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ing rhodopsin, which form continuously in the rod inner 
segment (RIS) and migrate over 11 days to the retinal 
pigment epithelium (RPE) where they are phagocytosed 
(1, 2). In the pathological context, esterified and unesteri-
fied Ch together with phospholipids (PLs) constitute more 
than 40% of the volume of “drusen deposits,” the hallmark 
of dry age-related macular degeneration (AMD) (3–5). 
Drusen slowly accumulate in Bruch’s membrane (BrM) 
over decades (3, 6) and, in some cases, have been observed 
to regress rapidly prior to the development of advanced 
forms of AMD, geographic atrophy, and neovascular AMD 
(7–10). The source of drusen Ch is thought to be the RPE 
(11, 12), which under physiological conditions eliminates 
the phagocytosed Ch via ABCA1-mediated efflux to lipid-
poor ApoA-I (13, 14), but under pathological conditions 
secretes esterified and unesterified Ch in large Apo-B-con-
taining particles that become entrapped in the BrM as 
basal linear deposits and drusen (3, 12, 15–17). The mech-
anism of drusen regression has not been fully identified, 
but may involve the infiltration of activated macrophages, 
which ingest the drusen Ch and eliminate it via an ABCA1-
mediated process (10, 18, 19).

Based on existing experimental data (2, 11, 20–23) and 
mechanistic hypotheses (3, 12–17), we have developed an in 
silico model of retinal Ch dynamics (RCD) in an effort to 
quantitatively understand both the physiological and patho-
physiological processes associated with Ch dynamics in the 
outer retina and their interrelationships. In contrast to earlier 
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Cholesterol (Ch) molecules play both physiological and 
pathological roles in the outer retina. In the physiological 
context, Ch is an essential component of the rod outer seg-
ment (ROS) discs, stacked membrane structures contain-
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in silico models of retinal physiology and disease states (24–
26), the RCD model was designed to address the following 
questions: 1) What is the physiological rate of Ch turnover in 
the outer retina and what mechanisms govern it? 2) How is 
Ch provided to the outer retina (via delivery by lipoproteins 
versus local synthesis)? 3) How does Ch leave the outer ret-
ina? 4) What determines the slow rate of drusen growth in dry 
AMD? 5) What processes are responsible for the rapid rates of 
drusen regression observed in some patients?

The RCD model consists of three modules that are illus-
trated schematically in Fig. 1. Module 1 represents the 
mechanisms of Ch turnover in the ROS, which include: for-
mation of Ch-rich discs in the RIS, Ch removal from the 
discs as they migrate down the ROS, and phagocytosis of 
Ch-depleted discs by the RPE. We hypothesize that the Ch 
removed from discs enters a “recycling compartment” from 
which it may either be recycled to the RIS for new disc for-
mation or enter the RPE cells for elimination. Although the 
mechanisms responsible for Ch removal and recycling are 
not known, Fliesler and Bretillon (13) have suggested that 
ApoB, ApoA-I, and the cholesteryl ester transport protein 
(CETP) may be involved. We speculate that the recycling 
compartment itself may be located either in the inter- 
photoreceptor matrix or the ROS plasma membrane, which 
encases the discs. Module 2 represents the mechanisms of 
Ch input from the choroidal capillaries (CCs) to the outer 
retina. Ch delivery from the CC is modeled as a three step 
process that incorporates: 1) transcytosis of LDL across the 
CC endothelium, 2) LDL receptor-mediated influx into 
RPE cells, and 3) ABCA1-mediated transport of Ch to the 
rods. Finally, module 3 represents Ch efflux from the basal 
RPE to the BrM via two pathways: 1) the “physiological” mode 
of ABCA1-mediated transport of intracellular Ch to Ch-
poor ApoA-I molecules that are cleared by the CCs; and 2) 
the “pathological” mode in which large ApoB-Ch particles 
are effluxed into the BrM where they are entrapped as basal 
linear deposits and drusen. Module 3 also includes the pre-
sumed role of macrophages that infiltrate drusen, ingest 
Ch, and eliminate it via the ABCA1 pathway.

Based on the analysis of the RCD model and its modules, 
our principle findings are: 1) the Ch turnover rate in the 
outer retina decreases from 6 to 1 pg/mm2/min as the 
extent of Ch recycling varies from 0% to 100%; 2) LDL 
particle uptake by the RPE can provide the necessary 
amount of Ch for Ch turnover and thus, Ch synthesis is not 
needed in the outer retina; 3) the ApoA-I and ApoB path-
ways can both efflux Ch at rates that are comparable to the 
estimated range of Ch turnover rates; 4) if ApoB particles 
alone efflux Ch, the thickness of the deposited Ch layer will 
increase at rates of 0.7–4.2 m/year (corresponding to the 
6-fold range in Ch turnover rate) and, thereby, account for 
the slow appearance of drusen over decades; and 5) macro-
phage densities of 3,500 cells/mm2 are required to explain 
the rapid rate of drusen regression seen by optical coherence 
tomography in some patients with dry AMD (9).

As a caveat to these findings, it should be noted that 
while the estimates of Ch turnover and several other pa-
rameters were derived from retinal data in humans and 
other species, the other RCD calculations were derived 

indirectly from data on hepatic lipoprotein metabolism 
and scaled by geometric considerations. Further experi-
mental data are therefore needed to validate and/or refine 
the hypotheses and results presented here.

METHODS

Compartmental modeling of RCD pathways
Here we describe the biological mechanisms that are assumed 

to operate within the three modules of the RCD model (shown in 
Fig. 1) and the computational approaches used to describe them. 
Details on the calculations themselves are provided in the corre-
sponding sections of the supplemental material.

