabetic retina from
microvascular dropout, reducing the number of acellular capillaries to baseline levels (Figure
5.3E). These data further support the structural benefits allowed by DMHCA treatment on the
diabetic retina. To assess whether these structural improvements have functional significance in
DR, electroretinography was used to quantify the visual response of the retina. Compared with
control, the untreated diabetic retina showed significant decreases in scotopic a-and b-waves,
consistent with diabetes-induced visual dysfunction (Figure 5.3F). DMHCA treatment restored
visual function in the diabetic animals and increased scotopic b-waves closer to baseline levels
(Figure 5.3F). Together, these data demonstrate the beneficial effects of DMHCA treatment on the

inflammatory state, vascular integrity, and visual function of the diabetic retina.
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Figure 5.3. DMHCA retards the development of diabetic retinopathy in db/db mice. (A) The
presence of inflammatory and antiinflammatory cells in the retina were determined by flow
cytometry. Monocytes were defined by CD45"CD11b"Ly6G F4/80~ cells, classical monocytes
were determined as CCR2" cells, and nonclassical monocytes as CCR2". (B) The macrophages
were defined as CD45"CD11b*Ly6G F4/80" cells, and then the CD206  cells were gated to
quantify M1 macrophages and the CD206" to quantify M2 macrophages. (C) Immunofluorescence
staining of retinal cross-sections for CD45" cells. GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PL,
photoreceptor layer. (D) qPCR on retinal CCL-2 mRNA expression. (E) Trypsin digested retinal
flat mounts for acellular capillary quantification. (F) Retinal visual response assessed by
electroretinography. Scotopic a- and b-waves were quantified at an intensity of 0 db flash (3
cd/m?/s). Data are the mean + SEM. **P < (.03 ***P < (.01. Analyzed using 1-way parametric
ANOVA with Tukey’s test for multiple comparisons.

DMHCA reduces the proinflammatory state of the BM and increases the egression of
vascular reparative cells into the peripheral circulation. In diabetes, low-level chronic
inflammation alters the homeostatic balance of nearly all tissues, including the BM

microenvironment.*’” Myeloidosis, defined as an increase in the proportion of myeloid-derived
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leukocytes, is a common feature in diabetic BM and promotes the systemic inflammatory
phenotype.*® Based on the observed antiinflammatory effects of DMHCA on the diabetic retina,
we asked whether the benefits afforded by systemic DMHCA treatment extended to the level of
the BM microenvironment and the systemic circulation. Compared with control, cytometry bead
array and ELISA analyses of BM supernatants from untreated diabetic mice displayed significant
increases in the protein levels of secreted proinflammatory molecules, including TNF-a, IL-3, and
CCL-2. Remarkably, DMHCA treatment restored the levels of BM-derived TNF-a and IL-3 to
baseline and significantly reduced CCL-2 production by > 50 % (Figure 5.4, A—C). These data are
consistent with DMHCA’s ability to hamper the proinflammatory microenvironment of the
diabetic BM.

Next, flow cytometry was used to profile specific populations of leukocytes in the BM and
peripheral circulation (Supplemental Figure 5.3). Compared with control, diabetes induced a
significant increase in the number of circulating monocytes but surprisingly had no effect on the
total monocyte population of the BM (Figure 5.4D). DMHCA treatment significantly reduced the
number of circulating monocytes in diabetic mice (Figure 5.4E). We next focused on vascular
reparative cells in the BM and circulation. As previously reported, diabetes induced a significant
decrease in the total proportion of CACs in the BM and peripheral circulation (Figure 5.4, F and
G). Compared with untreated diabetic mice, DMHCA significantly increased the number of CACs
in the BM and peripheral circulation (Figure 5.4, F and G). These findings complement the
previous data showing enhanced membrane fluidity in DMHCA-treated CACs and suggest that
the improvements in membrane fluidity may account for the observed increase in CAC egression

into the peripheral circulation.
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Taken together, these data demonstrate that systemic DMHCA treatment has the additional
benefit of preventing diabetes-induced myeloidosis and enhancing the egression of vascular

reparative cells into the peripheral circulation.
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Figure 5.4. DMHCA reduces the inflammation in BM and increases the migration of vascular
reparative cells into the systemic circulation. (A—C) TNF-a (A) and CCL-2 (C) were quantified
by Cytometry beads array, and IL-3 was quantified by ELISA (B). (D and E) Monocytes from BM
(D) and peripheral blood (E) were quantified by flow cytometry and defined as
CD45*CD11b*"Ly6G LY6C" cells. (F and G) Flow cytometry analysis of levels of circulating
angiogenic cells (CAC) were determined as CD45"CV11b CDI133"FLK1" cells of BM (F) and
peripheral blood (G). Data are the mean + SEM. *P < 0.05; ***P < 0.01 analyzed using 1-way
parametric ANOVA with Tukey’s test for multiple comparisons.
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DMHCA acts at the level of HS/PCs to correct diabetic myeloidosis. To better understand
the mechanism by which DMHCA normalizes the composition of circulating leukocytes, we next
focused on the HSC compartment. During hematopoiesis, differentiation signals instruct HSCs to
favor specific lineages, and a homeostatic balance of these signals is necessary to maintain
equilibrium of circulating cells. In certain pathologic states, this balance becomes uneven, leading
to the accumulation of a particular lineage, such as in diabetic myeloidosis. To explore the HSC
compartment, we gated on lineage SCA17¢c-KIT" (LSK) BM cells (Supplemental Figure 5.4).
CD34'FLT3" multipotent progenitors (MPPs) accounted for the largest majority of LSK cells,
followed by CD34"FLT3" short-term HSCs (ST-HSCs) and finally CD34 FLT3™ long-term HSCs
(LT-HSCs). Compared with controls, untreated diabetic LSK cells displayed decreased ST-HSCs
and LT-HSCs and increased MPPs (Figure 5.5, A-D). In the treated diabetic cohort, DMHCA
significantly reduced the proportion of MPPs back to baseline and increased LT-HSCs (Figure 5.5,
A, B, and D). These data support the notion that DMHCA is sufficient to restore the HSC

compartment in diabetes toward a nondiabetic state.
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Figure 5.5. DMHCA corrects hematopoietic stem and progenitor dysfunction in db/db mice. (A—
H) BM HSC (A-D) and HPC (E—H) was assessed by flow cytometry. HSCs were defined as Lin~
Scal*c-Kit" (LSK) BM cells (A). LT-HSCs were defined as CD34 FLT3~ (B), ST-HSCs as
CD34"FLT3 (C), and MPPs as CD34"FLT3" (D). HPCs were defined as LSK BM cells (E).
CMPs were defined as CD32/CD16 CD34" (F), GMPs as CD32/CD16"CD34" (G), and MEPs as
CD32/CD16 CD34- (H). CFU assays for ex vivo differentiation of cultured HPCs (I and J).
Granulocyte, macrophage (GM) CFUs (I) and granulocyte, erythroid, macrophage,
megakaryocyte (GEMM) CFUs (J). Data are presented as mean £ SEM. **P < 0.03; ***P <0.01.
Analyzed using 1-way parametric ANOVA with Tukey’s test for multiple comparisons.

