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ABSTRACT

Purpose: Understanding the apparent paradoxical role of zinc in the pathogenesis and prevention of age-related macular degeneration
(AMD) has been limited by the lack of animal models for its detection in sub-retinal epithelial deposits (drusen), a definitive early
hallmark of AMD. In-vitro studies using Zinpyr-1 showed drusen contained high levels of zinc, but the probe was not suitable for in-
vivo studies. This study compares Zinpyr-1 to ZPP1, a new fluorescein-based probe for zinc, to assess the potential of ZPP1 for in-
vivo detection of zinc in drusen.

Methods: Flat mounts of human sub-RPE tissue using the probes were analyzed by fluorescence and confocal microscopy. Flat
mounts of sub-RPE tissue from mice deficient in superoxide dismutase isoform-1 (CuZn-SOD-KO) or isoform-2 (Mn-SOD-RPE-KO)
were analyzed with sub-RPE deposits confirmed by histology.

Results: Drusen are detected in greater numbers and intensity with ZPP1 compared to Zinpyr-1. Using ZPP1, drusen was detected in a
sample from a 46-year old human donor without ocular history, suggesting that ZPP1 might be sensitive enough to detect drusen at an
early stage. With CuZn-SOD KO mice, ZPP1 detected sub-RPE deposits at 10 months of age, whereas Zinpyr-1 required 14 months.

Conclusion: Detection of sub-RPE deposits by ZPP1 was greatly enhanced compared to Zinpyr-1. This enhanced sensitivity will
allow for more insightful analysis of zinc in AMD using human specimens and mouse models. This could result in the development of
a sensitive in-vivo probe to enhance research on the role zinc in drusen formation and the early clinical diagnosis of AMD.
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of blindness in the developed world.'? The prevalence of AMD is
expected to rise along with the aging demographics in these nations, with the United States alone experiencing a 50% increase in
AMD cases between 2004 and 2020.° Some epidemiological studies put the prevalence of AMD as high as 30% in individuals over
the age of 75 years.* The etiology of AMD is complex with both genetic and environmental risk factors associated with its
development.”” Among the genetic factors gender, race (Caucasian), iris color, and polymorphisms within complement system
genes® are highly associated with AMD, while the leading environmental factors are age, tobacco smoking, diet, and light
exposure. 10-

Clinically, AMD is generally observed to have stages
described by the Age-Related Eye Disease Studies (AREDS)'7?' and the Minnesota Grading System for post-mortem eyes.
Asymptomatic early stage and intermediate AMD (AREDS grade 1 and 2) is characterized by a limited number and/or area of small
(< 63 um) or intermediate (63-124 um) sized drusen and the presence retinal pigmentation changes (grade 2), especially in and around
the macula. Drusen'® are extracellular deposits composed primarily of aggregated proteins and oxidized lipids and are found in the
sub-retinal space between Bruch’s membrane (inner most layer of the choroid) and the retinal pigment epithelial (RPE) cell layer
(outer most layer of the retina). Drusen tend to be seen in individuals over forty years of age and, while not directly associated with
visual impairment, its presences is considered to be among the earliest hallmarks and a predictive indicator for further development of
AMD.** There is a direct correlation between the size and location of drusen at first diagnosis and further development of AMD.*
AREDS grade 3 AMD is characterized by a greater number or a greater area of intermediate to large (> 125 um) sized drusen, and/or
geographic atrophy (GA) not involving the central macula. Advanced AMD (AREDS grade 4) has two distinct subtypes, dry (GA
involving the central macula) and wet (exudative, choroidal neovascularization, CNV) AMD. Both subtypes lead to visual
impairment, but development of wet AMD results in a more rapid and severe loss of vision. While sharing the common early and
intermediate phases, the exact signals and mechanisms that lead to dry or wet AMD are not completely understood. Although wet
AMD is seen in only 10%-15% of AMD cases™ it is usually proceeded by the dry form suggesting that wet AMD is one potential
sequela to dry AMD. Recent studies have suggested that dry AMD is associated with Alu RNA accumulation resulting from DICER1
deficiency®®*’ while other studies have implicated certain genetic risk variants with the particular subtype of late AMD.**>! Enhanced
expression of vascular endothelial growth factor (VEGF) is thought to be associated with wet AMD, as anti-VEGF therapies have
proven to be effective in limiting disease progression in some patients.***

Because of constant light exposure, high levels of polyunsaturated fatty acids, and the exceptionally high metabolic rate of retinal
tissue, especially at the macula, oxidative stress and the production of reactive oxygen species are also thought to have important roles

1416 with the severity of the disease in each stage graded according to criteria
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in the development of AMD.*¢ Trace metals, specifically iron, copper, and zinc, are important for the structure and function of many
proteins and enzymes necessary for cellular homeostasis, including control and defense against reactive oxygen species. Dysregulation
of these metals is associated with conditions that can lead to loss of visual function.’” Although iron is the most common metal in the
body, zinc is the most prevalent metal in the retina and has been shown to be involved with many proteins necessary for both the
general health and specific function (visual transduction) of the retina, clearly indicating a crucial role for zinc in retinal homeostasis.*®
Unlike calcium or iron, there is no cellular storage of zinc. It must be obtained by diet, then delivered and regulated to precise levels in
ocular tissues. Zinc is found throughout the retina, particularly at the inner nuclear layer (INL), outer plexiform layer (OPL) and the
rod inner segments (RIS).*”*® There are also high concentrations of zinc in the RPE and choroid.***" Visual dysfunctions resulting
from zinc deficiency (poor dark adaptation) and zinc excess (RPE and retinal cell toxicity) have been described.*”*