Module 1: Ch turnover in the ROS
As shown in Fig. 2 and described in supplemental material S1, 

module 1 of the RCD model used a transit-chain model (27) to 
describe the formation and movement of Ch-containing discs 
through the ROS and to compute the associated fluxes of Ch into 
and out of discs. Ch enters the RIS with a flux Ch

inK , which incorpo-
rates both Ch delivery from the CC and the possibility of Ch syn-
thesis. In the RIS, Ch is integrated into newly synthesized discs, 
which enter the ROS with rate discs

inK . The ROS is divided into 10 
transit-chain compartments, each containing 100 discs. The discs 
pass through the ROS with a mean transit time of 11 days (2) and 
are phagocytosed by the RPE from the last compartment by a first-
order process with rate constant kt. During its transit, the Ch con-
tent of the discs decreases by approximately 6-fold (25, 26). The 
first-order rate constant kout describes the rate of Ch efflux from 
the discs in each transit-chain compartment. Although it is not 
known how Ch is effluxed from ROS discs, we hypothesized that 
Ch enters a “recyclable pool” from which it may either be recycled 
back into the RIS and used toward the formation of new Ch-con-
taining discs (with first-order rate constant k2), or taken up by RPE 
cells (with first-order rate constant k1). We speculate that the recy-
clable pool may be located within the inter-photoreceptor matrix or 
the ROS plasma membrane, which encases the discs. The fractional 
recycling of Ch in module 1 was quantified as: frecycled = k2/(k1 + k2). 
At steady-state, the influx rate of Ch into the RIS, Ch

inK , is equal to 
the combined rates at which Ch is phagocytosed from the last ROS 
disc compartment and taken up from the recyclable pool by the 
RPE, and corresponds to the Ch turnover rate in the ROS.

Module 2: delivery of Ch from CC to RPE to outer retina
Several lines of evidence indicate that circulating LDL is a major 

source of Ch for the outer retina (28–35). In module 3 (Fig. 3), the 
delivery of Ch into the outer retina is modeled via a three-step 
process: 1) transcytosis of LDL-Ch across the CC endothelium and 
into the BrM; 2) LDL receptor (LDLR)-mediated influx of LDL-
Ch into RPE cells; and 3) ABCA1-transport of Ch apically from 
RPE cells to lipid-poor ApoA-I and, thereby, into the rod layer 
(13). Because LDL particles have an average diameter of 21 nm 
(36, 37), it is unlikely that they can pass through the diaphragmed 
fenestra of the CC, which have pore sizes of 6–12 nm (38). We 
therefore assumed in step 1 that LDL passes across the CC endo-
thelium by transcytosis (receptor-mediated vesicular transport), as 
suggested for other capillary beds (39–41). As detailed in supple-
mental material S2, we modeled transcytosis into and out of the 
BrM via effective permeability coefficients, LDL

inP  and LDL

outP , which 
were estimated from data on LDL transcytosis across the nonfenes-
trated capillaries of the blood-brain barrier (42). In step 2, we 
modeled the receptor-mediated uptake of LDL particles by the 
RPE assuming Michaelis-Menten kinetics of LDLR (29, 43, 44), as 
detailed in supplemental material S3. Based on experimental data 



In silico model of retinal cholesterol dynamics (RCD model) 1327

module 3 (Fig. 4), two pathways of Ch efflux from the RPE to 
the BrM are represented: ABCA1-mediated Ch efflux from the 
basal surface of the RPE into ApoA-I-Ch particles (with flux 

1ABCA

outK ) and the secretion of large ApoB-Ch particles from the 
RPE (with flux -ApoB Ch

outK ), which accumulate in the BrM as dru-
sen deposits (15–17). In the first pathway, 1ABCA

outK  was estimated 
from the rate at the apical surface 1ABCA

inK  based on experimen-
tal data of ABCA1 expression in the apical versus basal surfaces 
of the RPE (see supplemental material S5 for details). The re-
sulting ApoA-I-Ch particles were small enough (6.3 nm in diam-
eter) to permeate through the diaphragmed fenestra of the CC 

Fig. 1. Modular structure of the RCD model. The cartoon on the left depicts (from bottom to top): a choroidal capillary (CC) with LDL 
particles, Bruch’s membrane (BrM), macrophage (Mac), Druse, retinal pigment epithelial cell (RPE), rod outer segment (ROS), and rod 
inner segment (RIS) where disc membrane components are synthesized. Module 1 (green-shaded area) portrays Ch turnover in the outer 
retina. Ch enters the RIS with flux Ch

inK , which incorporates both Ch delivery from the CC and the possibility of Ch synthesis. In the RIS, 
Ch is integrated into newly synthesized discs which enter the ROS with rate discs

inK . The ROS is divided into 10 transit-chain compartments 
(27), each containing 100 discs. During their 11 day transit through the ROS (with rate constant kt between each compartment), the Ch 
content of the discs decreases by a first-order process with rate constant kout. Discs in the last transit compartment are phagocytosed by the 
RPE by a first-order process with rate constant kt. We hypothesize that Ch leaving the discs enters a “Recyclable Ch Pool” from which it may 
either be recycled back to the RIS and used toward the formation of new Ch-containing discs (with first-order rate constant k2), or taken 
up by RPE cells (with first-order rate constant k1). Module 2 (pink-shaded area) portrays the delivery of Ch from the CC to the RPE and 
thereafter to the outer retina via a three-step process: 1) bidirectional transcytosis of LDL particles across the CC endothelium and into 
the BrM (modeled by effective permeability coefficients, LDL

inP  and LDL
outP ), 2) LDLR-mediated uptake of LDL particles into RPE cells 

(modeled by Michaelis-Menten kinetics (29, 43, 44) with parameters LDLR
maxv ,  LDLR

mK ), and 3) ABCA1-mediated transport of Ch api-
cally from RPE cells to lipid-poor ApoA-I and thereby into the rod layer (13) (with flux 1ABCA

inK ). Module 3 (yellow-shaded area) portrays 
Ch efflux from the basal RPE to the BrM via two pathways: 1) the physiological mode of ABCA1-mediated transport of intracellular Ch to 
Ch-poor ApoA-I molecules (with flux 1ABCA

outK ) that are cleared by the choroidal circulation; and 2) the pathological mode in which large 
ApoB-Ch particles are effluxed into the BrM (with flux -ApoB Ch

outK ) where they are entrapped as basal linear deposits and drusen. Macro-
phages are hypothesized to clear druse Ch via ABCA1-mediated efflux to ApoA-I-Ch particles (modeled using Michaelis-Menten kinetics 
with parameters  Mac

maxv  and  Mac
mK ). The ApoA-I-Ch particles produced via ABCA1-mediated transport by the basal RPE or macrophages are 

presumed to be small enough to permeate into the CC (with permeability coefficient -
CC
ApoAI ChP ). With the exception of the linkage between 

module 1 (Ch turnover rate) and module 3 (drusen growth rate), the predicted fluxes in each module do not explicitly interact with each other.