89



Lineage-committed progenitor populations (LSK) were examined next to determine the
effect of DMHCA on hematopoietic lineage flux (Figure 5.5E). CD32/CD16-CD34+ common
myeloid progenitors (CMPs) accounted for the largest percentage of cells, followed by
CD32/CD16"CD34" granulocyte myeloid progenitors (GMPs) and finally CD32/CD16 CD34~
megakaryocyte-erythrocyte progenitors (MEPs). Untreated diabetic mice showed an increase in
CMPs and GMPs and a decrease in MEPs, consistent with diabetic myeloidosis (Figure 5.5, F-H).
Again, DMHCA treatment corrected many of the defects observed in the lineage-committed
progenitor populations in diabetes. DMHCA significantly reduced the number of GMPs,
suggesting a decrease in the production of neutrophils and monocytes (Figure 5.5G). This is
consistent with our previous observations demonstrating reduced circulating monocytes with
DMHCA treatment and suggests that the mechanism relates, at least partially, to the ability of
DMHCA to correct diabetic myeloidosis. In addition, DMHCA treatment significantly increased
the proportion of MEPs to baseline levels, suggesting an increase in the production of erythrocytes
and megakaryocytes (Figure 5.5H).

Finally, we assessed the differentiation ability of BM-derived stem and progenitor cells
using an ex vivo culture assay. BM from control, diabetic, and DMHCA-treated mice was enriched
for progenitor markers and grown in culture for 12 days, after which the number of CFUs was
counted. In BM from untreated diabetic mice, there were significantly more granulocyte, erythroid,
macrophage, megakaryocyte CFUs (GEMM-CFUs) and granulocyte, macrophage CFUs (GM-
CFUs) compared with control, again consistent with diabetic myeloidosis (Figure 5.51). In diabetic
mice treated with DMHCA, the number of GM-CFUs was reduced to baseline levels, while no

effect was observed on GEMM-CFUs (Figure 5.5J).
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Together, these data suggest that DMHCA acts at the level of HS/PCs to fundamentally
shift diabetic hematopoiesis toward a more normal nondiabetic state. Remarkably, this effect is
sufficient to suppress diabetic myeloidosis.

Single-cell analysis of diabetic HSCs in DMHCA-treated mice. To gain mechanistic
insight into DMHCA'’s ability to influence diabetic HSCs and progenitors, scRNA-seq was
performed on LSK sorted BM cells. Briefly, LSK cells were pooled from 3 age-matched mice
for each cohort (untreated db/db and DMHCA treated db/ db). Raw-count matrices from the 2
groups were preprocessed separately to remove low-quality cells and then merged for further
processing using size-factor normalization, cell cycle regression, and empirical Bayes modeling
for batch correction. A total of 5103 cells were recovered from the untreated diabetic group and
5152 cells from the DMHCA-treated diabetic group, for a total of 10,255 HSCs. Unsupervised
clustering revealed 13 distinct clusters (Figure 5.6A). The largest population of cells, accounting
for 27 % of the total combined sample, was multipotent stem cells (Figure 5.6E). These cells
were identified by high expression of the stem cell markers CTLA2A, HLF, and CD34 and the
absence of lineage-specific gene expression (Figure 5.6B). Gene expression patterns of all major
lineages were represented in the single-cell analysis, albeit at varying levels. These include DC
progenitors (CD74, H2-AA, and H2-EB1 high), erythrocyte progenitors (HBB-BT high),
lymphoid progenitors (DNTT high), monocyte progenitors (IRF8 and LY86 high),
megakaryocyte/basophil progenitors (VWF and GATAZ2 high), neutrophil progenitors (MPO and
CTSG high), and pre-B and T cell progenitors (EBF1/CD19 high and TRBCI1 high, respectively)
(Figure 5.6, B and C).

While the cluster distributions appear similar between the 2 groups (Figure 5.6D),

differences are noted in the proportions of individual clusters (Figure 5.6E). In the DMHCA
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treatment group, multipotent stem cells decreased by 8.8 % (Figure 5.6E). This is consistent with
our previous finding that DMHCA reduces the pathologic increase of MPPs in diabetic BM.
Additionally, DMHCA increased the relative proportion of erythrocyte progenitors by 39 %
(Figure 5.6E). This is consistent with our previous observation of increased MEPs in DMHCA-
treated BM. Interestingly, a potentially novel population of stem cells was identified, which we
refer to as AP1-high stem cells. This relatively small population, accounting for roughly 3 % of
the total sample, was identified as expressing high levels of the activator protein 1 (AP1) complex
- including FOS, FOSB, JUN, JUNB, and JUND - and largely lacked expression of lineage-
specific genes (Figure 5.6B). In the DMHCA treatment group, this AP1-high stem cell population
was increased by 54 % (Figure 5.6E). Moreover, DMHCA treatment unexpectedly increased the
relative proportion of both pre-B and naive B cells (Figure 5.6E). Last, of note is the lack of
change observed in the neutrophil and monocyte progenitor populations (Figure 5.6E). This
suggests that DMHCA’s ability to influence these cells and correct diabetic myeloidosis may

occur at a later stage in hematopoiesis.
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Figure 5.6. Single-cell RNA-seq analysis of untreated and DMHCA treated diabetic HSCs. (A)
UMAP representation of scRNA-seq from LSK sorted HSCs reveals 13 distinct clusters. (B)
Violin plots of lineage-specific gene expression across all 13 clusters. (C) Spatial representation
of lineage-specific gene expression. (D) UMAP cluster representations of untreated (db/db) and
DMHCA treated (db/db DMHCA) diabetic HSCs. (E) Cluster proportions of all 13 cell
populations in untreated and DMHCA-treated samples.

DMHCA treatment increases expression of immediate early-response genes. To probe the

transcriptional pathways responsible for DMHCA’s effect on diabetic HSCs, we performed
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differential gene expression (DGE) analysis on the total DMHCA-treated group compared with
the untreated control. Using an FDR cutoff of 0.01 and accounting for technical covariates, we
identified 1048 differentially expressed genes (Figure 5.7A). The majority of DGEs were increased
with DMHCA and included, among others, genes associated with immediate early response (FOS,
FOSB, FOSL2, JUN, JUNB, JUND, ATF4, EGR1, EGR3, MYC, IER3, MCL1), LXR activation
(APOE, FASN, PTGES3, HNRNPAB, SLC3A2, ETF1, RANBPI, PRDX2), and lineage
specification (HBB-BT, CD19) (Figure 5.7B). Pathway enrichment analysis identified the 3 most
highly upregulated pathways as EIF2 signaling, elF4/p70S6K signaling, and mTOR signaling
(Figure 5.7C). Notably, the NRF2 oxidative stress response, hypoxia signaling, and oxidative
phosphorylation were also upregulated (Figure 5.7C). To confirm that DMHCA induced LXR
activation in HSCs, we performed a transcription factor activity analysis using the pySCENIC
package, which calculates motif enrichments from the regulatory regions of all expressed genes to
infer the activity level of known transcription factors. Using this approach, we found that LXR}
activity was increased in the DMHCA-treated cohort, while LXRa activity was below the level of
detection for both (Figure 5.7D). These findings are consistent with DMHCA’s ability to activate

LXR.
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Figure 5.7. DMHCA treatment increases expression of immediate early response genes. (A)
Differentially expressed genes in DMHCA treated diabetic HSCs. (B) Heatmap of the top 100 log
(fold change) genes from the DGE analysis. (C) Top 10 pathways from IPA pathway enrichment
analysis. (D) Transcription factor activity analysis of LXRp in untreated and DMHCA-treated
db/db mice.

