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Abstract

Lipofuscin has been proposed as a key player in the aging process.  By taking up space in lysosomes in all non-dividing (postmitotic) cells and eventually rendering them nonfunctional, lipofuscin gradually inhibits autophagy to an ever-increasing degree throughout the aging of an organism.  Since autophagy is responsible for maintaining high levels of fully functional, undamaged organelles and biomolecules throughout the cell, a decline in autophagy eventually results in ever increasing proportions of defective mitochondria, mitochondrial DNA damage, nuclear DNA damage, damaged proteins of all kinds, and overall cellular decline due to the accumulation of dysfunctional proteins and increasing prevalence of unrepaired oxidative damage.  This results in myriad defects at the organ and tissue level - organs and tissues perform more and more poorly as time goes on, respond to stress with ever-decreasing alacrity, and overall the delicate balance which we call healthy living deteriorates to the point that the organism inevitably dies.  Since lipofuscin is apparently such a foundational component of this age-related decline, the removal of lipofuscin has been proposed as a potentially effective rejuvenation therapy; or at the very least as a means of maintaining much healthier biological performance throughout old age.  Fortunately, selective degradation of pigments has been achieved in the treatment of several pathologies of the eye by the use of pulsed lasers., as well as in dermatology treatments such as hair and tattoo removal.  Such treatments selectively heat melanin granules (or tattoo ink particles) resulting in the destruction of old, autophagy-impaired retinal pigment epithelial (RPE) cells, or the clearance of cells containing unwanted ink, enabling clearance of the defective cells and unwanted clearance by scavenger cells.  We propose a similar treatment of lipofuscin granules, with the aim of minimizing or even preventing collateral cell damage, while achieving complete destruction of the largest granules.

Background and Significance

Aging and Lipofuscin


Lipofuscin accumulates within the lysosomes of aging postmitotic cells, eventually inhibiting autophagy and the proteasomal recycling of defective proteins.1  It has been proposed that many manifestations of aging are related to this lysosomal storage disorder, and could be alleviated through the safe destruction or degradation of lipofuscin.1-4
Laser Treatment of Pigmented Cells


Shortly following the invention of the laser in the late 1950's, it was found that lasers could be used to treat macular degeneration and other pathologies of the eye.5  While continuous lasers were used initially to produce ablation of the retinal pigment epithelium (RPE) and subsequent wound healing (with scarring), it was later found that more selectivity with little or no permanent damage could be achieved by using pulsed lasers through the selective heating of melanin granules in RPE cells6.  In 1983, Anderson and Parrish demonstrated that individual melanosomes could be selectively destroyed by using short enough pulses,7 and it was their work, together with their codified theory of selective photothermolysis, that inspired the use of short pulses in treating macular degeneration and other eye diseases.  Brinkmann et al.6 (and others5) have done an exhaustive amount of work establishing the optimal parameters for such treatments, and elucidating the mechanisms of RPE cell destruction.


We hypothesize that similar treatment of cells containing no melanin, yet significant amounts of lipofuscin, will result in similar destruction of lipofuscin, thus obliterating this critical obstruction to autophagy, possibly restoring youthful functioning to aged cells.  The central issue is to determine how to most efficiently destroy lipofuscin with pulsed laser energy, while minimizing collateral damage to the host cells, if possible causing no permanent damage at all.