(45), we assumed in step 3 that Ch is delivered from the apical 
surface of the RPE to the outer retina via ABCA1-mediated trans-
port to lipid-poor ApoA-I particles (with flux 1ABCA

inK ). As detailed 
in supplemental material S4, we derived an estimate of the rate of 
ABCA1-mediated transport of Ch from the apical RPE surface, 

1ABCA

inK , based on the rate of hepatic ABCA1-mediated transport 
via the reverse Ch transport pathway.

Module 3: efflux of Ch from RPE to BrM to CC
As shown in module 1 (Fig. 2), Ch enters the RPE by phago-

cytosis of ROS discs and uptake from the recyclable pool. In 
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endothelium. As detailed in supplemental material S6, we esti-
mated the permeability of the ApoA-I-Ch particles across the 
CC ( )- -

CC
ApoA I ChP  by combining the theory for permeation of par-

ticles through cylindrical pores (46–49) with experimental data 
on the density of diaphragmed fenestra in the CC (50–52), the 
number of pores within each fenestra (38), and the ratio of the 
ApoA-I-Ch particle size-to-pore size. The large ApoB-Ch parti-
cles secreted into the BrM (70 nm in diameter) are too large 
to pass through the diaphragmed fenestra and built up in the 
BrM over decades (53), forming basal linear deposits and dru-
sen (15–17). As detailed in supplemental material S7, the ca-
pacity of RPE cells to efflux Ch via ApoB-containing particles 
was estimated using ApoB-Ch efflux from the liver, normalizing 
this rate to the secretory surface area of the hepatocyte, and 
adjusting for the differences in microsomal transport protein 
(MTP)-A and ApoB mRNA expression in RPE cells versus hepa-
tocytes (54). The estimated rate of Ch deposition in the BrM is 
based on a number of key assumptions that are detailed in sup-
plemental material S8. These assumptions imply that the dru-
sen thickness (which combines the drusen and the basal linear 
deposit) will increase linearly in time and can be expressed as a 
drusen growth rate, growth

drusendh dt , that is proportional to Ch

inK . We 
note that the calculated Ch fluxes include the contributions of 

both unesterified and esterified Ch in the respective particles 
and in the deposited Ch.

Module 3 was completed by incorporating macrophage- 
mediated clearance of Ch from the drusen deposits. As detailed 
in supplemental material S9, we assumed that the rate-limiting 
step in this process is via ABCA1-mediated efflux to lipid-poor 
ApoA-I and modeled this using Michaelis-Menten kinetics. The 
rate of drusen clearance ( )Mac

drusendh dt  depends on the maximum 
rate of ABCA1-mediated efflux per macrophage ( )Mac

maxv , the mac-
rophage density in the retina ( )Mac

retinaC , estimated from the experi-
mental data of Penfold, Killingsworth, and Sarks (55), the local 
concentration of lipid-poor ApoA-I, and the value of the Michaelis 
constant Mac

mK . As noted above for the ABCA1-mediated efflux 
from the RPE, the small ApoA-I-Ch particles effluxed from macro-
phages may exit the BrM via the fenestrated endothelium of the 
CC with the same permeability 1-

CC
ApoA ChP .

Additional assumptions in the integrated RCD model
As indicated in Fig. 1, we assumed that the RPE contains sepa-

rate functional pools for the delivery of Ch to the retina (RPEin) 
and for the efflux of Ch to the BrM (RPEout), rather than a com-
mon pool in the RPE. This assumption is consistent with recent 

Fig. 2. Compartmental structure of module 1. The cartoon on the left depicts Ch movement between RPE RIS, and ROS. Compartments 
and arrows on the right correspond to hypothesized pools and mechanisms that affect Ch turnover in the outer retina. Ch enters the RIS 
with flux Ch

inK , which incorporates both Ch delivery from the CC and the possibility of Ch synthesis. In the RIS, Ch is integrated into newly 
synthesized discs, which enter the ROS with rate discs

inK . The ROS is divided into 10 transit-chain compartments (27), each containing 100 
discs. During their 11 day transit through the ROS (with rate constant kt between each transit-chain compartment), the Ch content of the 
discs decreases by a first-order process with rate constant kout. Discs in the last transit compartment are phagocytosed by the RPE by a first-
order process with rate constant kt. We hypothesize that Ch leaving the discs enters a “Recyclable Ch Pool” from which it may either be re-
cycled back to the RIS and used toward the formation of new Ch-containing discs (with first-order rate constant k2), or taken up by RPE cells 
(with first-order rate constant k1). See supplemental material S1 for further details.
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studies of hepatic Ch metabolism, which show that LDL particle 
intake is shunted through the hepatocyte for VLDL secretion and 
does not equilibrate with the regulatory pool that controls Ch syn-
thesis and LDLR expression (56). We also note that the contribu-
tion of retinal Ch synthesis as a source for Ch

inK  has not been 
conclusively determined in humans (13), but is assumed to be 
negligible in our model. We therefore indicated by the “question 
marks” in Fig. 1 that these two assumptions may require further 
consideration.