DMHCA treatment enhances flux down the erythrocyte progenitor lineage. Similar to
most differentiation processes, hematopoiesis proceeds across a spectrum of gene expression
changes rather than in discrete discernible steps. Thus, single-cell profiles of HSCs represent
individual snapshots in time, where each cell falls somewhere along the differentiation spectrum.

Pseudotime trajectory analysis relies on the identification of specific gene expression patterns

within the data set to map the trajectory of cells along specific lineages. Using this technique, we
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identified 2 main differentiation pathways - one leading to megakaryocytes, erythrocytes, and
DCs and another to peripheral circulating leukocytes (Figure 5.8A). Partition-based graph
abstraction (PAGA) analysis uses a similar approach to physically map cells along a spectrum of
gene expression changes and provides enhanced resolution. PAGA analysis of the combined data
set revealed a similarly distinct split between megakaryocytes/basophils and erythrocytes and
peripheral leukocytes, including lymphoid, monocyte, neutrophil, pre-B, and pre-T progenitors
(Figure 5.8B). Differentiation along the peripheral leukocyte division mostly precedes through a
transition state characterized by low-level expression of several lineage-specific genes, which we
refer to as a neutrophil/monocyte/ lymphoid metastate (Figure 5.8C). This metastate then
trifurcates into neutrophil, lymphoid, and pre-T cell progenitors (Figure 5.8C). Finally,
monocyte progenitors derive from the neutrophil progenitor population, while pre-B cells derive
from lymphoid progenitors (Figure 5.8C).

Interestingly, our analysis suggests that differentiation along the dendritic lineage appears
more closely related to the megakaryocyte/basophil and erythrocyte family and may actually
represent a distinct division arising directly from the HSC compartment (Figure 5.8C). In
addition, we further analyzed the potentially novel AP1-high stem cell population to better
understand to which lineages these cells contribute. PAGA analysis revealed that AP1-high stem
cells are derived directly from HSCs and predominantly give rise to erythrocyte progenitors and,
to a lesser degree, megakaryocyte/basophil and DC progenitors (Figure 5.8C). Consistent with
our current view of differentiation, maturation along the aforementioned lineages occurs through
a gradual increase in lineage-specific genes (Figure 5.8D).

Last, we separated the PAGA analysis into the 2 discrete sample groups and found that

DMHCA enhanced flux down the erythrocyte progenitor lineage (Figure 5.8E). Compositional
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analysis comparing cellular densities between conditions confirmed the increase in erythrocyte
progenitor density in DMHCA-treated BM (Figure 5.8F). Impressively, DMHCA not only
expanded the proportion of erythrocyte progenitors, but also increased the expression of the
hemoglobin 3 adult t chain (HBB-BT) (Figure 5.8, G and H). Together, these data suggest that,
at the earliest stage of hematopoiesis, DMHCA treatment enhances the overall production and

robustness of erythrocyte progenitors.
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Figure 5.8. Trajectory analysis of HSC differentiation reveals increased erythrocyte progenitor
flux with DMHCA treatment. (A) Pseudotime trajectory analysis identifies early partitioning of 2
distinct HSC differentiation pathways. (B) Diffusion embedding of PAGA analysis. (C) Ball-and-
stick representation of PAGA analysis. Circle size represents number of cells, and line thickness
represents connectivity between 2 groups of cells. (D) Gene expression changes of lineage-specific
genes along pseudotime differentiation of 7 lineages. (E) Diffusion embedding of PAGA analysis
separated by sample. (F) Compositional analysis showing density graphs of erythrocyte
progenitors in untreated and DMHCA-treated diabetic HSCs. (G) Violin plots comparing HBB-
BT gene expression across samples. (H) Spatial representation of HBB-BT gene expression across
samples.
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DMHCA enhances signaling in the AP1-high stem cell and erythrocyte progenitor
populations. We next focused on the AP1-high stem cell and erythrocyte progenitor populations
to better understand how DMHCA influences these clusters. Compositional analysis confirmed
an increase in the density of the AP1-high stem cell population with DMHCA treatment (Figure
5.9A). Based upon our trajectory analysis, which identified the AP1-high stem cell population as
precursors to erythrocyte progenitors, the increase in AP1-high stem cells is consistent with the
observed enhancement in erythrocyte flux. We next performed a DGE analysis comparing the
API- high stem cell populations in untreated and DMHCA-treated mice. Owing to the relatively
small number of cells in this population (261 cells total), only 9 genes were found to be
differentially expressed and included, among others, the AP1 genes FOS and FOSB and the
Kriippel-like family of transcription factors (KLFs) KLF6 and KLF2 (Figure 5.9B). Pathway
enrichment analysis focusing on intracellular and secondary messenger signaling identified the
ERK and MAPK pathways as the most enriched, followed by glucocorticoid and JAK/STAT
signaling (Figure 5.9C).

Next, we performed a DGE analysis comparing the erythrocyte progenitor populations in
untreated and DMHCA-treated mice. Across 517 cells, 48 differentially expressed genes were
identified (Figure 5.9D). Of note, these included genes involved in the immediate early response
(FOS, FOSB, MYC, and IER2), hemoglobin synthesis (HBB-BT), and ribosome synthesis
(RPS29, RPS19, RPS28, RPL37, and RPL14) (Figure 5.9D). Using these 48 differentially
expressed genes, we performed pathway enrichment focusing on intracellular and secondary
messenger signaling. Similar to the AP1-high stem cell population, glucocorticoid, ERKS, and

JAK/STAT pathways were significantly enriched (Figure 5.9E).
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However, unlike the AP1-high population, the largest enrichment in erythrocyte
progenitors was related to translation initiation (EIF2 and EIF4/p70S6K signaling) (Figure 5.9E).

Last, we examined the distribution of AP1 genes across the 13 clusters of the untreated
and DMHCA-treated diabetic mice. FOS, which encodes the c-Fos protein, is predominantly
expressed in the AP1- high stem cell and naive B cell populations (Figure 5.9, F and G). DMHCA
increased FOS expression in nearly all clusters, including most strongly the AP1-high stem cell
and naive B cell populations (Figure 5.9, F and G). FOSB expression is highly specific to the
API1-high stem cell and naive B cell populations, and DMHCA increased FOSB in these 2
clusters (Figure 5.9, F and G). JUNB is expressed to varying degrees in all clusters but is
predominantly found in the AP1-high stem cell and naive B cell populations (Figure 5.9, F and
G). DMHCA treatment increased JUNB expression in all clusters, especially the AP1-high stem
cell and naive B cell populations (Figure 5.9, F and G). Last, JUN (c-Jun) and JUND are highly
expressed in all clusters, and DMHCA caused a pan-increase in their transcriptional expression

(Figure 5.9, F and G).
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Figure 5.9. DMHCA induces subpopulation gene expression changes and enhances AP-1
signaling. (A) Compositional analysis showing density graphs of AP-1 high stem cells in untreated
and DMHCA treated diabetic HSCs. (B) Heatmap of differentially expressed genes in AP1-high
stem cells from untreated and DMHCA treated HSCs. (C) Significantly enriched
secondary/intracellular signaling pathways in DMHCA treated AP1-high stem cells from IPA
pathway enrichment analysis. (D) Heatmap of differentially expressed genes in erythrocyte
progenitors from untreated and DMHCA treated HSCs. (E) Significantly enriched
secondary/intracellular signaling pathways in DMHCA treated erythrocyte progenitors from IPA
pathway enrichment analysis. (F) Violin plots comparing expression of AP-1 complex genes
across samples and clusters. (G) Spatial representation of AP-1 complex gene expression across
samples.