Preliminary Data

Selective Retina Therapy


In Selective Retina Treatment/Therapy (SRT), microbubble formation around melanosomes appears to be the causative agent in cell death.  If a sufficient number of microbubbles are produced simultaneously, the resulting rapid expansion of the cytosolic volume destroys the cell.6,8  Shorter pulses produce microbubbles more quickly and with less energy required, and the rise-time of the pulse is thought to be an important factor in determining the speed of microbubble formation.9  Longer duration pulses or pulse trains produce photothermal damage and coagulation of tissue.  For melanosomes in RPE cells in vivo, which have a thermal relaxation time of around 400ns, the threshold duration between these two effects is around 10,000ns (10μs).5  Anderson and Parrish identified the thermal relaxation time as the critical factor in selectivity of pulsed lasers.7  This is the amount of time required for the heated melanosome (or other pigmented target structure) to begin to transfer a significant amount of heat to the surrounding cytosol.  Framme et al. have found that the optimal duration is somewhere around 200ns.  Pulses/trains significantly shorter than this (8ns) have been found to have a very narrow therapeutic window - cell death is difficult to achieve at all without evoking microbubble formation.5,8,10  At this optimal 200ns duration, the ED50 for cell death appears to be around 100mJ/cm2.  However, since our goal is to avoid cell death if possible, we will use lower energy levels where cavitation can be avoided, yet short pulses still can be used to confine thermal damage to the pigment particles.  It has also been demonstrated by Lee et al. that cavitation predominates over thermal damage as the primary cause of cell death out to 5,000ns.11  Furthermore, at this pulse duration, mild cavitation does not kill the affected cells.  Thus, confinement of thermal damage can be obtained over a wide range from 5,000ns down to 8ns pulse durations, and below.  More importantly, cell death can be avoided while significant heating occurs at the surface of pigment granules.


Therefore we propose using single pulses and also a pair of 10ns pulses up to 5,000ns apart with a fluence of 100mJ/cm2 as a starting point for laser treatment of lipofuscin-loaded cells.  (See below for the specifics regarding the laser we recommend and the rationale for choosing it).  The goal will be to cause maximal thermal disruption while minimizing cell damage.  At the very least we will be able to disintegrate lipofuscin particles while confining apoptosis/necrosis to the cells which contain them.  Tattoo removal using short-pulsed lasers works this way and is now a routine clinical procedure.  This may be enough for tremendous therapeutic benefit in most tissues.  Presumably aged, lipofuscin-loaded cells are relatively non-functional anyway, and this will provide a means of clearing them from the system, along with the disintegrated lipofuscin they contained.


Ideally we will also be able to find treatment levels which enable lipofuscin clearance within the cell without causing cell death.  If so, treatments using this technique would be suitable for all tissues - even neurons, and enable the elimination of lipofuscin from the entire organism on a perpetually recurring basis as needed.

Laser Treatment of Cultured Cells


An effective in vitro model has already been established for assessing the safety and efficacy of laser treatment of pigmented targets.  Denton et al. have thoroughly demonstrated the effectiveness of such a system using established RPE cell lines in tissue culture dishes fed with exogenous pigment granules.12-14  To summarize, they used the hTERT-RPE1 cell line from ATCC.  This cell line is a result of transfecting the telomerase gene into normal RPE cells, resulting in an established cell line which maintains many of the characteristics of RPE cells, most importantly their ability to endocytose exogenous material, and their tendency to form a contact-inhibited layer of single cells when reaching 100% confluence.  The cells were seeded in 48 or 96-well plates.  24h later, exogenous melanin granules were pipetted into the wells.  24h after that, laser treatments were applied.  Power was attenuated using a half-wave plate and polarizing beamsplitter.  A uniform beam profile was achieved with a beam shaper.  The beam was focused with an 88mm focal length aspherical lens to a beam diameter of approximately 0.25mm at the cell layer.  Uniform pigmentation could be achieved at a wide range of pigment concentrations per cell, and viability was easily assessed using a cacein-AM viability stain.  Using such a system, they established ED50 values for long exposures (ranging from 0.1s to 3600s) at several wavelengths12-15.

Specific Aims

Specific Aim 1: To establish an effective model or models for the assessment of safety and efficacy of selective photothermolysis of lipofuscin.

Specific Aim 2: To use the model(s) developed in specific aim 1 to establish optimal parameters for selective photothermolysis of lipofuscin using a 1064nm, 10ns pulsed Nd:YAG laser.

Research Plan

Specific Aim 1: To establish an effective model or models for the assessment of safety and efficacy of selective photothermolysis of lipofuscin.

Cell culture system


A model consisting of 40% oxygen and a protease inhibitor (Leupeptin) on confluent cultures of fibroblast cells (and possibly RPE cells) will be used.  Similar methods have been established by Terman et al.16  The addition of Leupeptin speeds the accumulation by approximately 6 fold.