Computational modeling and parameter derivation
Mathematical compartment modeling was performed to repre-

sent each compartment in the model using concepts such as mass 
balance and clearance (used in every module); transit-chain 
model (used to model the gradient of Ch down the ROS in mod-
ule 1); Michaelis-Menten kinetics (used to model LDLR-mediated 
uptake of LDL in the RPE in module 2 and ABCA1-mediated ex-
port of Ch in macrophages in module 3); and the theory for trans-
port of particles through cylindrical pores, the Stokes-Einstein 
relation, and permeability (used to model the permeation of 
ApoA-I-Ch particles from the BrM to the CC in module 3). Sys-
tems of ODEs were solved using MATLAB’s ODE15s solver to  
arrive at both time-dependent (e.g., in module 1’s turnover process) 
and steady-state solutions (e.g., modeling the steady-state Ch-
content of discs in each transit-chain compartment in module 
1, modeling LDLR-mediated influx of LDL into the RPE in mod-
ule 2, and modeling the steady-state growth of drusen over de-
cades under various model parameters in module 3).

Rather than generating an overall system behavior of the 
model, our objective in the present work was to analyze each 

module separately and compare the steady-state flux rates (de-
fined above for each module) to each other. With the excep-
tion of the linkage between module 1 (Ch turnover rate) and 
module 3 (drusen growth rate), the predicted fluxes in each mod-
ule do not explicitly interact with each other in the current RCD 
model. Other than drusen growth and regression, no other time-
dependent behavior was modeled.

ImageJ software was used to quantify the relative ratio of apical-
to-basal ABCA1 protein expression imaged in RPE cells (45). Pa-
rameter values and their uncertainties were estimated from 
experimental data and/or theoretical considerations as detailed 
in the supplemental material.

RESULTS

Here we present the Ch flux rates corresponding to the 
turnover and transport processes represented in the three 
modules of the RCD model. Details on the derivation of 
these values are provided in the supplemental material. 
Tables 1–3 summarize the flux rates and other key param-
eters (with their uncertainties) for each of the three mod-
ules and indicate the relevant sections of the supplemental 
material where derivations and references can be found.

Module 1: Ch turnover in the ROS
Based on the transit chain model of the ROS discs de-

picted in Fig. 2, Fig. 5A shows the 6-fold decrease in the Ch 

Fig. 3. Compartmental structure of module 2. The cartoon on left depicts (from bottom to top) the three steps of Ch delivery to the outer 
retina: transcytosis across the CC endothelium, LDLR-mediated uptake into the RPE, and ABCA1-mediated transport from the apical surface 
of the RPE to the outer retina. Compartments and arrows on right show: 1) modeling of transcytosis between CC and BrM using effective perme-
ability coefficients, LDL

inP  and LDL
outP ; 2) receptor-mediated uptake of LDL particles by the RPE by Michaelis-Menten kinetics of LDLR (29, 43, 

44) with parameters LDLR
maxv ,  LDLR

mK ; and 3) ABCA1-mediated transport from the RPE to lipid-poor ApoA-I particles with flux 1ABCA
inK . See 

supplemental material S2–S4 for further details.
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content per disc along the transit chain, where compartment 
1 contains the newly formed discs and compartment 10 
contains the oldest discs being phagocytosed by the RPE. 
The right-hand axis of Fig. 5A displays the corresponding 
variation in the Ch-to-PL ratio in the discs, which decreases 
from 0.3 to 0.05, consistent with the data of Boesze-
Battaglia and colleagues (22, 23). Figure 5B shows the 
steady-state Ch turnover rate derived from the model ( )Ch

in
K , 

which decreases from 6 to 1 pg/mm2/min as the frac-
tional recycling of Ch from the recyclable pool to the RIS 

(frecycling) increases from 0 (no recycling) to 1 (complete re-
cycling) (Table 1).

Module 2: delivery of Ch from CC to RPE to the outer 
retina

Step 1: transcytosis from CC to BrM. As depicted in Fig. 3, 
the first step in delivering systemic LDL-Ch to the outer 
retina occurs via transcytotic vesicular transport across the 
CC endothelium into the BrM. In supplemental material 
S2, the effective transcytotic permeability of LDL across 

Fig. 4. Compartmental structure of module 3. The cartoon on left depicts Ch efflux from the RPE via small ApoA-I-Ch particles (the physi-
ological pathway) and large ApoB-Ch particles (the pathological pathway leading to drusen). The small ApoA-I-Ch particles are generated 
via the ABCA1 transporter, transit across the BrM, and enter the CC via endothelial cell fenestrations. The large ApoB-Ch particles are as-
sumed to be generated by a process that involves the microsomal transport protein (MTP) and accumulate in the BrM as drusen. Macro-
phages can phagocytose the drusen Ch and efflux it via ABCA1 to small ApoA-I-Ch particles similar to those generated from the RPE. The 
compartments and arrows on the right portray the ABCA1-mediated formation of small ApoA-I-Ch particles from the RPE (with flux 1 ABCA

outK ), 
the formation of large ApoB-Ch particles (with flux -ApoB Ch

outK ), which accumulate in drusen and the macrophage-mediated drusen clearance rate 
modeled using Michaelis-Menten-like kinetics (with parameters  Mac

maxv ,  Mac
mK , and the retinal macrophage concentration Mac

RetinaC ). The per-
meability coefficient of the small ApoA-I-Ch particles across the CC is given by 1- CC

ApoA ChP . See supplemental material S5–S9 for further details.

TABLE 1. Flux rates and other key parameters estimated for module 1 of the RCD model

Flux Rate or  
Parameter Definition Value (Uncertainty %)a Unit

Relevant Supplemental  
Material with Derivation  

and References

Ch

in
K Steady-state Ch turnover rate (expressed as a Ch flux)  

corresponds to influx rate of Ch from CC to retina + Ch  
synthesis rate and is also equal to rate of ROS  
phagocytosis + Ch uptake by RPE

0.97 (49%) (frecycling = 1) pg/mm2/min S1
5.84 (49%) (frecycling = 0) 

(See footnoteb)

discs
inK Rate of new disc formation entering ROS 85 (6%) discs/day S1

kt First-order rate constant of disc transfer within ROS  
transit chain

0.85 (6%) day1 S1

kout First-order rate constant of Ch transferred out of transit  
compartments 2–10.