The exact role of zinc in the both pathogenesis and prevention of AMD is not well understood and in some instances, appears
paradoxical. Zinc, and enzymes whose function is dependent on zinc, are known to have functional antioxidant properties within
ocular tissue.*™ As such, zinc has long been included in many dietary supplement regimes designed to limit AMD. The first
controlled study examining the potential therapeutic benefit of zinc for AMD suggested that it could limit vision loss in patients
already having drusen formation and pigmentary changes.*® However, several other early studies concluded that zinc had very
limited*” or even no therapeutic value for AMD.*" In order to overcome the small size and inconsistent findings of these early
studies, and because many patients were taking zinc supplements without a proven benefit, a large, randomized, double blind,
controlled study was undertaken. This initial AREDS I°' study, plus a follow up study,”’ showed that zinc or zinc plus other
antioxidants given to individuals with intermediate stage AMD (grade 3) could reduce the odds of progression to advanced AMD,
especially towards the exudative form of AMD. Subsequent studies suggested that efficacy of zinc in preventing advanced AMD
might depend upon the genetic risk factors within the individual.”>* Specifically, these studies found that individuals carrying
complement factor H (CFH) alleles highly associated with AMD*>®! such as the rs1061170 (Y402H) polymorphism, did not benefit
from zinc supplementation, but for individuals with low-risk CFH alleles or risk alleles in other genes (Age-Related Maculopathy
Sensitivity 2 gene, ARMS2)® zinc was beneficial. However, a more recent analysis using a larger cohort of patients from the AREDS
studies suggested that the benefits from zinc and other antioxidants were not enhanced by any particular CFH or ARMS2 genotype.*
Other studies have shown that only individuals with dry AMD benefited from zinc supplements, whereas patients with wet AMD did
not.**** A recent review® of studies on zinc therapies and AMD concluded that it may be effective in limiting the progression to
advanced AMD in certain individuals, but there was no conclusive evidence that zinc supplementation enhanced visual function or
prevented early AMD.

In contrast to the reports about the clinical findings of zinc supplementation, fewer studies have concentrated on the mechanism(s)
on how zinc might be efficacious in treating AMD and whether zinc, and/or its dysregulation, could be an initiating factor in AMD.
Zinc levels increase in the choroid with age™ but are reduced in the choroid and RPE of individuals with AMD.* Interestingly, zinc
levels are increased in Bruch’s membrane of individuals with AMD especially at the macula.®® These changes in zinc localization seen
with AMD led to speculation that zinc could be an early and crucial marker for drusen and indeed it was found using a fluorescein-
base probe for zinc (Zinpyr-1) that sub-retinal pigment epithelial deposits in human donor tissue contain a high level of zinc.®®
However, whether this translocation of zinc to Bruch’s membrane/drusen actually induces AMD or is secondary to some other
initiating factor(s) is unresolved. The observations about efficacy of zinc supplements and CFH risk alleles for AMD lead to
biophysical studies on the interaction between zinc and CFH. It was found that zinc at concentrations that could be reached under
certain conditions in ocular tissue induced the polymerization of CFH thus inhibiting its ability to regulate complement activation.®’
Inflammation due to excessive complement activation is thought to be a major mechanism for the tissue damage associated with
AMD.*** Interestingly, there was no difference in zinc-induced polymerization between the AMD low-risk (402Y) and AMD high-
risk (402H) alleles of CHF.” Conversely, zinc has also been found to polymerize and limit the activity of pro-inflammatory
complement factors, such as C3b, which could account for the therapeutic effect of zinc observed in some AMD patients.”"”> As with
zinc translocation, the findings about interaction of zinc with proteins associated with AMD have resulted in much speculation on
whether zinc is a causative factor, enhancing factor, or limiting factor in AMD.

To date, the relationship between zinc and AMD has only been explored with epidemiological and cell culture studies.
Determining the cause/effect nature of zinc in AMD will require moving beyond such studies and into defined animal models. Given
the complex etiology of AMD and the unique anatomy of the human retina, such as the presence of a fovea which is found only in
primates, there is no animal model that completely replicates all aspects of AMD.”’* Mice have proven useful in determining the
precise mechanisms of many pathogenic conditions by the ability to generate defined genotypes. Although they lack a defined macula,
there are numerous mouse models that reproduce important features of AMD such as the formation of sub-retinal epithelial
deposits.””> Mice that are deficient for super oxide dismutase (SOD), a critical enzyme for the control of superoxide radicals
generated during oxygen metabolism’®”’, are of particular interest as an AMD model system. SOD exists as three isoforms, a cytosolic
form (sod1, CuZn-SOD), a mitochondrial form (sod2, Mn-SOD), and a secreted form (sod3). Although all SOD isoforms are present
in the retina, CuZn-SOD is the most prevalent.”® Mice lacking CuZn-SOD and mice whose expression of Mn-SOD has been reduced
or eliminated from the retina have been reported to reproduce key features of human AMD including the formation of drusen.”!