Discussion
Given the selective nature of DMHCA’s mechanism of LXR agonism, which promotes
cholesterol efflux and hampers systemic inflammation with less induction of
hypertriglyceridemia compared with earlier agents, we chose DMHCA for our studies. In aged

diabetic db/db mice, DMHCA treatment restores retinal cholesterol homeostasis, slows the

development of DR, hampers chronic systemic inflammation, and corrects BM dysfunction. In
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circulating vascular reparative cells from diabetic patients and db/db mice, DMHCA rejuvenates
membrane fluidity and promotes BM egression.
Normally, the retina maintains cholesterol homeostasis by an intricate balance between

cholesterol production via local biosynthesis*->?

and uptake of lipoprotein particles from the
circulation, which is opposed by cholesterol efflux via the reverse cholesterol transport pathway
or through metabolism of cholesterol to more soluble oxysterols by cytochrome P450s 27A1 and
46A1.5%37 We have previously reported a reduction in LXR levels in the diabetic retina and in
retinal endothelial and retinal pigment epithelial cells isolated from diabetic donor tissue.!
Moreover, we have demonstrated that genetic LXR downregulation produces retinal phenotypes
similar to DR in the absence of diabetes. Reduction in LXR expression in diabetes leads to a
decrease in reverse cholesterol transport Moreover, diabetes-induced decrease in the production of
natural LXR agonists, oxysterols, further exacerbates retinal cholesterol removal in diabetes. The
present study using highly sensitive quantitative LC-MS to measure free and total sterols in the
diabetic retina confirmed the effect of diabetes on retinal cholesterol removal pathways and
provides insights into the dysfunctional cholesterol homeostasis observed in diabetes. Indeed, we
have demonstrated that the total level of cholesterol was significantly increased in the diabetic
retina. An increase in cholesterol biosynthesis markers in the retina shows loss of cholesterol
homeostasis, with increased cholesterol biosynthesis in spite of already increased cholesterol
levels. Remarkably, systemic treatment with DMHCA showed improvement in many aspects of
retinal cholesterol metabolism disrupted by diabetes. DMHCA is a synthetic LXR agonist that also
inhibits Dhcr24, the enzyme that catalyzes the last step of cholesterol biosynthesis. Indeed,

DMHCA treatment led to accumulation of lanosterol and desmosterol and a decrease in cholesterol

in the retina due to inhibition of the last step of cholesterol biosynthesis.
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In addition to inhibition of cholesterol biosynthesis, we observed that DMHCA reversed
diabetes-induced downregulation of LXR-mediated reverse cholesterol transport. DMHCA
promotes LXR activation by acting as a direct synthetic agonist, as well as increasing the levels of
another potent LXR agonist, desmosterol. DMHCA or desmosterol agonism initiates LXR binding
to and promoter activity of the cholesterol efflux pump ABCAL, further contributing to the
reduction of retinal cholesterol levels through an increase in cholesterol efflux. Moreover,
DMHCA treatment increased free oxysterols showing that DMHCA promotes retinal cholesterol
removal by yet another mechanism - through shifting cholesterol metabolism to favor more soluble
oxysterols that rapidly diffuse to the systemic circulation and are converted to bile acids by the
liver.’” Overall, our data demonstrate that DMHCA treatment can restore cholesterol homeostasis
in the retina through both inhibition of cholesterol biosynthesis and activation of cholesterol efflux
by RCT and oxysterol pathways.

To test whether the lipidomic benefits afforded by LXR agonism are sufficient to provide
structural and functional benefit in diabetes, we assessed retinal function and membrane fluidity
in circulating vascular reparative cells derived from diabetic subjects and mice. We found that
DMHCA-treatment corrected several retinopathy endpoints in db/db mice, including reduced
vascular dropout and enhanced visual function. Remarkably, in diabetic human derived CD34"
cells, acute ex vivo treatment with DMHCA was sufficient to restore membrane fluidity
correcting diabetes-induced dysfunction of circulating vascular reparative cells. Interestingly,
DMHCA treatment also reduced leukocyte trafficking to the diabetic retina, providing
compelling evidence of DMHCA’s anti-inflammatory effects in diabetes.

To test whether DMHCA’s antiinflammatory effects extend to the level of the peripheral

circulation and BM, we assessed these compartments for inflammatory markers and quantified
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the proportions of specific cell populations. DMHCA treatment significantly reduced the
expression of several important proinflammatory proteins in the BM, including TNF-a, IL-3, and
CCL-2. Moreover, DMHCA treatment significantly reduced circulating monocytes and increased
the proportion of vascular reparative cells in the BM and circulation.’®>® Vascular reparative cells
are particularly sensitive to alterations in membrane fluidity, as they require flexibility to egress
into the circulation and complex intercellular signaling networks to home to areas of injury.
These findings on the increased production and egression of CACs complement our membrane
fluidity results and suggest that the improvements in membrane fluidity have functional benefits.

Given the beneficial effects of LXR agonism on correcting the homeostatic balance of
BM-derived cells, we next explored the HSC and progenitor compartments to test whether
DMHCA treatment directly influences hematopoiesis. In LSK cells, DMHCA treatment was
sufficient to correct the diabetes-induced increase in MPPs and decrease in LT-HSCs. Moreover,
DMHCA reduced granulocyte myeloid progenitor hyperplasia and increased the production of
megakaryocyte/erythrocyte progenitors. Last, DMHCA treatment was sufficient to lower ex vivo
granulocyte/macrophage CFUs to baseline levels. Taken together, these exciting findings suggest
that DMHCA’s benefits extend to the hematopoietic stem cell compartment and that LXR
agonism corrects diabetic myeloidosis.

To better understand the transcriptional mechanisms responsible for the beneficial effects
of LXR agonism on hematopoiesis in the setting of T2D, we performed scRNA-seq on untreated
and DMHCA-treated LSK cells. One striking finding in our analysis is that even the most
primitive hematopoietic cells appear preprogrammed to enter specific lineages. This is supported
by the 13 cell populations identified by unsupervised clustering, which account for nearly all of

the main lineages derived from the BM. Another exciting finding from our scRNA-seq analysis
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is that DC differentiation appears to be more nuanced than previously suggested. A recent single-
cell report using c-kit™ murine BM found that dendritic and monocyte lineages split late in
differentiation.® Our trajectory analysis, which uses a more primitive population of cells and
thus provides a higher resolution of early fate decisions, suggests that the dendritic lineage is
more closely related to the megakaryocyte/basophil and erythrocyte family and may actually
represent a distinct division arising directly from the HSC compartment. Interestingly, in another
recent SCRNA-seq report on murine LSK sorted HSCs, the authors did not mention the DC
lineage.%! However, inspection of their publicly available data set for expression of early DC
markers (CD74, H2-AA, H2-EBJ1) - as defined by Tusi ef al.®® - demonstrated close association
of these genes with the HSC population (Supplemental Figure 5.5), supporting our results. This
finding on the DC lineage may have important implications, as it suggests that the development
of an entire arm of the immune system may be fundamentally different from all other immune
cells, which in our analysis, derive from a shared hematopoietic branch. Last, our analysis
identifies a potentially novel stem cell population, which we refer to as AP1-high stem cells. This
relatively small population of cells express disproportionately high levels of AP1 complex genes
and largely lack lineage specification. Trajectory analysis suggests that AP1-high stem cells
predominantly give rise to erythrocyte progenitors and, to a lesser degree,
megakaryocyte/basophil and DC progenitors. Thus, this cluster may represent a novel HSC
population that is an intermediate to the aforementioned lineages.