Finally, we will establish an effective endpoint so that the therapeutic benefit of treatments may be quantified.  Since the inhibition of autophagy due to lipofuscin accumulation is thought to be a key player in the aging process, it would be most useful to use an assay of the turnover of a specific protein in order to quantitate the overall autophagic flux in treated cells vs. controls.  Specifically, the turnover of long-lived proteins can be assayed by monitoring release of 14C-valine, a long-time standard autophagy assay dating back to the initial discovery of the anit-autophagic action of 3-methyladenine.17

At the very least, even if cells containing the largest lipofuscin granules are destroyed, the disintegrated granules will be taken up by neighboring cells, forming much smaller granules, which will presumably interfere with autophagy to a lesser degree, and will be amenable to subsequent laser treatments.  While this is possibly sub-optimal from a therapeutic standpoint, in an in vivo setting this scenario would also include scavenger cells to remove debris from the system entirely, resulting in much more favorable outcomes - effectively rejuvenating the treated tissue.

Specific Aim 2: To use the model(s) developed in specific aim 1 to establish optimal parameters for selective photothermolysis of lipofuscin using a 1064nm, 10ns pulsed Nd:YAG laser.


Laser parameters are chosen based upon previous experimental evidence.  Du et al. have established a very effective optical window between 900nm and 1300nm.  Laser wavelengths in this range are barely absorbed at all by soft tissue.18  The Nd:YAG laser is essentially the most common and cost-effective laser produced in this wavelength range.  8ns pulses are a minimum value, as Framme et al. have demonstrated that pulses of this duration cause immediate microbubble formation at the surface of pigmented targets.10  Since microbubbles are the most destructive phenomenon resulting from laser-pigment interaction, no foreseeable practical benefit, aside from destruction of lipofuscin-loaded cells, can be achieved once they are prevalent enough to disrupt the cell.  Longer pulses will therefore be approximated by using pulse trains (4 or 8 pulses), generated by a beamsplitter and mirror apparatus, a similar technique, in which pulse trains are used to simulate a longer pulse is widely used in ophthalmology treatment and research.5,8,10,19  Using the beamsplitter will enable us to vary the intensity of the pulses relative to each other to simulate longer pulses with shallow rise times.  For example, using a polarization filter and polarizing beamsplitter in the following setup will enable us to vary the energy of the first pulse between 0 and 100mJ, while the second pulse is at 100mJ:


 
Such a setup will enable us to vary not only the intensity of the pulse, but also timing between pulses and relative energy between pulses.  This will give us great flexibility in the range of parameters which can be adjusted in order to achieve optimal results.


The laser we've selected is a tattoo removal system manufactured by Beijing Sincoheren, ltd. in China.  (http://www.sincoheren.com.cn/) The company has been in business since 1995 and specializes in low-cost, quality medical laser and IPL systems.  A number of distributors are available in the US, with the price of the unit in question being $1,699 plus $200 shipping.

Cell Culture Experiments


In a manner similar to that of Denton et al.,12-15 we will establish safe treatment levels by assessing viability of cells following treatments using a viability staining assay such as Trypan Blue exclusion.  Lipofuscin destruction will be assessed via light microscopy and quantitated either by a plate reader or by counting numbers of granules per cell and assessing size of granules using light microscopy images and imaging software.  The optimal treatment regimen will be similar to that used in tattoo removal:  Pigments are disintegrated, enabling their uptake by macrophages and removal from the system.  The goal of these initial experiments will be to achieve ample disintegration while minimizing collateral cell damage.

Future Experiments


Once optimal parameters have been established, future experiments can assess the application of this technique to an in vivo setting.  Mouse, guinea pig, porcine or other animal models (such as the worm c. elegans) can be used prior to preclinical trials.  Preclinical and clinical trials can be done at shallow penetration depths on small regions of tissue, with lipofuscin content assayed by contact-fluorescence using the Horiba Jobin Yvon SkinSkan in vivo fiber optic spectrofluorometer (http://www.jobinyvon.com/)

Budget
The salary will cover bringing Nason P. Schooler up to full time (he's currently half-time) for the six month period beginning 7/1/2009.  The rest of his funding is covered by SENS Foundation.  The project will nevertheless begin 5/1/2009, lasting a total of 8 months.