Since drusen appear to be both a precursor and early biomarker of AMD, we believe the ability to detect it using sensitive
probes for zinc will allow us to start to understand the relationship of zinc in AMD to a particular genotype or environmental risk
factor. Although Zinpyr-1 was used to identify zinc as a component of human sub-retinal epithelial deposits in ex-vivo assays, its
chemical nature does limit its sensitivity for ex-vivo analysis as well as its ability to be useful in animal models and in vivo assays. We
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hypothesize that new and enhanced fluorescein-based probes for zinc, such as ZPP-1, will be more effective for the detection of zinc
in sub-retinal epithelial deposits. Only with an enhanced probe can we begin to determine the cause/effect aspects of zinc in AMD. In
this study, we assess the ability and sensitivity of fluorescein-based probes for zinc to detect drusen in human tissue and to apply those
findings to mouse models to determine their suitability as models for understanding the mechanisms of zinc in the initiation and/or
inhibition of AMD pathology.

METHODS

HUMAN TISSUE

Human donor eyes were obtained from the Montana Eye Bank Foundation (Missoula, Montana) and were used in accordance with the
tenets of the Declaration of Helsinki for research involving human tissue and as approved by the Institutional Review Boards of the
Montana State University, the University of Texas Medical Branch (Galveston), and the University of Minnesota. After enucleation
the anterior segments of the eye plus the vitreous were removed and the eyecups were processed as previously described.® Briefly, the
eyecups were placed upside down on a perforated Teflon liner on cotton in a jar. The jars were purged with ultra-high purity argon
gas, sealed, and stored at -80°C. For use, the eyecups were thawed at room temperature and, if necessary, the neural retina was gently
removed from underlying tissue by forceps. Using 3.5-5.0 mm dermal biopsy punches (Miltex, Bethpage, New York) the tissue was
trephined through the RPE to the sclera. The RPE/Bruch’s membrane/choroid complex was removed from the sclera with forceps,
placed on a glass slide with the RPE layer facing up. Just enough zinc-free phosphate buffered saline (PBS, Mediatech, Manassas,
Virginia) was placed on the tissue to cover it and then it was gently manipulated until flat. The RPE layer was then partially removed
using a fine camel haired brush. RPE debris was further removed by washing with PBS three to six times with excess liquid blotted
away after each wash. The dissection process was aided by the use of a Wild Heerbrugg M3 stereomicroscope (Leica, Gallen,
Switzerland) equipped with a fiber optic illuminator (Cole-Parmer, Vernon Hills, Illinois, model 41500-55).

ANIMALS AND ANIMAL TISSUE PREPERATION

All mice were handled in accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use
of Animals in Ophthalmic and Vision Research, and the University of Minnesota Institutional Animal Care and Use Committee
guidelines. Mice were housed under specific pathogen-free conditions. Mice deficient (knock-out mice, KO) in superoxide dismutase
isoforms SOD1 (CuZn-SOD KO) and SOD2 (Mn-SOD-RPE KO) were used in this study. CuZn-SOD KO mice result from a global
genetic knock-out of the sodl gene.*’ Global genetic knock-out of the sod2 gene results in perinatal mortality. However, mice whose
expression of SOD2 is reduced conditionally and specifically within RPE cells (Mn-SOD-RPE KO) were created by crossing floxed-
sod2™ mice with mice that have doxycycline induced expression of Cre recombinase under control of the RPE-specific vitelliform
macular dystrophy-2 gene promoter.®> CuZn-SOD KO and Mn-SOD-RPE KO mice were kindly provided by Dr. Deborah Ferrington,
University of Minnesota.

After enucleation, eyes were placed in PBS and dissected free of remaining connective and extra ocular muscle tissue. The optic
nerve was cut at the globe and a hole was made at the scleral-limbal junction using a 30-gauge needle. Starting at this hole the eye was
cut circumferentially along the scleral-limbal junction. The anterior structures of the eye and the vitreous were discarded and the
eyecup washed in PBS. Beginning at the outer margin, four equidistant radial cuts were made to flatten the eyecup onto a glass slide
with the RPE side facing up. The retina was gently teased from the RPE with forceps with its final removal facilitated by cutting the
optic nerve at the RPE. The radial cuts were extended and/or new cuts made to flatten the eyecup as much as possible. The RPE layer
was partially removed by brushing and gentle agitation on an orbital shaker with debris removed by washing with PBS as described
above. For histological examination, the eyes were fixed in 10% buffered formalin, paraffin embedded, sectioned (5 #m), and stained
with hematoxylin and eosin (H&E).

