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Abstract

The kinetics of lipofuscin growth in diseased retinal pigment epithelium cells is investigated using
Monte Carlo simulations and scaling theory on a cluster aggregation model. The model captures
the essential physics of lipofuscin growth in the cells. A remarkable feature is that small particles
may be removed from the cells while the larger ones become fixed and grow by aggregation.
Model simulations are compared to the number of lipofuscin granules in eyes with early age-
related degeneration.

I. INTRODUCTION

Choroidal neovascularization (CNV) in age-related macular degeneration (ARMD) [1-4] is
the most common pathogenic mechanism that leads to irreversible severe visual loss in older
people in the United States. CNV is produced by accumulation of residual material caused
by aging of retinal pigment epithelium cells. The retinal pigment epithelium (RPE) is the
pigmented cell layer just outside the retina that nourishes retinal visual cells and it is firmly
attached to the underlying choroid and overlying retina. The RPE is a phagocytic system that
is essential for renewal of photoreceptors (rods and cones). Each photoreceptor has an inner
and outer segment (OS) with disks stacked like a roll of coins. The disks are necessary for
the conversion of light into electrical potentials and the spent disks are shed from their outer
segments and degraded within the RPE. Most of these disks appear to be degraded quickly
in RPE cells of young healthy individuals. However, with time, incompletely degraded
membrane material builds up in the form of lipofuscin. Lipofuscin is a yellowish pigment
made of free-radical-damaged protein and fat. It builds up normally with age or
pathologically in certain conditions such as ARMD, Alzheimer disease, and Parkinson
disease. As cellular aging is associated with the presence of lipofuscin [5-7], then the study
of their formation and growth becomes important. The residual material in lipofuscin can be
deposited in Bruch’s membrane contributing to drusen formation and Bruch’s membrane
thickening [8,9]. Moreover, RPE containing lipofuscin associated with drusen have been
observed within a small drusen providing evidence that they probably contribute to drusen
volume and formation [10]. In this work we consider lipofuscin accumulation in diseased
RPE cells and the contribution of spent OS membranes to formation of drusen as an
aggregation-deposition process.

The formation of clusters by nonequilibrium growth processes is present in a wide variety of
systems of interest in science and technology such as colloids and aerosols [11,12], gels
[12,13], inorganic thin films [14-16], organic thin films [17-19], growing crystals [20],
galactic structures [21], granular flow [22], and cell colonies [23-25]. The pattern forming
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dynamical processes can vary substantially from system to system. The richness of
clustering phenomena has resulted in the development of many models describing different
growth dynamics. Moreover, the nontraditional application of growth dynamical models to
problems of interdisciplinary nature has been growing steadily in recent years. Here the
kinetics of lipofuscin growth in diseased RPE cells and their contribution to the drusen
formation is investigated as a cluster aggregation process.

The outline of this paper is as follows. We provide a short description of CNV in Sec. II.
The relationship between the aggregation of lipofuscin and drusen formation is presented in
Sec. I1l. The model of lipofuscin accumulation and deposition is presented in Sec. V. The
scaling description for the aggregation process is given in Sec. V. In Sec. VI we present
extensive simulation results for lipofuscin aggregation. Finally, in Sec. VII we give a brief
discussion of our results and compare them with experimental data.

Il. CHOROIDAL NEOVASCULARIZATION

The RPE serves the photoreceptors (rods and cones) in several distinct ways: acts in the
absorption of light passing through the retina, regeneration of visual pigments, formation of
the outer blood-ocular barrier, upkeep of subretinal space including fluid and electrolyte
balance, maintenance of the choriocapillaris, scar tissue formation, and phagocytosis of
spent outer segment disks [26]. It is estimated that during a 70-year lifetime each RPE cell
will phagocytize 3 billion outer segment disks [27,28].

Lipofuscin is not an inert filler material; its components are photoreactives and can induce
apoptosis of the RPE [29-31]. In older individuals, up to 25% of the free cytoplasmic space
of RPE cells may be occupied by lipofuscin [32]. Excessive accumulation of lipofuscin
leads to cell loss and there is an age-related loss in RPE cells particularly in the fovea and
midperiphery. Aging of Bruch’s membrane and the RPE, i.e., the accumulation of waste
material, is thought to lead to decreased metabolic function, altered passage of growth
factors through the membrane, and increased fragmentation of Bruch’s membrane, all
leading to the possibility of the growth of new blood vessels from preexisting vessels that
originate from the choroid through breaks in Bruch’s membrane [33]. This disorder is
known as CNV. The mechanisms of CNV are not completely understood. Virtually any
pathologic process that involves the RPE and damages the Bruch’s membrane may be
complicated by CNV.