0.19 (34%) day1 S1

k2 First-order rate constant of Ch recycling from recyclable  
pool to RIS

Not estimated day1 S1

k1 First-order rate constant of Ch uptake from recyclable  
pool to RPE

Not estimated day1 S1

frecycling Fractional recycling of Ch, equal to k2/(k1 + k2) Ranges from 0 to 1 Dimensionless S1

a Derivation of uncertainty estimates is given in the relevant supplemental material.
b These values are rounded to 1 and 6 in the text.
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the capillary endothelium from inside the lumen to out-
side ( )LDL

in
P  is estimated to be 1.2 × 1.2 × 107 cm/s 

(Table 2). We assume the effective permeability of LDL 
from outside the lumen to inside ( )LDL

out
P  is between 0.1 

and 1 times LDL

in
P .

Step 2: LDLR-mediated endocytosis by the RPE. Combining 
the transcytotic pathway with the LDLR-mediated endocy-
tosis pathway by the RPE (using the differential equation 
given in supplemental equation S3.2 of supplemental ma-
terial S3), we show in Fig. 6 the relationship between the 
steady-state Ch uptake by LDLR and the LDL-Ch concen-
tration in the CC for LDL LDL

out in
P P  equal to 0.1, 0.5, and 1. In 

all three cases the maximal flux rate approaches 13.1 pg 
Ch/mm2/min, which is comparable to the previously esti-
mated Ch turnover rates in the ROS (Table 2). Moreover, 
the LDL-Ch levels at which 90% of the maximum flux is 
achieved are approximately 24, 43, and 67 mg/dl, respec-
tively; in all cases lower than normal physiological serum 
levels (100 mg/dl LDL-Ch).

Step 3: ABCA1-mediated transport from RPE to outer ret-
ina. As detailed in supplemental material S4, the rate of 
ABCA1-mediated transport of Ch from RPE cells to the 
outer retina ( )1ABCA

in
K  was estimated to be 6.73 pg/mm2/

min, also comparable in magnitude to the previously esti-
mated Ch turnover rates in the ROS (Table 2).

Module 3: efflux of Ch from RPE to BrM to CC 
(including rates of drusen growth and clearance)

ABCA1-mediated efflux out of the RPE. From an analysis of 
the polarized ABCA1 expression reported on mouse RPE 
cells (45), we found the apical side of the RPE to have 6.37 
times higher ABCA1 expression than the basal side (sup-
plemental material S5). Using this factor to scale the prior 
estimate of 1ABCA

in
K , we estimate 1ABCA

out
K  to be 1.1 pg/

mm2/min, which is comparable to the lower limit of Ch 
turnover rate in the ROS (Table 3).

The ApoA-I-Ch particles that result from ABCA1-mediated 
Ch efflux from RPE cells or from macrophages in the BrM 
are small enough to pass through the diaphragmed fenestra 

of the CC endothelium and be cleared into the systemic 
circulation. As described in supplemental material S6, we 
have estimated the permeability coefficient of ApoA-I-Ch 
across the CC endothelium to be 1.2 × 104 cm/s (Table 3). 
Assuming the flux rate of ApoA-I-Ch (expressed in Ch 
mass) ranges from the previous estimate of 1 pg/mm2/
min to the 6-fold higher limit for Ch

in
K , the corresponding 

concentrations of ApoA-I-Ch in the BrM will range from 
0.0014 to 0.0084 mg Ch/dl or from 0.01 to 0.06 mg 
ApoA-I/dl.

ApoB-Ch particle secretion out of the RPE. As detailed in 
supplemental material S7, if ApoB secretion in the RPE was 
identical to the hepatocyte, the Ch efflux rate of 70 nm 
ApoB-Ch particles from RPE to the BrM, -ApoB Ch

outK , would 
be 967 pg/mm2/min, two orders of magnitude larger than 
the maximal Ch turnover rate in the ROS. Because the RPE 
expresses much lower mRNA levels of ApoB (7.5%) and 
MTP-A (4%) compared with liver (54), we have scaled this 
value by 0.003 (= 0.075 × 0.04) to obtain a more realistic 
estimate of -ApoB Ch

outK  of 3 pg/mm2/min (Table 3), which 
is also comparable to the range of estimated Ch turnover 
rates Ch

in
K .

Ch deposition in BrM (rate of drusen growth). Based on a 
number of assumptions, the amount of Ch deposited in the 
BrM (corresponding to the drusen height) will increase lin-
early with time, with a slope proportional to -ApoB Ch

outK  (see  
supplemental material S8). For values of -ApoB Ch

outK  associ-
ated with the previously estimated range of Ch

in
K  (1–6 

pg/mm2/min), the corresponding drusen growth rate, 
growth
drusendh dt , is estimated to be 0.7–4.2 m/year (Table 3). 

As illustrated in Fig. 7, if such growth rates persist for 
five decades, the resulting thickness of Ch deposited in 
the BrM, i.e., drusen height would range from 35 to 210 
m.

Macrophage-mediated clearance of drusen. As described 
in supplemental material S9, the three main determi-
nants of the macrophage-mediated drusen clearance rate 
( )Mac

Drusen
dh dt  are: macrophage density ( )Mac

retina
C , macrophage 

TABLE 2. Flux rates and other key parameters estimated for module 2 of the RCD model

Flux Rate or Parameter Definition Value (Uncertainty %)a Unit

Relevant Supplemental  
Material with Derivation  

and References

LDL
inP Effective permeability coefficient for the transcytosis  

of LDL particles from the lumen to the outside of  
the choroid capillaries.

1.2 × 107 (7%) cm/s S2

LDL
outP Effective permeability coefficient for the transcytosis  

of LDL particles from outside the choroid  
capillaries to inside the lumen.