FLUORESCENCE AND CONFOCAL MICROSCOPY

Following the dissection and preparation of the human and murine tissue, the presence of drusen was assayed for by labeling zinc with
fluorescein-based compounds. This analysis was performed using a Leica DM 4000B microscope equipped with filters for detecting
green light (blue light excitation at 460-500 nm with emission detection at 512-542 nm), red light (green light excitation at 540-552
nm with emission detection at 580-620 nm), and blue light (UV light excitation at 340-380 nm with emission detection at 450-490
nm). In human samples, large and/or numerous sub-retinal epithelial deposits could be visualized by the green autofluorescence
induced with blue light.*® In murine tissue, green autofluorescence from the remaining optic nerve tissue served to orient the sample as
the small size of the sub-retinal epithelial deposits prevented their visualization by autofluorescence only. Human and murine RPE
cells (and RPE cellular debris) could be visualized by the red autofluorescence associated with lipofuscin. For both human and murine
samples, exposure settings were then adjusted to the point where the green autofluorescence was no longer visible and those setting
were then used to image drusen after zinc labeling. Zinc detection was done directly on the slides. The samples were treated for five
minutes at room temperature, in dark conditions, with just enough volume to cover the tissue, with the indicated concentration of
4’,5’—bis[[bis(2-pyridinylmethyl)amino]methyl]-2’,7’-dichloro-3’,6’-dihydroxy-spiro[isobenzofuran-1(3H,9’-[9H |xanthen]-3-one

(ZP-1, Zinpyr-1, Caymen Chemicals, Ann Arbor, Michigan)®” or 9-(2-carboxyphenyl)-2,7-dichloro-4,5bis[(2-picolyl)(pyrazin-2-
ymethyl)aminomethyl]-6-hydroxy-3-xanthanone (ZPP1, Strem Chemicals, Newburyport, Massachusetts).*® The samples were then
washed three times with PBS, cover slipped, and then examined for drusen. In order to confirm the specificity of the zinc labeling,
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some samples were treated for five minutes at room temperature with a zinc-specific chelating solution containing 50 mM N,N,N,N-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN, Tocris, Bristol, United Kingdom) and 10 mM diethylenetriaminepentaacetic acid
(DTPA, Sigma, St. Louis, Missouri) prior to zinc detection. Where indicated, samples were also labeled with 4’,6-diamidino-2-
phenylindole (DAPI, #H-1200, Vector Laboratories, Burlington, California) to visualize cell nuclei just prior to cover slipping.

Confocal images were obtained with a FluoView FV1000 confocal imaging system using an IX81 inverted microscope (Olympus,
Tokyo, Japan). Z-stacks and three-dimensional renderings of the confocal images were constructed and rendered using Imaris
(Bitplane, Belfast, United Kingdom) and Image J (National Institutes of Health, Bethesda, Maryland) software.

TITRATION OF ZINC PROBES

Starting with a 10 mM solution of zinc sulfate (ZnSQy), the indicated final concentration of Zn>" was made to a final volume of 20 uL
in H,O or in a solution of 10 mM TPEN/I mM DPTA in a black wall, clear bottom, 96 well assay plate (Corning #3603, Corning,
New York). 20 uL of the indicated concentration of Zinpyr-1 or ZPP1 was added to each well and the fluorescence emission measured
with Synergy-HTX plate reader (Biotek, Winooski, Vermont) equipped with a 465/20 nm band pass excitation filter and 528/20 nm
band pass emission filter.

RESULTS

DETECTION OF DRUSEN IN MOUSE MODELS OF AMD WITH ZINPYR-1

To advance our understanding about the role of zinc in drusen formation and AMD pathogenesis, and as a first step towards
developing an in vivo drusen detection system, we asked if sub-retinal epithelial deposits could be detected in mice deficient in CuZn-
SOD and Mn-SOD with Zinpyr-1. Immunofluorescence with confocal analysis of eyecup flat mounts prepared from aged CuZn-SOD
KO (Figure 1, left) and Mn-SOD-RPE KO (Figure 1, right) mice were indicative for drusen. Analysis of samples from aged-matched
wild-type control mice showed they were negative for such sub-retinal epithelial deposits and this was also confirmed by histological

examination (as shown in Results, Analysis of the CuZn-SOD KO Mouse with ZPP1).

Mn-SOD-RPE KO
18.5 mos.
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FIGURE 1.

Confocal images of eyecup flat mounts from CuZn-SOD KO and Mn-SOD-RPE KO mice labeled with 10 uM
Zinpyr-1. Crosshairs are focused on sub-retinal epithelial drusen-like deposits. The depth of the deposits is
visualized by reconstructed optical cross sections (confocal z-stacks) that are displayed along the bottom and right
side of each image.

RATIONALE FOR USE OF ZPP1

While the above results suggest that the CuZn-SOD KO and Mn-SOD-RPE KO mouse models develop zinc-containing, sub-retinal
epithelial deposits similar to human drusen, we observed that the light emitted by Zinpyr-1 significantly overlapped into the emission
spectrum of other fluorophore channels. This precluded a clear and distinct co-visualization of RPE cells, thus preventing us from
generating supporting evidence that the observed deposits were indeed located sub-RPE. It has also been reported that Zinpyr-1 has a
relatively high background and thus a low zinc turn-on (dynamic range of light emission between probe that is bound or unbound with
zinc) at physiological pH**" which precluded the use of Zinpyr-1 for in vivo detection of drusen in our mouse models of AMD.
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However, the importance of zinc in normal physiology and disease pathology, including neurobiology,’! has led to the development of
an array of fluorescent probes for zinc with different solubilities and fluorescence properties .”> One such probe, ZPP1,*® which has a
pyrazine for pyridine substitution compared to Zinpyr-1 (Figure 2),*’ has been shown to have significantly lower background and a
higher zinc turn-on rate than similar zinc probes.*** ZPP1 has been used to detect and quantify zinc in many cells types’ and was
recently used in vivo in a mouse model of prostate cancer.”* Therefore, we analyzed the usefulness of ZPP1 to detect zinc-containing,
sub-retinal epithelial deposits. Because of the prevalence of drusen in aged human donor tissue, we chose to optimize ZPP1 zinc
labeling and compare it to Zinpyr-1 using human tissue followed by analysis of ZPP1 in a mouse model of AMD.
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ENHANCED DETECTION OF DRUSEN WITH ZPP1