Ill. AGGREGATION OF LIPOFUSCIN AND DEPOSITION OF RESIDUAL
MATERIAL IN BRUCH'S MEMBRANE

The retina is the most oxygen-consuming tissue in the body with a consumption level ~50%
higher than the brain or kidneys [34]. Most of this oxygen consumption occurs in
photoreceptors and this vascular arrangement exposes, at least on a time scale of decades,
the RPE and the outer segments to an oxygen concentration roughly equivalent to that found
in arterial blood [35]. This results in the accumulation of oxidative and photo-oxidative
damage. As discussed in the introduction, photoreceptors continuously renew their OS by
shedding disks in RPE. Daily phagocytosis and processing of shed photoreceptor OS places
a heavy metabolic burden on the underlying RPE cells. The disks fuse with lysosomes of
RPE cells forming phagolysosomes. Over time, the contents of phagolysosomes are
incompletely degraded and form autofluorescent lipid-protein aggregates called lipofuscin
[36]. A major fluorophore of RPE lipofuscin is a hydrophobic quaternary amine called A2E
[29]. Lipofuscin contains a significant quantity of retinoids including the fluorophore A2E, a
pyridinium bisretinoid, which likely leads to photoxidation, RPE cell damage, and
inflammation [37]. When AZ2E reaches a critical concentration it delays the metabolism of
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phagocytosed OS lipids by the RPE [38]. Phagocytosed and oxidized OS membranes are
extruded by the RPE into Bruch’s membrane contributing to drusen formation and
membrane thickening [8,9]. This progressive lipid and cholesterol accumulation in Bruch’s
membrane beneath the RPE has been identified as a contributing factor to ARMD.

We studied the lipofuscin formation in diseased RPE cells and the deposition of
phagocytosed and oxidized OS membranes in Bruch’s membrane. As we shall see in more
detail in the next section, a remarkable feature of the aggregation of residual material is that
clusters larger than a certain size do not diffuse in the cytoplasm [39,40], while the smaller
clusters diffuse with a size-dependent diffusion constant associated with diffusion in a non-
Newtonian fluid such as the cytoplasm. Stationary clusters grow by aggregation.

IV. MODEL

In our model we consider a cross section of an RPE cell (see Fig. 1) on a square lattice of L
x L sites. The cell nucleus has not been considered because in mammalian cells it occupies
around 10% of the total volume [41]. Particles representing lipoproteins, lipids peroxides,
and their metabolites enter from the top edge of the cell into the cytoplasm and move along
Brownian trajectories, and either contribute to the formation and growth of lipofuscin or
leave the cell and are deposited in the Bruch’s membrane (at the bottom of the cell). The
geometry of our model is shown in Fig. 1. Simulations start with an empty lattice and the
following processes take place:

1. A particle enters from the top edge of the lattice occupying an empty upper site
chosen at random with probability € per unit of time t.

2. A particle in the lattice can move in a random direction by one diameter, which is

defined as one lattice spacing /= +/so, Where sq is the area of the particle. The
characteristic time between diffusion steps is equal to 2sp/Dyto, Where Deyyo is the
diffusion coefficient of the particle in the cytoplasm. The diameter of the
lipoproteinlike particles that accumulate with age in Bruch’s membrane in the
normal eye is between 23 and 150 nm approximately [42]. We choose s;=402 nm?
and the diffusion coefficient D¢yo=1.13 x 10 nm?/s [40]. Given that the medium
characteristic length of a human RPE cell is 20 um, then the size of the lattice is L
x =500 x 500 sites.

3. When two particles touch, they stick with probability P, to form a new compact
particle with mass conservation. The size of the new particle will be s=sgi, where i
is the number of particles of size sy forming it (in the lattice, the new particle will

occupy a square of side equal to integer part of ‘/;).

4. If, as a consequence of diffusion a particle arrives at the bottom of the cell, it can
go through the cell membrane with probability Pp,. Thus, the particles can be
deposited in the Bruch’s membrane and contribute to the formation of drusen [8,9].