Two budgets are proposed, one with a target around 10k and one around 15k.  The 10k budget is the barest minimum needed to do cell culture (at the risk of losing cells due to contamination), and a one-pulse laser setup (known to be sub-optimal in degrading pigments).  The 15k setup allows more for cell culture reagents and equipment, and more importantly equipment for long-term cryogenic storage enabling cell line preservation and a crude ad-hoc clean bench with bio safety cabinet to minimize tissue culture contamination.  Furthermore, this expanded budget allows both 4 and 8 pulse laser setups which we can highly optimize for pigment degradation while preserving cell viability, which may be the key to demonstrating the utility of this technique in a real therapeutic setting.

$10,000 Budget

	Item
	Source
	Cost

	Salary
	
	6000.00

	
	
	

	Cell Culture
	
	

	Microscope
	
	1500.00

	CO2 Incubator
	used
	750.00

	CO2 Cylinder & Regulator
	PraxAir
	500.00

	Stash of consumables
	VWR
	500.00

	
	
	

	Laser Apparatus
	
	

	Laser + shipping
	ebay
	1899.00

	2 lens mounts
	ThorLabs
	29.40

	2 stands
	ThorLabs
	26.00

	2 post holders
	ThorLabs
	25.28

	3 6-inch posts
	ThorLabs
	20.31

	mirror
	ThorLabs
	11.20

	Positive Lens
	ThorLabs
	20.00

	swivel post clamp
	ThorLabs
	21.85

	IR viewing card
	ThorLabs
	72.00

	TOTAL
	
	11375.04


$15,000 Budget

	Item
	Source
	Cost

	Salary
	
	6000.00

	
	
	

	Cell Culture
	
	

	Biosafety Cabinet
	used
	500.00

	CO2 Incubator
	used
	750.00

	Cell Storage Dewar
	used
	750.00

	Supply Dewar (12 mo rent)
	PraxAir
	1000.00

	CO2 Cylinder & Regulator
	PraxAir
	500.00

	Stash of consumables
	VWR
	1500.00

	
	
	

	Laser Apparatus
	
	

	Laser
	ebay
	1899.00

	2 lens mounts
	ThorLabs
	29.40

	2 stands
	ThorLabs
	26.00

	2 post holders
	ThorLabs
	25.28

	3 6-inch posts
	ThorLabs
	20.31

	mirror
	ThorLabs
	11.20

	Positive Lens
	ThorLabs
	20.00

	swivel post clamp
	ThorLabs
	21.85

	IR viewing card
	ThorLabs
	72.00

	Safety Goggles-LG10
	ThorLabs
	185.00

	Microscope
	ThorLabs
	1500.00

	4-pulse setup
	
	

	3 beamsplitters (for 4 pulses)
	ThorLabs
	170.10

	3 diffusers
	ThorLabs
	37.80

	4 Positive Lenses
	ThorLabs
	80.00

	4 Negative Lensts
	ThorLabs
	80.00

	Mirror
	ThorLabs
	102.90

	Glass Scribe/Cutter
	ThorLabs
	70.00

	4 6-inch posts
	ThorLabs
	27.08

	4 6-inch post holders
	ThorLabs
	50.56

	4 stands
	ThorLabs
	52.00

	4 plate holders
	ThorLabs
	158.00

	2 wide plate holders
	ThorLabs
	131.80

	8-pulse setup
	
	

	4 beamsplitters (for 8 pulses)
	ThorLabs
	226.80

	4 diffusers
	ThorLabs
	50.40

	4 6-inch posts
	ThorLabs
	27.08

	4 6-inch post holders
	ThorLabs
	50.56

	4 stands
	ThorLabs
	52.00

	Total
	
	16177.12


References


1. 
Kurz T, Terman A, Brunk UT. Autophagy, ageing and apoptosis: the role of oxidative stress and lysosomal iron. Arch Biochem Biophys 2007;462:220-230.


2. 
Kurz T, Brunk UT. Autophagy of HSP70 and chelation of lysosomal iron in a non-redox-active form. Autophagy 2009;5.


3. 
Kurz T, Leake A, von ZT, Brunk UT. Lysosomal redox-active iron is important for oxidative stress-induced DNA damage. Ann N Y Acad Sci 2004;1019:285-288.