The initial concentration of 10 M Zinpyr-1 for detection of zinc in the drusen of human tissue®® and in the analysis of our mouse
models (above) had been determined empirically. In order to better determine the optimal concentration of the zinc probes we
performed an in vitro titration of several dilutions of ZPP1 and 10 uM Zinpyr-1 against a large range of zinc concentrations. The
analysis showed that a probe concentration in the range of 3-5 uM might be optimal for zinc detection (Figure 3). ZPP1 at 1 uM
showed poor detection of zinc while 10 uM of both Zinpyr-1 and ZPP1 exhibited saturation kinetics. Dilution of zinc in a chelating
solution of 10 mM TPEN/1 mM DPTA significantly reduced the light emission at all zinc concentrations with 4 uM ZPP1, indicative
that the fluorescence from the probe resulted from its binding of zinc.
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We then compared the sensitivity of Zinpyr-1 and ZPP1 for the detection of zinc in sub-retinal epithelial deposits. Adjacent
punches were taken from the eyecup of an 80-year old human donor that had been clinically diagnosed with dry AMD with evidence
of drusen, but was free of other ocular pathology. After adjustment of the exposure settings to minimize the green autofluorescence,
the punches were labeled with 3 uM Zinpyr-1 or 3 uM ZPP1. Examination by fluorescence microscopy showed that samples labeled
with ZPP1 were significantly brighter and revealed more drusen than the sample labeled with Zinpyr-1, which was only slightly
brighter than the background autofluorescence (Figure 4). The fact that 3 uM ZPP1 was optimal for zinc detection in drusen was also
confirmed empirically as samples from this donor labeled with 10 4uM ZPP1 exhibited high background staining and spectral overlap
into the red fluorescence channel.

Since the use of ZPP1 resulted in significantly increased sensitivity for drusen, we asked if ZPP1 could detect drusen in samples
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where the deposits would be expected to be smaller and less frequent. We prepared tissue punches from the eyes of a 19-year old
donor, a 46-year old donor, and the above 80-year old donor. The 19- and 46-year old donors had no history of ocular pathology.
Immunofluorescence analysis with 3 4M ZPP1 (Figure 5, left panels) showed many sub-retinal epithelial deposits in the tissue from
the 80-year old donor while the 19-year old donor tissue was devoid of deposits. Drusen were also detected in the sample from the 46-
year old donor, however the deposits were smaller and less numerous than the 80-year old donor. Zinc could be detected faintly
(Figure 5, middle left panel, yellow arrows) in the underlying sub RPE tissue of the 46-year sample but not in the 80-year old sample.

To verify that we had successfully visualized drusen in the samples, we sought supporting evidence from zinc chelation controls
and confocal microscopy analysis. Although the exposure settings are adjusted to minimize autofluorescence of drusen, application of
zinc-specific chelators to samples prior to addition of ZPP1 provides additional evidence that the emitted fluorescence from samples
assayed with only the probe is specifically due to its binding of zinc. TPEN is widely used in zinc imaging studies due its high cellular
permeability.”>*® Previous studies demonstrated that treatment with only TPEN does not diminish the autofluorescence of sub-retinal
epithelial deposits in human post mortem samples.®

100 um

FIGURE 4.

Comparison of drusen detection with Zinpyr-1 and ZPP1. Adjacent 3.5 mm tissue punches from
an 80-year old human donor eye with a clinical diagnosis of dry AMD were labeled with 3 pM
of each zinc probe and imaged at the same exposure. Arrows indicate faintly labeled drusen
deposits (green) in the Zinpyr-1 sample compared to the numerous, easily visualized deposits in
the ZPP1 sample. Only a small amount of RPE cellular debris (red, upper right) remained in the
ZPP1 sample.

FIGURE5.

Comparison of drusen detection in human
donor tissue of wvarious ages. Tissue
punches from each donor were labeled
with 3 uM ZPP1 (right) or with 50 mM

100 pm TPEN/10 mM DTPA and then 3 HM

ZPP1 (chelator + ZPP1, left) and then
imaged at the same magnification and
exposure. White arrows indicated drusen.
Yellow arrows indicate the faintly
staining Bruch’s membrane of the 46-year
old donor sample. To confirm the
presence of sub-retinal epithelial deposits
in samples treated with the chelator, the
chelator + ZPP1 sample from the 80-year
old donor was also deliberately
overexposed (a portion with now faintly
visible drusen is presented as the inset at
the upper left of the 80 y.o. chelator +
ZPP1 fluorescence micrograph). RPE and
100 um RPE cellular debris is present (red).