As we mentioned above a distinguishing feature of lipofuscin formation is that when an
aggregate reaches a critical size, it becomes fixed [39,40]. Thus, in our model the particles
that diffuse and can therefore be removed from the cell by passing through the cell
membrane are those with size sq. Lipofuscin formation, of typical length 0.2-1 um [43], can
be achieved through attachment of moving particles to fixed aggregates.

Usually in modified cluster-cluster aggregation models [44-46] a far-from-equilibrium
steady state is reached because larger clusters are removed. In our model, larger clusters
continue to grow while small particles are removed causing the number and size of clusters
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to change gradually with time, and therefore a steady distribution of clusters is never
reached.

According to the above described processes, the model has three parameters: the quantity of
spent outer segment disks of size s entering the cell per unit of time ¢, the sticking or
aggregation probability P, of residual material, and the probability Py, of the smallest
particles crossing the cell membrane. The values of these parameters are unknown.
Nevertheless, it is possible to calculate roughly a value of € because it is estimated that
during a 70-year lifetime each RPE cell will phagocytize 3 billion outer segment disks
[27,28]. Thereby, the frequency with which disks enter the cell would be of the order of
1073-1072 571, The contribution to drusen formation due to spent OS disks is unknown. If
only 10% of a typical drusen of rp=50 um is considered as the contribution due to spent OS
disks (see Fig. 1), then the ratio of deposited material and the quantity of lipofuscin formed
in the cell is approximately 4:1, if we assume that half the area of the diseased RPE cell is
occupied by lipofuscin. The deposition probability Py, is expected to be greater than the
sticking probability P, in all cases. We will describe the processes of lipofuscin growth and
residual material deposition by varying the model parameters within the range of biological
interest.

Figures 2(a) and 2(b) show two stages of cluster growth in the cell obtained from a
simulation with £=1072 s™1, P,=1074, and P,,=1073. The average number and size of
clusters increase with time and the clusters grow forming compact squares [see item (c)
above]. The quantity of deposited material is not shown in these snapshots.

V. SCALING THEORY

In analogy with the scaling approach for aggregation processes [47-50], the number of
clusters of size s at time t, ng(t), changes with time, in a way which can be described in the
dynamic scaling form given by

ns~e*s £ (s/S (e1)), (1)

where S=Xs2n¢/sn is the mean cluster size that diverges as S~(gt)? and the form of the
scaling function depends on the details of the process. We find that f(x)~x?, for x < 1 and
f(x)—0, for x » 1. Regarding the use of the weighted average size, S=Xs%ny/Zsn; rather than
the ratio Xsng/Zng, we would like to point out that the two quantities scale exactly the same
way due to the scaling form of the cluster size distribution. But this is the more prevalent
form used in the study of aggregation and clustering phenomena, because the most
important clusters are the larger ones and this weighting gives them slightly more weight in
the scaling regime.

The total number of clusters in a cell, N, which is given by N=Xn, is expected to increase
due to the fact that the system is far from the coalescence regime, with an exponent z’ which
is defined by N~t?". The size distribution exponent 6 and the dynamic exponents &, z, and z’
may depend on the probabilities of aggregation P, and of passing through the cell membrane
Pm.

The total mass p of particles entering and remaining inside a cell forming lipofuscin is equal
to Xsng. Using the scaling form Eq. (1) in the definition of p, we can write

p:Z snpfdssl‘ga—gf(s/S (ef))~&tS 2‘6f(l.\f.v(l“gf(.’c)~s—g(al‘):(:_a). @
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If Pn=0, all particles entering remain inside the cell and the total mass p grows as &t, where
€ is a constant parameter, otherwise, if P70 and there are nucleations inside the cell, then
p~t% where the new dynamic exponent o depends on probabilities Pr, and P,. Using Eqg. (2)
we can write

a=z(2 - 0). 3)

While in many aggregation processes [44,46,47] the total mass remains constant and 6 has
the universal value of 2, in the RPE cell deposition model the total mass p increases with
time whenever lipofuscin are formed. Therefore, >0 and 6<2. When P,#0 and nucleations
are present in the cell, the number and size of clusters grow with time and thus their
probabilities of capturing diffusing particles increase. Then, dp/dt increases with time and
using the scaling expression of p [see paragraph before Eq. (3)], we find that a>1 for P,70.

VI. RESULTS

A qualitative illustration of the dynamic scaling concept is provided by Figs. 2(c) and 2(d) in
which the lengths have been rescaled in a such way that the system size in both figures is
equal to 3052, where S is the mean cluster size. The rescaled figures show that while the
total number of clusters in each figure is very different, the cluster size distribution is self-
similar if the system is scaled properly. As demonstrated by the data in the subsequent
figures, the scaling form proposed in Sec. V is only reached at long times in the model of
lipofuscin growth.