The main findings from our DMHCA-treated sample were a decrease in the multipotent
stem cell population and an increase in the AP1-high stem cell and erythrocyte progenitor
populations. Both of these findings are supported in our BM HSC studies, which found that

DMHCA suppressed diabetes-induced hyperplasia of MPPs and increased production of
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erythrocyte/megakaryocyte progenitors. Based upon our trajectory analysis, which identified the
AP1-high stem cell population as precursors to erythrocyte progenitors, the increase in AP1-high
stem cells is consistent with the observed enhancement in erythrocyte progenitor flux. DGE
analysis demonstrated that DMHCA increased the expression of several LXR target genes®,
confirming that DMHCA directly modulates these primitive cells. Moreover, we observed a
striking increase in immediate early response genes. These gene targets, such as FOS, EGR1, and
MYC, are pleiotropic factors involved in many cell processes, including differentiation. They are
termed immediate genes because they are rapidly induced in response to inter- and intracellular
signaling.%! Many of these genes have well-characterized roles in hematopoiesis. For example,
FOS expression is known to limit HSC hyperplasia®?, whereas FOS depletion results in a > 90 %
reduction of clonogenic B cell precursors®. Both of these observations are consistent with our
results herein. Given our previous findings on improved membrane fluidity with DMHCA
treatment, the increase in immediate early gene expression in HSCs is not surprising, as the
enhanced formation of membrane microdomains amplifies the transduction of intercellular
signaling. The most highly enriched pathways in DMHCA-treated HSCs were related to
ribosome synthesis/translation initiation (EIF2 and EIF4/p70S6K signaling) and mTOR
signaling. Moreover, pathway enrichment analysis indicated upregulation of the hypoxia and
Nrf2 pathways. At normal steady-state, the BM microenvironment is hypoxic, and cellular stress
stimulates increase BM partial pressure of oxygen (pO2).%* Nrf2 is the master regulator of several
cellular antioxidant pathways. As Nrf2 expression is decreased in diabetic BM cells®>, DMHCA -
induced upregulation of Nrf2 may function as a prosurvival response. Together, these findings

suggest that DMHCA treatment normalizes the BM microenvironment.
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Last, we found key genes and intracellular pathways that were differentially regulated in
the treated versus untreated AP1-high stem cell and erythrocyte progenitor populations. DMHCA -
treated AP1-high stem cells showed increased AP1 complex genes, as well as increased expression
of KLF2 and -6, two genes required for normal erythrocyte development.®®$’ Of note is the
increase in MYC expression, which has recently been shown to induce proliferation of erythroid
progenitor cells.®® DGE analysis also showed significantly increased hemoglobin gene expression,
suggesting that DMHCA not only increases erythrocyte progenitor flux, but also stimulates the
generation of more robust erythrocyte progenitors. Taken together, these data demonstrate that
DMHCA enhances HSC signaling and improves erythrocyte differentiation in diabetes.

An important characteristic of DMHCA that is worth noting is its chemical structure.
DMHCA is a synthetic oxysterol with a shortened sidechain and amide moiety, giving it
amphipathic properties. Like other oxysterols, DMHCA may incorporate into the exofacial leaflet
of bilayers and thereby directly modify membrane dynamics and the functions of integral and
membrane-associated proteins.® This possibility, while not directly measured in this study, may
contribute to the observed beneficial and pleotropic effects of long-term DMHCA treatment on
T2D db/db mice. One limitation of our study is that we did not include LXRa/p-deficient mice
treated with DMHCA, which would have further addressed what portion of the effect we observed
was due to LXR agonism and what could have been the result of the biophysical effects of
DMHCA on membrane bilayers. However, such studies were performed by Patel et al., where
STZ-injected Lxro/B”~ mice on a Western diet were treated with DMHCA and showed no
beneficial effect on the kidneys of these mice, whereas DMHCA corrected diabetic nephropathy

in WT STZ-injected mice.”
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Using a multisystem approach, this study demonstrates the broad and pleiotropic effects
of LXR activation. While the chemical properties of DMHCA and its potential ability to
incorporate into the membrane could account for some of the observed pleotropic effects, our
results provide support for the future development of potential therapeutics that capture the
benefits of LXR agonism. However, the simultaneous inhibition of SREBP1c will be required,
likely heralding the future development of combination therapies to optimize cholesterol
homeostasis in diabetic individuals.
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Appendix A: Supplemental Information

Supplemental Table 5.1. Identification of human subjects. Subjects were enrolled according to
the following criteria presented in : (a). Any male or female between the ages of 21-98 years of
age were eligible to participate; (b) must have carried the diagnosis of diabetes (either type 1 or
type 2 diabetes) or healthy aged control; and (c) was willing and able to cooperate with the eye
exam protocol. The exclusion criteria included: (a) subjects with AMD, glaucoma, uveitis, known
hereditary degenerations or other significant ocular complications other than diabetic retinopathy;
(b) ongoing malignancy; (c) cerebral vascular accident or cerebral vascular procedure; (d) current
pregnancy; (e) history of organ transplantation; (f) presence of a graft (to avoid any effect of the
graft on inflammatory parameters); (g) evidence of ongoing acute or chronic infection (HIV,
Hepatitis B or C, tuberculosis); and (h) subjects with anemia.

ID Age Type
Cl1 49 Control
C2 50 Control
C3 48 Control
C4 24 Control
C5 68 Control
C6 21 Control
C7 69 Control
C8 28 Control
C9 29 Control
C10 42 Control
Cl1 26 Control
Cl12 53 Control
Cl13 50 Control
Cl14 48 Control
Cl15 64 Control
Clé6 50 Control
Cl17 55 Control
C18 29 Control
C19 71 Control
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Supplemental Table 5.1 (cont’d).

ID

Age

Type

HGBA1C

Blood
Sugar

Drugs

Left Eye

Right Eye

Dl

52

Type

5.5

140

Aspir 81,
Carisoprodol,
Clotrimazole-

Betamethasone,
Fenofibrate
Nanocrystallized,
Immune Support
Complex, Lipitor,
Metformin, Niacin
ER, Novolog Pen
Fill 100,
Rosuvastatin,
Valsartan, Vitamin
D3, Indapamide

None

None

D2

40 | 1YPe

Unknown

Unknown

Apidra, Avasin,
Lantus

Proliferative

Proliferative

D3

63 | 1YPe

8.1

229

Fibercon, Losartan,
Novofine , Lortab,
Trazadone,
Oxycodone,
Meloxicam,
Humalog Mix,
Hydrochlorothiazide,
Multivitamins,
Metformin,
Tramadol, Aspirin,
Primidone,
Simvastatin ,
Percocet, Bupropion

None

None

D4

53 Type

Unknown

Unknown

Amlodipine Besylate
,Lasix, Losartan
Potassium,
Metoprolol Tartrate,
Paxil, Ranitidine

Proliferative

Proliferative

HCI
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Supplemental Table 5.1 (cont’d).