100 um

ZPP1 Chelator + ZPP1
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Additional samples adjacent to those analyzed with ZPP1 only from the 46- and 80-year old donors were prepared and then treated
with TPEN/DPTA then ZPP1. Analysis of the chelator treated samples using the same exposure settings as the ZPP1 only samples
showed a near total elimination of immunofluorescence from the deposits (Figure 5, right panels), suggesting that their visualization
(Figure 5, left panels) was due to having significant amounts of zinc. That the chelator treated samples actually contained drusen was
confirmed by a deliberate overexposure of the image from the 80-year old chelator plus ZPP1 sample (Figure 5, inset of lower right
panel). That a faint fluorescence could be detected suggested that some zinc in drusen could not be chelated, a distinct possibility
given that zinc concentrations in drusen can be over 500 parts per million and that it can be complexed to proteins with very high
affinity.**°” Examination of ZPP1 labeled samples by confocal microscopy (Figure 6) confirmed that the deposits were located at or
below the RPE. In comparing the 46- and 80-year old samples it was of interest to note the increased size and more extensive
protrusion of the drusen through the RPE in the older sample. Since it is known that Bruch’s membrane also contains zinc, we
analyzed a sample from a 78-year old donor with a clinical diagnosis dry AMD with drusen (with no other ocular pathology) using
ZPP1 plus DAPI (to visualize cell nuclei in sub-RPE tissue) to confirm the location of drusen relative to Bruch’s membrane and to
show the enhanced concentration of zinc within the deposit. A three-dimensional confocal image of the sample clearly shows a large,
intensely staining deposit (Figure 7, arrow) protruding from the less intensely staining Bruch’s membrane through the remaining RPE
debris (red). This finding also confirms the faint zinc staining of sub-RPE tissue we observed in the 46-year old donor sample (Figure
5, middle right panel). Further examination of the fluorescence micrographs revealed a heterogeneous pattern of zinc staining within
individual druse (Figure 5, lowest left druse with arrow in the lower left panel; Figure 6, several drusen in the upper right of 80-year
old sample; and Figure 7). Hypo- and hyper- staining of spherules and other internal structures is a characteristic feature of
drusen.®*®**% Together, these results show that ZPP1 is a highly specific and sensitive probe for zinc and as such, could be useful in
the detection of human drusen even in cases where the deposits are small and infrequent.

FIGURE 6.

Confocal microscopy analysis of human
donor tissue. Samples from the 80-year old
(top) and the 46-year old (bottom) donors
were labeled with 3 uM ZPP1. Drusen
(green) and RPE (red) are present in both
samples with the size and number of drusen
greater in the 80-year old sample. Hypo-
staining spherules are present in some
druse in the 80-year old sample (arrows).
Z-stack images (right and bottom of each
image) show the more prominent
protrusion above and through the RPE of
the drusen deposits from the 80-year old
sample.

50 um

FIGURE 7.

Three-dimensional confocal image of
human sub-RPE tissue from the 78-year
old donor with AMD labeled with ZPP1. A
large, intensely stained drusen deposit
(green) is indicated by the white circle.
Zinc in the underlying Bruch’s membrane
(BM) is also visualized and indicate with
arrows. A small amount of RPE cell debris
(lipofuscin autofluorescence, red) is present
and cell nuclei (DAPI, blue) from Bruch’s
membrane and the underlying sub-RPE
tissue are visible.
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ANALYSIS OF THE CUZN-SOD KO MOUSE WITH ZPP1

Comparison of Zinpyr-1 and ZPP1 using human donor tissue suggested that ZPP1 could be useful in detecting drusen at earlier ages.
To confirm this and to test the suitability of ZPP1 for detection of sub-retinal epithelial deposits in mouse models of AMD, we
analyzed ocular tissue from CuZn-SOD KO mice with ZPP1. Analysis of samples from 10-month old CuZn-SOD KO mice revealed
zinc-containing sub-retinal epithelial deposits from that mouse (Figure 8, top). Histological analysis of the opposite eye from the same
mouse also showed irregularities suggestive of sub-retinal epithelial deposits in the area between the RPE and Bruch’s membrane
(Figure 8, middle, arrows) compared to an age matched wild type mouse (Figure 8, bottom). In addition, there appear to by slight
morphological changes in the photoreceptor layer of the CuZn-SOD KO mouse. This detection of drusen at just 10 months with ZPP1
might represent a significant enhancement in sensitivity compared to Zinpyr-1, which had an earliest detection of deposits at 14
months (Figure 1). The use of ZPP1 at 3 uM in this analysis also resulted in a much lower background level of staining (compare
Figure 1 and Figure 8). Together, these observations allow for the possibility that ZPP1 could be used for in vivo detection of sub-
retinal epithelial deposits in mouse models of AMD.

CuZn-SOD KO FIGURE 8.

Analysis of CuZn-SOD KO mice. Top; fluorescence
micrograph of an eyecup flat mount showing a sub-retinal
epithelial deposit stained with ZPP1 (arrow, green) with
RPE cell debris (red). Middle; photomicrograph showing
the histological analysis of the opposite eye of the same
animal. Sub-retinal epithelial deposits are indicated with
white arrows. Bottom; histological analysis of an age-
matched, wild type control mouse showing normal
morphology. INL, inner nuclear layer; OPL, outer
plexiform layer; ONL, outer nuclear layer; OS, outer
segments of photoreceptor cells; RPE, retinal pigment
epithelial cells; BM, Bruch’s membrane.