Figure 3 shows results obtained for the scaling of the growth of the total number of particles
of size s;=160 nm? (isolated and forming clusters) in a diseased RPE cell p=psg, for
different values of P, and P,, where sg is the smallest size of particles occupying a site at
the lattice and p is the total mass of clusters. The scaling of p is observed for large enough st
where p behaves as (gt)* [Eq. (2)] and also in the transitory regime for small €t. The x axis in
Fig. 3 corresponds to the total number of particles entering the cell at rate &. The material
deposited under the cell forming the drusen is the difference between the total mass entering
and p. When p~SN/sg~1/P,, all diffusing particles are captured and a=1 (this regime is not
shown in Fig. 3 because of finite-size effects). The above argument connects the exponent o
associated with p with the quantity of material deposited in the cell: if a>1 the drusen size
grows with time, whereas if o=1 there is no deposition. In Table | we list the numerical
estimates of exponent a obtained from the simulations.

Figure 4 shows the growth of the mean cluster size S with gt obtained from the simulations
used to generate Fig. 3. This figure indicates that the mean cluster size grows as (st)? for
large enough et after a transitory regime. We calculate z from the figure for different values
of probabilities P, and P, (see Table I).

Once z and a are estimated from simulations, the exponent z’ can be obtained directly from
the definition of N and the scaling form given by Eq. (1). Thus, we find

N:Z n;~deS_88£f(S/S(SY))~8'£S l_9fdxxl_gf(x%sf(et):(1_9). @
Substituting the value of 6 from Eq. (3) we obtain

’

7=z(1 -0)=a —z. (5)
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The scaling of the total number of clusters N is shown in Fig. 5 obtained from the
simulations used to generate Figs. 3 and 4. The simulation results for z', calculated from
slopes of solid lines in Fig. 5, for various values of Py, and P are listed in Table I (sixth
column). These results are in good agreement with the difference of the exponents a and z
given by Eq. (5) (see fifth column in Table I).

The size distribution exponent 6 can be calculated from Eqg. (3) and from the numerical
estimates of the exponents o and z (see last column in Table I). Figure 6 shows how data of
the number of clusters of size s, ng(t), for various times can be scaled into a single scaling
curve using Eq. (1). We have obtained equally excellent scaling plots for other values of Py,
Pm, and €. Scaling function (1) is expected to be valid in the aggregation regime for a low
enough total mass p of particles forming lipofuscin.

Detection of lipofuscin is facilitated by its autofluorescent properties. Spatial distributions
along different zones of eye’s fundus and accumulation of lipofuscin were obtained by
means of spectrophotometry [28,51-56]. These topographical distributions of
autofluorescence are used as indicators of lipofuscin content in different regions of the RPE
epithelium [57,58]. Single cells with lipofuscin granules are not visualized by means of
spectrophotometry. With the advent of confocal scanning laser ophthalmoscopy it is
possible to view the lipofuscin content of RPE cells [43]. This imaging method is
noninvasive and is a tool to evaluate dynamic age and disease-associated alterations in
cytoplasmic lipofuscin granule accumulation and distribution [59]. However, lipofuscin
distributions inside the RPE cells have not been measured up to the present. It could be
useful to compare experimental results of the lipofuscin distribution in an RPE cell and the
results of the aggregation model for testing the kinetics of growth of lipofuscin clusters.

The number of lipofuscin granules in aging eyes (with early ARMD) has been obtained
using electron microscopy [60]. In order to show the plausibility of our model, we compare
the total number of clusters N with these experimental data. A good agreement between
trends of measured data and model results can be achieved, with parameter values £=1073,
P,=1076, and P,=4 x 1073 as shown in Fig. 7. In fact, the comparison shown in Fig. 7 is
between experimental data and the two-dimensional model results. Nevertheless, since the
growth law depends on the parameters, we expect that the simulation results of the model in
three dimensions to behave similarly. On the other hand, it is particularly interesting that a
linear behavior of both measured data and model results is obtained for t<70 years.
Moreover, the mean diameters obtained using these parameter values are SY2(t)~0.7-0.8 pm
for ages around 80 years. This estimate agrees well with the mean diameters of lipofuscin
granules distributed in cytoplasm of the RPE cells in aged adults [60]. The faster increase
observed experimentally at t>70 years may be explained by a notorious lessening of outer
segments degradation within the RPE and, the final decreasing may take place as a
consequence the death of many RPE cells, those with larger N. This effect of N decreasing
may also be associated to the lipofuscin extrusion by the RPE into Bruch’s membrane. Our
model may be modified in order to reproduce these experimental results using an g(t)and
letting the coalescence take place. Nevertheless, this is beyond the scope of our paper.