ID | Age

Type

HGBA1C

Blood
Sugar

Drugs

Left Eye

Right Eye

D5 | 65

Type

7.1

136

Actos, Alprazolam,
Fluticasone, Nasal
Spray, Suspension,
Furosemide,
Furosemide,
Gabapentin, Humalog
Mix Insulin,
Hydrocodone,
Acetaminophen,
Jardiance, Kionex,
Levothyroxine,
Lisinopril,
Pramipexole,
Primidone, Silver
Sulfadiazine,
Simvastatin,
Spironolactone,
Sulfamethoxazole,
Tizanidine, Tramadol,
Venlafaxine, Victoza,
Vitamin D2

Mild Non-
proliferative

Mild Non-
proliferative

D6 | 77

Type

Unknown

88

Finasteride,
Hydrocodone,
Metformin,
Methimazole,
Lisinopril,
Nitrofurantoin
Monohydrate,
Oxybutynin Chloride
ER, Sulfamethoxazole,
Trazodone, Oxycodone-
acetaminophen,
Warfarin

None

None

D7 | 50

Type

Unknown

331

Unknown

None

None
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Supplemental Table 5.1 (cont’d).

ID

Age

Type

HGBA1C

Blood
Sugar

Drugs

Left Eye

Right Eye

D8

52

Type

5.5

150

Aspir-81( Delayed
Release),
Carisoprodol,
Clotrimazole-
Betamethasone
Cream ,Fenofibrate
Nanocrystallized,
Immune Support
Complex,
Indapamide, Lipitor,
Metformin, Niacin,
Novolog Penfill,
Rosuvastatin,
Valsartan, Vitamin
D3,Zoloft

None

None

D9

66

Type

Unknown

Unknown

Unknown

None

None

DI0

77

Type

Unknown

88

Finasteride,
Hydrocodone,
Metformin,
Lisinopril,
Methimazole,
Nitrofurantoin,
Monohydrate,
Oxybutynin,
Sulfamethoxazole,
Trazodone,
Oxycodone,
Warfarin

None

None

DI1

60

Type

Unknown

Unknown

Prednisolone
Acetate,
Tobramycin,
Albuterol Sulfate,
Lisinopril, Ibuprofen

Pro-
liferative

Pro-
liferative
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Supplemental Table 5.1 (cont’d).

ID | Age | Type | HGBAIC ]Sslll(g;i Drugs Left Eye | Right Eye

Maxitrol Drop,
Acetazolamide,
Amlodipine, Apidra,
Atorvastatin,

T Avastin, Gabapentin,

D12 | 41 ype 6.7 76 Hydrocodone,
Lantus, Lisinopril,
Novolin, Prednisone,
Sumatriptan
Tramadol,
Trazodone

Pro- Pro-
liferative liferative

Fibercon, Losartan,
Novofine , Lortab,
Trazadone,
Oxycodone,
Meloxicam,

T Humalog Mix,
DI3 | 62 | YP° 8.1 229 | Hydrochlorothiazide |  None None
, Multivitamins,
Metformin,
Tramadol, Aspirin,
Primidone,
Simvastatin ,
Percocet, Bupropion

Type Unkno

D14 | 54 8.4 Unknown None None

Tvpe Cozaar, Lantus,
D15 | 48 M Unknown 186 Norvasc, Novolog,
Simvastatin

Pro- Pro-
liferative liferative

Aspirin, Meclizine,

Type Naprosyn, Severe Severe
D161 52| 75 | Unknown | 427 | e rontin, Novolin | NPDR NPDR

R, Sumatriptan

Ergocalciferol,

Type Metformin, Novolog | Moderate | Moderate
DI7 155 2 1.2 293 Mix, Proair HFA, NPDR NPDR
Simvastatin
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Supplemental Table 5.1 (cont’d).

ID | Age | Type | HGBAIC ]Ssll:g:ll‘ Drugs Left Eye | Right Eye

Amlodipine,
Atorvastatin,
Bupropion,
Ciprofloxacin,

Clindamycin,
Type Gabapentin, Un- Un-
DI8 | 59 2 6.0 194 Lisinopril 40mg, specified
Lisinopril 20mg,
Metformin,
Sulfamethoxazole
Sure Comfort
Insulin, Synthroid
Azelastine,
Amlodipine,
Azithromycin,
Clonidine,
Enalapril,
D19 69 T}épe 7.4 79 Furosemide, Mﬁggg © MI\(I)SSE[ ©
Metoprolol,
Novolin, Potassium
Chloride, Sure
Comfort Insulin
Syringe

specified

9
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Supplemental Figure 5.1. Gate Strategy of CAC on BM cells and PBMCs. CD45" cells were
gated after exclusion of debris, doublets and dead cells. The FLK-1°CD11b" cells were defined for
further selection of CD133™ cells.
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Supplemental Figure 5.2. Gate Strategy to define monocytes and macrophages subtypes on
Retina. CD45" cells were gated after exclusion of doublets and dead cells. The CD11b" expressing
F4/80 and lacking expression of Ly6G were defined as macrophages, further the CD206" cells
were gated to address M2 and CD206 to define M1 macrophages. Monocytes (CD11b"Ly6G-
F4/807) were divided into CCR2" fraction comprised of classical monocytes and CCR2" fr action
defined as nonclassical monocytes.
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Supplemental Figure 5.3. Gate Strategy of subtypes of monocytes on BM cells and PBMCs.
CD45" cells were gated after exclusion of debris, doublets and dead cells. The CD11b" expressing
Ly6C and lacking expression of Ly6G were defined as monocytes. Monocytes were divided into
CCR2" fraction comprised of classical monocytes and CCR2" fraction defined as nonclassical
monocytes.

118



250K =

All events BM Cells Live Cells

200K =

150K =

FSC-H

100K =

50K =

T T T T T
0 50K 100K 150K 200K 250K

Comp-BV510-A :: VIABILITY FSC-A

Lineage neg LSK

Comp-BBS15-A.:: LIN
Comp-BV421-A - c-Ht
Comp-APC-A :: FLT3

LT-HSC

T T T T
0 30K 80K 90K 120K

SSC-A Comp-PE-A :: CD34

Comp-BV/605-A :: FCYRILII

Comp-PE-A :: CD34

Supplemental Figure 5.4. Gate Strategy of HSC on BM. Lin™ cells were gated after exclusion of
debris, doublets and dead cells. Sca-1-c-Kit" cells (LS-K) were divided in CD34"FcgRII/IIT*
(GMP), CD34*FcgRII/IIT (CMP) and CD34 FcgRII/IIT" (MEP). Sca*c-Kit" (LSK) were divided in
CD34"FLT3" (MPP), CD34"FLT3" (LT-HSC) and CD34FLT3" (ST-HSC).
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Supplemental Figure 5.5. Expression of dendritic cell markers in scRNA-seq dataset from Dahlin
et al. 2018. scRNA-seq was performed on 44,802 HSCs derived from Lin"Sca-1"c-Kit" (LSK) and
Lin ¢c-Kit" (LK) BM cells. (A-C) Force-directed graph embedding of publicly available scRNA-
seq data from Dahlin et al. 2018 showing spatial distribution of the dendritic cell markers (A)
CD74, (B) H2-AA, and (C) H2-EBI.