DISCUSSION

Our understanding of the many pathogenic and preventative pathways associated AMD continues to evolve. Zinc has long been
thought to be associated with limiting the progression of exudative AMD, perhaps through its function as a necessary antioxidant and
an enzyme cofactor.”'*® Conversely, it has been recently suggested that zinc might contribute to AMD pathogenesis as evidenced by
its high concentration in drusen® and its association with certain complement system factors.”” However, if and how zinc contributes
to AMD initiation and progression, whether it is actually beneficial for limiting AMD, and under what conditions it is beneficial, are
unsettled matters that need to be more fully investigated. A more definitive understanding of the relationship between zinc and AMD
will only come by having sensitive probes for zinc that can be used in a variety of model systems. This report documents the greatly
enhanced sensitivity of a new fluorescein-based probe (ZPP1) for the visualization of zinc associated with drusen in human tissue and
its subsequent application for detection of sub-retinal epithelial deposits in murine models of AMD. While the studies presented here
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were too limited to fully determine the roles of zinc in AMD, we believe our findings provide a way forward in elucidating how zinc
can be preventative and pathogenic in AMD.

Confounding the analysis of the role of zinc in drusen formation or AMD prevention is the fact that drusen are actually highly
heterogeneous in location, form, and composition'®*'® suggesting that drusen formation could result from multiple independent
pathways. Although it has been well established that zinc is a component of human drusen, the lack of sensitive probes for zinc has
limited rigorous analysis of its presence in the various forms and locations of drusen. Thus, a clear association between zinc and any
particular type of drusen or pathway of drusen formation remains to be established. Although we could not correlate the presence of
zinc in drusen in our human samples with any particular genetic or environmental risk factors for AMD due to lack of information
about the donors, our analysis of samples taken from both the peripheral retina and the macular area showed zinc in sub-retinal
epithelial deposits that had a wide range of size and distribution patterns, confirming the observations made in earlier studies.*® Given
the limited information about our samples, even with the use of a new probe (ZPP1) with greatly enhanced sensitivity, our data could
possibly suggest that zinc in drusen is more the result of the mechanism(s) of deposit formation rather than the cause. However, the
increased sensitivity of ZPP1 for zinc would make it useful in larger scale studies on human donor samples particularly when
combined with information about genotype and environmental risk exposure(s) of the samples. This would allow us to start to develop
correlations between zinc content and the type, location, and size of drusen, AMD risk factors, and AMD disease stage and form (GA
or CNV). In addition, we believe ZPP1 or an analog(s) can also be developed into a probe for in vivo detection of zinc in sub-retinal
epithelial deposits, allowing us to employ more specific tools for determining the role of zinc in drusen formation.

For this reason, the use of murine models would aid greatly in understanding of the relationship between zinc, drusen formation,
and AMD risk factors. While mice lack a true macula, their importance as models for AMD cannot be understated as they allow
correlations to be made about zinc and sub-retinal epithelial deposit formation to genotype and/or risk factor exposure. A recent and
comprehensive review of murine AMD models detailed the presence of sub-retinal epithelial deposit in nineteen of the twenty-seven
models described.”” Deposit formation was noted in a diversity of mice having deficiencies in chemokines, complement factors,
glucose/lipid metabolism genes, and genes associated with oxidative damage and repair. However, as evidence for the heterogeneous
character of sub-retinal epithelial deposits, the exact origin and composition of the deposits in some of these mouse models is still
unsettled.'*'?

Our initial analysis of zinc in sub-retinal epithelial deposits in murine AMD models was done on mice deficient in two isoforms of
SOD, a zinc-containing enzyme critical for defense against oxidative damage. While in humans a clear association between genetic
polymorphisms in SOD isoforms and AMD is tenuous,'”""’ these murine models were chosen because they develop sub-retinal
epithelial deposits that resemble certain aspects of human drusen. While not fully characterized in terms of a particular ocular location
or being hard or soft drusen, the drusen found in CuZn-SOD KO mice has been described as domed-shape deposits located between
Bruch’s membrane and the RPE.” Further resemblance to human drusen is also evidenced by the fact that CuZn-SOD KO mouse
drusen develop with age, can be hastened by light exposure, and contain some of the same biochemical markers such as vitronectin,
carboxymethyl lysine, and tissue inhibitor of metalloproteinases 3 (TIMP3).”*!®

Using two different fluorescein based probes for zinc we were able to detect drusen in samples taken from mice lacking CuZn-
SOD (sod1) and Mn-SOD (sod2). Using Zinpyr-1, the earliest age for deposit detection was 14 months with the CuZn-SOD KO mice
and 18 months with the Mn-SOD KO mice. However, the increased sensitivity of ZPP1 allowed us to detect drusen at 10 months of
age in the CuZn-SOD KO mouse. In the initial study describing the AMD phenotype of CuZn-SOD KO mice” it is of interest to note
that very few drusen (< 10 per eye) were found by fundus examination until the mice were at least 15 months of age. This could be
due to the low magnification of the ophthalmoscope combined with the poor color contrast between drusen and background tissue.
Further, in vitro analysis, such as immunofluorescence, required the CuZn-SOD mice to be at least 12 months old for reasonable
visualization of the drusen. We believe that our detection of small deposits (< 5 um by immunofluorescence) at a younger time point
of 10 months with ZPP1 will greatly enhance the efficaciousness of the CuZn-SOD KO model for in vitro studies examining the role
of zinc in drusen formation. In addition, the fact that deposits in CuZn-SOD KO mice are generally visible by current retinal imaging
systems, combined with the enhanced sensitivity and contrast associated with ZPP1, make it a very good in vivo model for
determining if imaging zinc in sub-retinal epithelial deposits can be used for the early diagnosis of AMD.