Assumed to range from  
0.12 to 1.2 × 107

cm/s S2

LDLR
max RPEV A Maximum LDL uptake rate (expressed as a Ch flux)  

for an RPE cell that has been downregulated by  
90% after a 24 h incubation with LDL protein  
concentrations (ApoB) exceeding 20 g/ml

13.1 (50%) pg/mm2/min S3

LDLR
mK Michaelis parameter for LDLR-mediated uptake  

(expressed as an LDL-Ch concentration)
5.4 (9%) mg/dl S3

1ABCA

in
K ABCA1-mediated transport of Ch from the apical  

surface of RPE cells to the outer retina (expressed  
as a Ch flux rate)

6.73 (50%) pg/mm2/min S4

a Derivation of uncertainty estimates is given in the relevant supplemental material.
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ABCA1 activity ( ) Mac

max
v , and the lipid-free ApoA-I concentra-

tion in the BrM proximal to the macrophage(s) ( )-ApoA I

BrM
C .

Based on Penfold’s histological data in patients with 
varying stages of progressive AMD and other theoretical 
considerations (55), we estimate that the macrophage den-
sity in a 100 m-thick region of BrM containing a large 
drusen could conceivably range from 0 to 5,000 cells/mm2 
(see supplemental material S9 for data and calculations).

Figure 8A shows a simulation of the decrease in drusen 
height for macrophage densities ranging from 0 to 5,000 
cells/mm2. In order to compare the simulations with serial 
optical coherence tomography data reported by Ouyang 
et al. (9) the initial drusen thickness was taken to be 120 m.
The time to fully clear the 120 m drusen is seen to be 
more than 5 years with a density of 500 cells/mm2 and de-
creases to less than 1 year with a density of 5,000 cells/mm2. 
In the patient of Ouyang et al. (9) with extremely rapid 
clearance, the time for disappearance of the drusen was 10 
months and would correspond to an estimated macro-
phage density of 3,500 cells/mm2.

Figure 8B shows a simulation of the theoretical effect of 
varying Mac

max
v  on the drusen clearance rate. With increasing 

ABCA1 expression, the time to clear a large drusen decreases 
markedly. In contrast, increasing -ApoA I

BrM
C  is shown in Fig. 8C 

to reach a limiting value of about 3 years due to the satura-
tion of the ABCA1-transport mechanism, i.e., at levels that 
exceed the Michaelis parameter for ABCA1-mediated Ch 
efflux Mac

m
K  (Table 3). Conversely, if the level of -ApoA I

BrM
C  is 

much lower than the assumed baseline level (fold-change 
of 0.25), the rate of macrophage-mediated drusen clear-
ance will be much slower.

DISCUSSION

Key findings of the RCD model
As summarized in Tables 1–3, we have found that the esti-

mated rates of Ch turnover in the ROS ( )Ch

in
K , LDLR-mediated 

endocytosis by the RPE ( )LDLR

max
V , ABCA1-mediated transport 

from the RPE to the outer retina ( )1ABCA

in
K , ABCA1-mediated  

efflux out of the RPE ( )1ABCA

out
K , and ApoB-Ch particle secre-

tion out of the RPE ( )-ApoB Ch
outK , when expressed as Ch fluxes, 

are all of the same order of magnitude, ranging from 1 to 
13 pg/mm2/min. The consistency of these fluxes suggests 
that the processes of Ch delivery from the CC to the outer 
retina and the reverse processes of Ch efflux from the RPE 
to the BrM are well designed and/or regulated to match 
the rate at which Ch is needed in the formation of Ch-rich 
ROS discs. Furthermore our estimate of the range of dru-
sen growth rates, 0.7–4.2 m/year, is consistent with clini-
cal observations on the increasing prevalence of large (100 
m) drusen with increasing age (3). Lastly, our estimate of 
the drusen clearance rate (Fig. 8), while based on limited 
data on macrophage density in the BrM, nevertheless 
shows that the rapid clearance of drusen seen in some pa-
tients (9) may be explained by a mechanism of ABCA1-
mediated macrophage efflux.

Questions that motivated the development of the RCD 
model

What is the physiological rate of Ch turnover in the outer retina, 
and what mechanisms govern it? The RCD model estimates 
the Ch turnover rate in the human retina to range from 1 
to 6 pg/mm2/min. The 6-fold variation reflects the ex-
tent to which Ch that is effluxed from the ROS discs during 
their 11 day transit through the ROS recycles back to the 
RIS where new discs are formed. This process is quantified 
in the RCD model by the recycling fraction, which varies 
from 0 (no-recycling) to 1 (complete recycling). As the re-
cycling fraction increases, the Ch turnover rate decreases. 
Although several sources have discussed the potential role 
of Ch recycling in the retina (13, 57), the transport mecha-
nisms responsible for Ch removal and recycling are not 
known. Fliesler and Bretillion (13) have suggested that ApoB, 
ApoA-I, and CETP may be involved.

How is Ch provided to the outer retina (via delivery by lipopro-
teins versus local synthesis)? The RCD model suggests that 
Ch is delivered from the CC to the RPE cells by LDLR-me-
diated uptake in the basal membrane and could be trans-
ported to the RIS by an ABCA1-mediated process in the 

TABLE 3. Flux rates and other key parameters estimated for module 3 of the RCD model

Flux Rate or  
Parameter Definition Value (Uncertainty %)a Unit

Relevant Supplemental Material 
with Derivation and References

1ABCA
outK ABCA1-mediated Ch efflux from the basal surface of the  

RPE to the BrM (expressed as a Ch flux rate)
1.06 (50%) pg/mm2/min S5

1−
CC
ApoA ChP Permeability coefficient of ApoA-I-Ch particles across the CC 1.2 × 104 (41%) cm/s S6

−ApoB Ch
outK Ch efflux rate in ApoB containing particles across basal  

membrane of RPE cells (expressed as a Ch flux rate)
3.0 (50%) pg/mm2/min S7

growth
drusendh dt Drusen growth rate in BrM corresponding to Ch turnover  

rates of 1–6 pg/mm2/min (expressed as rate of change  
of drusen thickness)