Supplemental Table 5.2. Panel of antibodies used to determine myeloid cells on bone marrow
and blood. For preparation of antibody mixes, Brilliant Stain buffer was used and samples were
incubated for 30 minutes at 4°C in the dark, followed by two washes. Titers refer to final dilution
factors, and staining volume per sample was 100 pl. SB: Super Bright, BV: Brilliant Violet, BB:
Brilliant Blue, AF: AlexaFluor, PE: Phycoerythrin, APC: Allophycocyanin.

Antigen Fluorophore Vendor Number Titer
Ly6G SB600 ThermoFisher 63-9668-82 1/200
CD45 SB645 ThermoFisher 64-0451-82 1/100

CD11b SB780 ThermoFisher 78-0112-82 1/100
CCR2 FITC R&D Systems =~ FABS5538F-100 1/100
CD133 PercP-eFluor710  ThermoFisher 46-1331-82 1/100
Ly6C APC ThermoFisher 17-5932-52 1/200
Flk-1 AF700 ThermoFisher 56-5821-81 1/100
Viability dye eFluor506 ThermoFisher 65-0866-14 1/200
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Supplemental Table 5.3. Panel of antibodies used to determine precursor cells on bone marrow.
For preparation of antibody cocktail, Brilliant Stain buffer was used and samples were incubated
for 30 minutes at 4°C in the dark, followed by two washes. Titers refer to final dilution factors,
and staining volume per sample was 100 ul. SB: Super Bright, BV: Brilliant Violet, BB: Brilliant
Blue, AF: AlexaFluor, PE: Phycoerythrin, APC: Allophycocyanin.

Antigen Fluorophore Vendor Number Titer
c-Kit (CD117) SB436 ThermoFisher 48-1171-82 1/100
FeyRII/IIT SB600 ThermoFisher 63-0161-82 1/100
Sca-1 SB645 ThermoFisher 64-5981-82 1/100
Lineage FITC ThermoFisher 22-7778-72 1/50
cocktail
CD34 PE ThermoFisher MAS5-17831 1/100
FIk2/F1t3 APC ThermoFisher 17-1357-41 1/100
CD127 (IL7Ra) APC-Cy7 ThermoFisher 47-1271-82 1/100
Viability dye eFluor506 ThermoFisher 65-0866-14 1/200

Supplemental Table 5.4. Panel of antibodies used to stain isolated cells from retina. For
preparation of antibody cocktail, Brilliant Stain buffer was used and samples were incubated
30 minutes at 4°C in the dark, followed by two washes. Titers refer to final dilution factors, and
staining volume per sample was 100 pl. SB: Super Bright, BV: Brilliant Violet, BB: Brilliant Blue,
AF: AlexaFluor, PE: Phycoerythrin, APC: Allophycocyanin.

Antigen Fluorophore Vendor Number Titer
F4/80 SB436 ThermoFisher 48-4801-82 1/100
Ly6G SB600 ThermoFisher 63-9668-82 1/200
CD45 SB645 ThermoFisher 64-0451-82 1/100

CD11b SB780 ThermoFisher 78-0112-82 1/100
CCR2 FITC R&D Systems ~ FABS5538F-100 1/100
CD133 PercP-eFluor710  ThermoFisher 46-1331-82 1/100
CD206 APC ThermoFisher 17-5932-52 1/100
Flk-1 AF700 ThermoFisher 56-5821-81 1/100
Viability dye eFluor506 ThermoFisher 65-0866-14 1/200
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Appendix B: Supplemental Methods

Electroretinogram (ERG). For full-field ERG recordings, mice were dark adapted for 12 h. In
preparation for the ERGs, the mice were anesthetized with intramuscular (IM) injections of
ketamine and xylazine. The pupils were dilated with 1 % atropine sulfate and 2.5 % phenylephrine
hydrochloride ophthalmic solution which also reduced sensitivity of the eyes to touch. When
anesthetized, the mice were placed on a stand in a LED Ganzfeld stimulator (LKC Technologies,

Gaithersburg, MD. Full-field ERGs were recorded from both eyes using the LKC system.

gRT-PCR. RNA was isolated according with the RNeasy mini kit (74106; Qiagen) according to
manufacturer's instructions. First-strand complementary DNA was synthesized from isolated RNA
using iScript II reverse transcription supermix (1708841; Bio-Rad). Prepared cDNA was mixed
with SsoAdvanced Universal SYBR Green Mix (172570; Bio-Rad) and sets of gene-specific
forward and reverse primers (ABCA1l, CCL-2) (Bio-Rad) and subjected to real-time PCR
quantification using the CFX384 Real Time PCR. Cyclophilin A was used as a control, and results
were analyzed using the comparative Ct method and Ct values were normalized to Cyclophilin A
levels. Data is shown as normalized relative to control levels or as non-normalized raw expression

levels.

Immunofluoresence staining. Enucleated eyes were fixed in 4 % paraformaldehyde overnight at 4
°C. Eyes were washed 2X for 5 min with PBS(1x) follow by incubation in 30 % sucrose for 48
hrs. and then snap frozen in optical cutting temperature compound. Retinal crossections (12 um)

were processed for immunostaining using rat monoclonal to CD45 antibody (clone 30-F11, R&D
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Systems, 1:50). Alexa Fluor 594 was used as the secondary antibody. Positive cells were counted
from 3-5 sections at 100 um interval for each eye with a minimum of four images per section.
Cytokines quantification. Levels of TNF-alpha and CCL-2 were measured on the BM supernatant
using Cytometric Bead Array (TNF #888299; CCL-2 #558342), and IL-3 measurement by
ELISA kit (R&D system #M3000). The concentrated supernatant was incubated with beads and
acquired on a BD FACSCelesta following the manufacturer’s instructions. The concentration
was determined using a standard curve and analyzing on BD FACSArray software. Protein assay

was performed to normalize the concentration in pg/mg.

BM analysis. Bones were harvested from mice in sterile conditions and the supernatant was
washed with PBS (1x) containing a protease inhibitory cocktail (AEBSF 1mM, Aprotinin
800nM, Bestatin 50uM, E64 15uM, Leupeptin 20uM, Pepstatin A 10uM) (Thermo Scientific
#78438). After centrifugation at 300 x g for 10 min at 4°, the BM supernatant was removed and
the cells destined for cell culture analysis or freeze to posterior analysis. The BM supernatant
was concentrated with Amicon Ultra-15 (#UFC900324) for 60 min at 3220 x g. The supernatant

was used for quantification of cytokines and chemokines
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

The goal of this research was to study the effects of external factors such as anesthetics and
the diabetes disease state on the fluidity of model and live cell membranes. Utilizing fluorescence
recovery after photobleaching (FRAP) (Chapter 2), we studied the effects of short chain alcohols
ethanol and n-butanol on a model planar supported lipid bilayer, discussed in Chapter 3. Pillman
had prepared an artificial lipid bilayer composed of 1,2-dimyristoyl-sn-phosphatidylcholine
(DMPC) and perylene and applied varying concentrations of ethanol from 0.25 to 1.00 M at both
289 K (gel phase) and 303 K (fluid phase).! Around 0.6 M, there were perturbations to the
rotational diffusion motion of perylene at both temperatures, assessed by time resolved
fluorescence measurements. The results are consistent with the DMPC phospholipids undergoing
interdigitation, in agreement with the literature.>® Setiawan also performed similar fluorescence
measurements and varied ethanol concentrations but at room temperature on a model composed
of DOPC, cholesterol, sphingomyelin, and sulforhodamine-tethered DOPE fluorescent probe.’
The ternary lipid composition mimics more closely that of a plasma membrane, and sphingomyelin
was necessary for phase segregated structures.”!! Fluorescence anisotropy decay images (FADI)
and decay time constants were indicative of structural transitions at ca. 0.8 M ethanol, and the
structure degraded at 1.5 M. He performed a similar study using n-butanol and noticed drastic
changes at lower concentrations than for ethanol. Around 0.4 M n-butanol, there appeared to be
two structural domains.