While zinc appears to be a common component of murine sub-retinal epithelial deposits, analysis of other murine models whose
deposits are induced or enhanced by other genetic mechanisms (and thus likely to differ in form, composition, and location) is
necessary to confirm and fully elucidate the role of zinc in their formation. The association of CFH polymorphisms with AMD has led
to the analysis of CFH deficient mice as a model of AMD.'” Sub-retinal epithelial deposits in CFH KO mice have been described as
primarily basal laminar thus more characteristic of soft drusen,''®'"" which is found exclusively in and around the macula and
associated with advanced AMD.'® A preliminary analysis of CFH KO mouse sub-RPE tissue with ZPP1 was indicative for zinc-
containing sub-retinal epithelial deposits. This is consistent with the finding that macular deposits from human donor samples
contained the highest amounts of zinc.®

Just as the ability to detect small deposit in mouse models would provide a significant advantage to studies about the role of zinc in
their formation, the ability to detect small drusen would greatly aid research done with human donor tissue and clinical analysis to
establish zinc as a credible biomarker for early AMD. Using ZPP1 in fluorescence microscopy to detect zinc, we routinely detected
human sub-retinal epithelial deposits in the range of 5-10 um, considerably less than 25-30 um sized deposits that currently represents
the lower limit of detection in clinical examinations of the fundus. While the magnification and resolving power of microscopes used
for immunofluorescence is greater than clinical ophthalmoscopes, we believe that light-emitting probes in conjunction with optical

Trans Am Ophthalmol Soc/ 115/2017 T3-9



Imaging Zinc As A Biomarker For Age-Related Macular Degeneration

and technological enhancements to ophthalmoscopes will allow for routine detection of very small drusen. Under certain conditions
we were also able to detect zinc in Bruch’s membrane or other sub-RPE tissue with ZPP1. This suggests that ZPP1 might be useful in
tracking age-related changes in zinc levels in sub-retinal tissues. This could help elucidate the mechanisms and role of zinc not only in
drusen formation, but also in AMD associated tissue damage.

As with anything that has potential clinical application, concerns about safety and toxicity should be considered even before any in
vivo testing. Fluorescein itself is considered safe and is used in numerous human applications including ophthalmological imaging.'"?
Fluorescein is readily soluble in water, however the addition of zinc sensing moieties such as dipicolylamines requires an initial
dilution in an organic solvent such as dimethyl sulfoxide (DMSO) before further dilution in aqueous solutions. There have been very
few in vivo studies of any kind with fluorescein-based zinc probes’''*!'* and they are not currently used in any human application.
While we ourselves have not done, or are aware of, any formal safety/toxicity studies for Zinpyr-1 or ZPP1 in humans, during our
preliminary in vivo experiments we did not observe any mortality or ocular pathology following intravenous or intraocular injection of
the probes into mice. While there are a number of technical issues to be resolved such as probe solubility, dosage, and route of
administration, we believe our findings provide a starting point towards the development of a sensitive in vivo or clinical assay for
drusen that is no more complex or time consuming than current ophthalmological imaging procedures involving fluorescein.

The aging demographics in developed nations and the economic and quality of life issues associated with visual disability makes
AMD a significant and costly public health issue. In just the United States, billions of dollars are spent annually on anti-VEGF
therapies for wet AMD. In 2010, ranibizumab (Lucentis) alone was the single largest drug expense for Medicare Part B, accounting
for 10% of the budget.''> AMD is generally undiagnosed until the affected individual has visual impairment (late stage AMD),
necessitating expensive medication (such as anti-VEGF therapies) and/or the expenses associated with accommodating visual
impairment. There is a clear need for a simple, clinical test that can detect the initial ocular changes associated with early AMD. As
drusen are considered the earliest indicator for AMD and contains high levels of zinc, we believe that a clinical assay for sub-retinal
epithelial deposits based on zinc could be a highly credible and sensitive screen for earliest manifestations of AMD. In this way
prevention and treatment strategies having both health and economic benefits can be implemented as soon as possible. We believe that
our in vitro analysis showing ZPP1 to be a very sensitive probe for sub-retinal epithelial deposits in human and animal model samples
to be important and necessary first steps towards in vivo detection assays that can advance basic research and early clinical detection
of AMD as well as improve our understanding the role of zinc in drusen formation.

CONCLUSION

In this study, we compared the ability of Zinpyr-1 and ZPP1 to detect sub-retinal epithelial deposit by imaging the zinc content of the
deposits. We conclude that ZPP1 is a superior probe for the detection of zinc in sub-retinal epithelial deposits in human and murine
tissue. In human tissue ZPP1 can detect smaller drusen, determine them at a younger age, and demonstrate variability of zinc
distribution within drusen much better. In murine models ZPP1 can detect sub-retinal epithelial deposits at a younger age and has not
shown any toxicity when used intraocularly or intravenously. ZPP1 shows great promise for the in vivo detection of zinc in sub-retinal
epithelial deposits in these models for AMD, which can greatly enhance our understanding of the role of zinc in AMD pathogenesis.
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