VII. DISCUSSION

In summary, we have introduced a simple model of cluster aggregation and deposition for
describing lipofuscin growth in diseased RPE cells and the contribution of spent OS
membranes to formation of drusen. We have shown that the scaling description is an
effective method for describing the kinetics of lipofuscin growth. The growth dynamic
exponents of the scaling description are independent of the entrance rate of spent outer
segment disks into the cell. The contribution to drusen formation by deposition of spent OS
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membranes is linked to growth of total mass of lipofuscin where a saturation regime can be
reached depending on quantity of residual material entering into the diseased RPE cell per
unit of time and the probabilities of cluster-cluster aggregation and deposition of spent OS
disks. The model captures the essential physics of lipofuscin growth and deposition of
phagocytosed and oxidized OS disks into Bruch’s membrane. An unusual property of the
model is that small particles may be removed while the larger ones become fixed and grow
by aggregation. We compare the predictions of this model to electron microscopic studies
measuring changes in number of lipofuscin granules in eyes with aging. A good agreement
is found between model results and the experimental data for suitable values of the
parameters. This comparison shows that the number of lipofuscin granules appears to grow
linearly with time up to an age of 70 years.

Although in this work we studied the dynamics of cluster aggregation in two dimensions, we
would like to point out that the comparison between our results and the experimental data in
Fig. 7 indicates that a similar type of dynamics is expected in three dimensions.
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FIG. 1.

The RPE cell and the growth of lipofuscin are shown in the left part of the figure: outer
segment disks enter the cell with probability € per unit of time t. The smallest clusters
diffuse and can go through the cell membrane with probability Py, or stick to a cluster with
probability P,. A drusen of radius rp=50 um on the right part of the figure is drawn to scale

with respect to an RPE cell.
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FIG. 2.

Sample cluster size distribution at two different times, for £=1072s71, P,=10"% and
Pn,=1073. (a) and (b) show 200 x 200 sites taken from simulations carried out on a 500 x
500 substrate at the instant at which the mean cluster size S(t) has reached values of 50.8 and
220, respectively. The average number and size of clusters increase with time. The
snapshots (a) and (b) are rescaled to (c) and (d), respectively, such that the system size is
equal to 30S%2,
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FIG. 3.

Scaling of the total number of particles of size s5=160 nm? (isolated and forming clusters) in
a diseased RPE cell p as a function of st for two values of ¢ and different values of P, and
P, Py=10"3 and P,=107° (diamonds) P,;=10"2 and P,=10"° (circles), and P,;=10"2 and
P,=10"* (triangles). The exponent &=1, for P,=1073 and P;=10"5, and &=1.2 for the others
probabilities. The value of a is obtained from the slopes of solid straight lines for each value
of Py, and P, (see Table I).
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FIG. 4.

Mean cluster size S versus &t using the same parameter values Py, P, and € as in Fig. 3 (see
caption). The exponent z is obtained from the slopes of solid straight lines for each value of
P and P4 (see Table I).
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FIG. 5.

The scaling of the total number of clusters N as a function of &t using the same parameter
values Pp, P4, and € as in Fig. 3 (see caption). The exponents z' obtained from the slopes of
solid straight lines are compared with the exponents obtained from Eqg. (5) in Table I.
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FIG. 6.

Scaling of the number of clusters of size s, ng(t), for fixed probabilities of aggregation and
deposition P;=107° and P,,=1073, two different values of entrance rate &: 1072 s~ and 1073
s1, and various values of st: 1.25 x 10* (down triangles), 2.5 x 10% (circles), 5 x 104
(squares), and 7.5 x 104 (up triangles). These results were obtained by averaging over 100
samples. The exponent =1 (see caption of Fig. 3) and 6=0.49.
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FIG. 7.

Comparison of model predictions (open symbols) to experimental data (solid symbols)
measuring the total number of granules of lipofuscin N in eyes with early ARMD [60]. The
model results were obtained using =103, P,=107%, and P,,=4 x 1073 and averaging over
four samples.
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