We reproduced Setiawan’s model but replaced the rhodamine chromophore (sensitive to
phospholipid head group motion) with perylene which probes tail group mobility. Moreover, we
utilized FRAP to obtain translational diffusion constants on the micrometer to sub-millimeter

scale, opposed to FADI which affords information on the submicron level. We noticed an overall
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increase, followed by a decrease in diffusion coefficients over varying alcohol concentrations
implying the bilayer interdigitation phenomenon, results of which are in Chapter 3.

The ultimate objective of this work was to understand general anesthetics molecular
mechanisms and though the work presented here are small steps, they set the foundation for
experiments with general anesthetics used in modern medicine, ranging from inhaled or
intravenous compounds. We applied 0.3 - 1.5 M ethanol and 0.1 - 0.6 M n-butanol (toxic
concentrations) to draw parallels to previous work, but clinically relevant concentrations of general
anesthetics range from 10 - 100 mM and could be tested in future work.!? For example, Herold et
al. performed a gramicidin-based fluorescence assay to gauge the effects of general anesthetics on
lipid bilayer elastic properties and, depending on the drug, found minimal changes at clinically
relevant concentrations but some alterations at supratherapeutic and potentially toxic
concentrations. !2

In Chapter 4, we also used the rhodamine probe of Setiawan’s model and obtained similar
fluorescence images with dark circular spots representing cholesterol domains and bright spots
likely phospholipids. An unexplored area was the observation by Setiawan and Blanchard that the
bright areas surrounded the dark regions (cholesterol), and those bright regions expanded upon
increasing light exposure (private communication). One possibility is that the bright region growth
was a result of heating and annealing, but further experimentation is clearly required.

Despite conducting multiple trials carefully, every lab environment has a unique
contamination profile, and lipids degrade due to oxidation from exposure to oxygen, making it
challenging to obtain reproducible translational diffusion constants. Other reasons involved
experimental difficulties and working with a heterogeneous system, revealed from histograms of

translational diffusion data. Lipid vesicles were formed by a vesicle extrusion method, and another
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common way of forming the liposomes is via sonication where the duration controls the particle
size.!® Lapinski et al. found that vesicles consisting of DOPC, with and without cholesterol,
resulted in similar molecular scale environments and translational diffusion behaviors.'> However,
we had more success with extrusion (especially with ceramide-based models), even though it is
more time-consuming than sonication potentially due to working with ternary and quaternary lipid
systems. It may be useful to compare results from FRAP measurements on bilayers formed from
said vesicles formed by both sonication and extrusion. Thereafter, we characterized the particle
size distribution of vesicle solutions and suggest researchers also use transmission electron
microscopy, which yields complementary information on the morphology. The vesicles were then
deposited on a mica substrate using a popular fusion method, and other techniques are worth
exploring such as solvent-assisted lipid bilayer (SALB) method, which works on various material
supports.'* 13 Aqueous solutions of Tris® buffer (pH ~ 7.5) and calcium chloride (2 mM) were
applied on the mica supported lipid bilayer, whose pH and ionic strength affect bilayer properties.

Mize, for instance, varied both on a ternary lipid model of DOPC, cholesterol, and
sphingomyelin (probed with fluorescent tethered sulforhodamine-DOPE) and highlighted
interactions among the lipids, mica support, and overlayer solution.'® At low and high pHs, charge
repulsions would be expected between DOPC and sphingomyelin phosphate groups due to
protonation and hydroxide ions in solution, respectively. For increasing ionic strengths, the lipids
could experience a smaller extent of intermolecular interactions with each other. Temperature also
has significant effects, observed by Pillman (vide supra).! Numerous other parameters from
individual lipid mole percentages and total lipid concentration to type of support may be changed
to optimize the system of interest, but from a broader perspective, heterogeneity tends to manifest

itself and needs to be characterized.
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Toward that goal, diffusion coefficients varied over photobleaching spot sizes in our
ceramide-system, indicative of non-Gaussian anomalous diffusion. An approach to describing the
anomalous behavior is with Lévy motions/distributions which are random walks of multiple short
steps and much longer ones between.!” Some use Lévy flights for instantaneous steps and Lévy
walks for steps of finite velocity, while others use the terms interchangeably.!® ' Atomic force
microscopy and more translational diffusion data could be connected with Lévy models to gain
insight in how the molecules are distributed and interact with each other.

Though we simplified our membrane model by considering only lipid contributions,
protein inclusion would represent a biological membrane more closely, especially for
distinguishing between direct and indirect actions of anesthesia mechanisms. Moving forward,
connections between the well-controlled model system and live neuronal cell membranes could
prove insightful by performing similar FRAP experiments on the latter. As part of a collaborative
work with the Busik laboratory at Michigan State University, membrane fluidity experiments were
conducted on plasma membranes of circulating angiogenic cells (CACs).

Diabetes may lead to multiple complications, one of which is sight-threatening diabetic
retinopathy. It is thought that restoring the fluidity of CAC membranes could enable them to home
to sites of retinal injury and repair damaged blood vessels. Therefore, the CACs were treated with
the compound N, N-dimethyl-3p3-hydroxy-cholenamide (DMHCA). Among other beneficial
effects, DMHCA is an LXR agonist which restores cholesterol levels. Indeed, the membrane
fluidity does increase upon treating CACs ex-vivo, compared to control samples (no treatment),
the results of which were presented in Chapter 5. For future consideration, the effects of other
drugs could be promising. For example, acid sphingomyelinase (ASM) hydrolyzes sphingomyelin

to pro-inflammatory, pro-apoptotic ceramide®® by removing the phosphocholine headgroup, and
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the drug desipramine blocks ASM, leading to an accumulation of sphingomyelin and a consequent
decrease in ceramide levels?!. It is hypothesized that ceramide reduction could be another pathway
for rejuvenating CAC membrane fluidity.?%2>2* Similar experiments with the DMHCA drug, with
patient and animal subjects could provide important results.

In a plasma membrane there are hundreds of distinct molecular species® and one change
may have multiple effects. For instance, membrane fluidity may be influenced by the
cytoskeleton.?%?° Specifically, it is universally thought that lowering cholesterol increases
membrane fluidity. However, recent work by Levitan et al. shows that decreasing cholesterol could
actually make a cell more stiff due to the complex interplay between actin filaments (F-actin) and
other cellular components.*® In conclusion, the field of biomimetic membranes is a growing area
of research, and the utilization of fluorescence recovery after photobleaching to measure live
circulating angiogenic cell membrane fluidity is a novel application; both areas open the

possibilities of unraveling molecular mechanisms at play in biological membranes.
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