0.7 to 4.2 (49%) m/year S8

Mac
mK Michaelis parameter for ABCA1-mediated Ch efflux rate  

per macrophage (expressed in ApoA-I concentration)
5 (35%) g/ml S9

Mac
maxv Maximum rate of ABCA1-mediated Ch efflux rate per  

macrophage corresponding to a saturating ApoA-I  
concentration (expressed per cell)

5.79 × 102 (27%) pg/cell/min S9

a Derivation of uncertainty estimates is given in the relevant supplemental material.
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apical membrane at a sufficient rate to satisfy the Ch turn-
over requirements in the ROS. Thus, Ch synthesis is not 
required. Our calculations (Fig. 6) suggest that LDLR-me-
diated uptake by RPE cells is saturated at very low LDL-Ch 
levels in the CC. This may explain why elevated plasma 
LDL-Ch levels have not been consistently found to increase 
the risk for AMD (58–60) and why treatment of dry AMD 
patients with statins appears to have relatively little effect 
on the disease (61, 62). The recent study on high-dose 
statins by Vavvas et al. (63), while showing improvement in 

some clinical features of AMD, suggests that the mecha-
nism is not due solely to lowering of LDL-Ch levels. 
Conversely the role of serum LDL-Ch as the main source of 
Ch in the outer retina may explain the pathogenesis of cer-
tain forms of retinitis pigmentosa that occur in severe 
LDL-deficiency states (64–67).

In contrast to our interpretation, we note that Lin et al. 
(68) have recently reported that local Ch synthesis in the 
mouse retina contributes about 70% of the retinal Ch turn-
over rate. This finding could be specific to the mouse and 
other species that lack CETP, whose role in retinal Ch me-
tabolism has been suggested by Tserentsoodol et al. (14) 
and Fliesler and Bretillon (13). As shown in supplemental 
material S10, the Ch turnover rate in the mouse reported 
by Lin et al. (68) (21 g/g wet tissue/day) corresponds to 
a value of 2.9 pg/mm2/min and the total Ch content of the 
retina (1.13 mg/g wet tissue) corresponds to a level of 226 
ng/mm2. Taking account of the different dimensions and 
density of the ROS in mice compared with humans and 
primates, we estimate the Ch turnover in the outer retina 
of the mouse to range from 3.7 to 22 pg/mm2/min de-
pending on the recyclable fraction and the Ch content to 
be 126 ng/mm2 (see supplemental material S10). Thus, 
our model-based estimates of Ch turnover and Ch content 
in the mouse are in reasonable agreement with Lin’s ex-
perimental findings, despite the fact that, in the mouse, Ch 
synthesis appears to be the main source of retinal Ch.

How does Ch leave the outer retina? The RCD model 
quantifies two pathways for Ch efflux from the RPE. The 
first pathway, which is presumably the normal physiologi-
cal mechanism, is ABCA1-mediated Ch efflux from the 
basal membrane to small lipid-poor ApoA-I in the BrM. 
The second pathway, which Curcio and colleagues suggest 
as a pathological mechanism (3, 12, 15–17), involves the 
secretion of large (70 nm) ApoB-containing particles 
loaded with cholesterol ester, which are presumed to be 

Fig. 5. Simulated steady-state behavior of module 1 
of the RCD model. A: Ch content of the ROS discs 
(and their Ch/PL molar ratio) decreases as they tran-
sit through the ROS (compartment number 1 corre-
sponds to newly formed discs entering from the RIS 
and compartment 10 represents the oldest discs that 
are phagocytosed by the RPE). B: Ch turnover rate, 
equivalent to the Ch input rate into the RIS ( )Ch

inK , is 
predicted to decrease linearly with the fractional recy-
cling of Ch (frecycling) from the recyclable pool back into 
the RIS. See supplemental material S1 for further 
details.

Fig. 6. Dependence of the LDLR-mediated Ch uptake rate by the 
RPE, expressed as a Ch flux (V), as a function of the LDL-Ch con-
centration in the choroidal capillary bed ( )CC

LDLC  for values of the 
transcytosis permeability ratio  LDL LDL

out inP P  equal to 0.1, 0.5 and 1. 
See supplemental material S3 for further details.
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entrapped in the BrM first as basal linear deposits and then 
as drusen. Our flux calculations suggest that the first path-
way may have limited capacity to efflux all of the Ch enter-
ing the RPE from the ROS and outer retina. Therefore for 
individuals with a high Ch turnover rate (low recycling frac-
tion) or a low expression of ABCA1 on the basal membrane, 
the capacity of the first pathway will be exceeded and the 
second pathway involving large ApoB-Ch particles will be 
needed to efflux Ch. The mechanisms that control the in-
terplay of these two pathways have not been elucidated in 
the RPE. A role for oxysterols has been recently proposed 
in retinal Ch metabolism (69) and could conceivably be 
involved in modulating these pathways.

What determines the slow rate of drusen growth in dry 
AMD?. The RCD model predicts that the drusen growth 
rate will vary from 0.7 to 4.2 m/year, depending on the 
flux rate of large ApoB-Ch particles (1–6 pg/mm2/min) 
which, as noted above, will depend on the recycling frac-
tion. In subjects with an ApoB-Ch particle flux of 6 pg/
mm2/min, a large (100 m thick) drusen may appear in 25 
years. Individuals with a lower ApoB-Ch particle flux, e.g., 
3 pg/mm2/min, will require 50 years or more.

What processes are responsible for the rapid rates of drusen  
regression observed in some patients?. The RCD model predicts 
that the rate of macrophage-mediated drusen clearance 
will depend on the macrophage density in the BrM, the 
macrophage ABCA1 activity, and the lipid-poor ApoA-I 
concentration in the vicinity of the macrophages. Our cal-
culations suggest that this mechanism can explain the very 

rapid clearance of a large drusen in the patient studied by 
Ouyang et al. (9), if the macrophage density is about 3,500 
cells/mm2. This value exceeds the maximum mean leuko-
cyte density reported by Penfold (55), but is well below 
theoretical limit of 15,000 cells/mm2 based on the packing 
of spheres. More longitudinal data on drusen clearance 
rates and macrophage densities are needed to clarify this 
issue.