4. 
Kurz T, Leake A, von ZT, Brunk UT. Relocalized redox-active lysosomal iron is an important mediator of oxidative-stress-induced DNA damage. Biochem J 2004;378:1039-1045.


5. 
Framme C, Walter A, Prahs P, Theisen-Kunde D, Brinkmann R. Comparison of threshold irradiances and online dosimetry for selective retina treatment (SRT) in patients treated with 200 nanoseconds and 1.7 microseconds laser pulses. Lasers Surg Med 2008;40:616-624.


6. 
Brinkmann R, Roider J, Birngruber R. Selective retina therapy (SRT): a review on methods, techniques, preclinical and first clinical results. Bull Soc Belge Ophtalmol 2006;51-69.


7. 
Anderson RR, Parrish JA. Selective photothermolysis: precise microsurgery by selective absorption of pulsed radiation. Science 1983;220:524-527.


8. 
Framme C, Schuele G, Roider J, Kracht D, Birngruber R, Brinkmann R. Threshold determinations for selective retinal pigment epithelium damage with repetitive pulsed microsecond laser systems in rabbits. Ophthalmic Surg Lasers 2002;33:400-409.


9. 
Douki T, Lee S, Dorey K, Flotte TJ, Deutsch TF, Doukas AG. Stress-wave-induced injury to retinal pigment epithelium cells in vitro. Lasers Surg Med 1996;19:249-259.


10. 
Framme C, Schuele G, Kobuch K, Flucke B, Birngruber R, Brinkmann R. Investigation of selective retina treatment (SRT) by means of 8 ns laser pulses in a rabbit model. Lasers Surg Med 2008;40:20-27.


11. 
Lee H, Alt C, Pitsillides CM, Lin CP. Optical detection of intracellular cavitation during selective laser targeting of the retinal pigment epithelium: dependence of cell death mechanism on pulse duration. J Biomed Opt 2007;12:064034.


12. 
Denton ML, Foltz MS, Schuster KJ, Noojin GD, Estlack LE, Thomas RJ. In vitro model that approximates retinal damage threshold trends. J Biomed Opt 2008;13:054014.


13. 
Denton ML, Foltz MS, Schuster KJ, Estlack LE, Thomas RJ. Damage thresholds for cultured retinal pigment epithelial cells exposed to lasers at 532 nm and 458 nm. J Biomed Opt 2007;12:034030.


14. 
Denton ML, Foltz MS, Estlack LE, Stolarski DJ, Noojin GD, Thomas RJ, Eikum D, Rockwell BA. Damage Thresholds for Exposure to NIR and Blue Lasers in an In Vitro RPE Cell System. Invest Ophthalmol Vis Sci 2006;47:3065-3073.


15. 
Denton ML, Schuster KJ, Rockwell BA. Accurate measure of laser irradiance threshold for near-infrared photo-oxidation with a modified confocal microscope. J Microsc 2006;221:164-171.


16. 
Terman A, Brunk UT. Ceroid/lipofuscin formation in cultured human fibroblasts: the role of oxidative stress and lysosomal proteolysis. Mech Ageing Dev 1998;104:277-291.


17. 
Seglen PO, Gordon PB. 3-Methyladenine: specific inhibitor of autophagic/lysosomal protein degradation in isolated rat hepatocytes. Proc Natl Acad Sci U S A 1982;79:1889-1892.


18. 
Du Y, Hu XH, Cariveau M, Ma X, Kalmus GW, Lu JQ. Optical properties of porcine skin dermis between 900 nm and 1500 nm. Phys Med Biol 2001;46:167-181.


19. 
Framme C, Alt C, Schnell S, Sherwood M, Brinkmann R, Lin CP. Selective targeting of the retinal pigment epithelium in rabbit eyes with a scanning laser beam. Invest Ophthalmol Vis Sci 2007;48:1782-1792.


 

Laser





Beamsplitter





Polarization Filter - used to vary intensity of beam from 0-100%





Cells





Mirrors to Lengthen Optical Path