Potential limitations of the model
Many of the RCD model calculations were derived indi-

rectly from data on hepatic lipoprotein metabolism and 
scaled by geometric considerations or with limited in vitro 
data on RPE cells. In the case of the Ch turnover rate, the 
calculations were based more directly on ROS turnover 
data from primates and extensive biochemical analysis of 
ROS disc composition in other species (see supplemental 
material S1 for references). Direct measurements of Ch 
turnover and flux rates corresponding to the mechanisms 
in our model would be valuable in confirming some of the 
key assumptions and results. This is particularly true for the 
hypothesized roles of ABCA1-mediated Ch efflux from  
the apical and basal membranes of the RPE. While ABCA1 
expression has been demonstrated in the macular region 
of the RPE in the monkey (19) and appears to be greater 
on the apical than basal membrane in the mouse (45),  
experimental measurements of ABCA1-mediated Ch efflux 
from the apical surface to the outer retina have not yet 
been reported (70).

A further limitation of the current model is the lack of 
knowledge about the mechanisms involved in the ROS re-
cycling compartment. While ApoB, ApoA-I, and CETP 
have been located to the ROS layer (13), their functions 
and potential roles with respect to Ch recycling remain 
unclear. Furthermore, the size of the recycling compart-
ment (which cannot be estimated from the presently avail-
able data) and its location in the outer retina have not 
been determined. The interplay between the two path-
ways of Ch efflux from the RPE to the BrM (via small 
ApoA-I-Ch particles and large ApoB-Ch particles) is also 
missing from the current model and should be further 
developed along the lines of models of Ch metabolism in 
the liver (71, 72).

Finally, the RCD model focuses on the outer retina and 
does not consider the interchange between the outer and 
inner layers, nor does it consider the role of cone cells in 
the Ch dynamics of the foveal region of the macula. Future 
development of the RCD model may incorporate these 
components and address the inter-subject variation in pa-
rameters and the effects of aging as additional experimen-
tal data become available.

Human genetic findings in relation to the RCD model
In the largest AMD genome-wide association study to 

date (73), associations have been reported for LIPC, CETP, 
ABCA1, and APOE, thereby providing evidence that lipid 
genes are important in retinal function and that germline 
mutations in lipid loci affect the development of AMD later 
in life. Another recent study (74) found that the presence 

Fig. 7. The linear rate of increase of drusen height (including 
basal linear deposits) over 50 years assuming that all of the Ch ef-
flux from the RPE occurs via large ApoB-containing particles that 
are deposited into the BrM. The blue and purple dashed lines cor-
respond to the maximum and minimum efflux rates, i.e., the Ch 
turnover rates, Ch

inK  = 6 and 1 pg/mm2/min, respectively. The 
brown hatched region corresponds to intermediate Ch turnover 
rates, which depend on the recycling fraction in the ROS. See sup-
plemental material S8 for further details.
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of a rare CETP missense mutation (rs2303790), almost ex-
clusively present in East Asians, increased the risk of AMD 
by 70%, suggesting a critical role of CETP in retinal lipid 
metabolism. While the RCD model does not specify the 
function of CETP in the retina, immunohistochemistry 
studies from the monkey retina (14) have shown the clear 
presence of CETP protein in the photoreceptor layer. 
Based on this finding and the role of CETP in transferring 
cholesterol esters between lipoprotein particles (in the cir-
culation), it is conceivable that CETP plays a necessary role 
in Ch recycling in the outer retina. Thus, impaired CETP 
function in the context of the RCD model would reduce 
Ch recycling and increase Ch turnover and Ch efflux via 
the ApoB pathway, thereby increasing the risk for develop-
ing AMD.

Clinical case reports also highlight the ophthalmic ef-
fects of systemic Ch disorders and may be considered in 
relation to the RCD model. Cases of ApoB deficiency  
in hypobetalipoproteinemia and abetalipoproteinemia 
(64–67) result in retinitis pigmentosa. In the context of 
module 2 of the RCD model, ApoB deficiency would mark-
edly reduce Ch uptake by the RPE, resulting in impaired 
ROS disc formation and function. Defective ABCA1-medi-
ated transport in Tangier’s disease (75, 76) and ApoA-I 
deficiency (77) are likewise associated with retinal pathol-
ogies that could result from impaired Ch transport within 
or out of the outer retina as represented in modules 2 and 
3 of the RCD model.

Insights into the pathophysiology of dry AMD
The key pathophysiological insights that we derive from 

the RCD model concern the linkages between the Ch 
turnover rate, the recycling fraction, the extent of Ch efflux 

via the ApoB-Ch particle pathway and the dynamics of 
drusen growth. Our model suggests that retinal Ch turn-
over and recycling in the ROS are central to understand-
ing the normal physiology of RCD and the slow rate of 
Ch deposition in dry AMD. This analysis provides quanti-
tative support for the earlier conjecture of Young (11) 
that drusen are derived from RPE elimination products 
resulting from the phagocytosis of ROS discs and pro-
vides strong support for Curcio’s (3, 12, 15–17) identifi-
cation of the role of large ApoB-Ch particles in this 
process.

We further note that our analysis of drusen clearance 
suggests that very high densities of macrophages are 
needed to account for the rapid clearance of drusen seen 
in some patients. One could speculate that the secretion of 
various cytokines by macrophages, including VEGF, com-
plement factors, and other inflammatory mediators, could 
produce damage to the overlying RPE structure leading to 
geographic atrophy and/or play a role in the neovascular-
ization process. Efforts to quantify the macrophage den-
sity and characterize the macrophage types in human 
drusen would help us link the RCD model to a comprehen-
sive mechanistic description of wet AMD and geographic 
atrophy.

In conclusion, we have developed a quantitative model 
of retinal Ch dynamics based on a variety of experimental 
data and theoretical concepts in the literature. We have 
used this model to generate new hypotheses about the 
mechanisms of Ch turnover in the outer retina, the slow 
rate of drusen formation, and the role of macrophages in 
drusen clearance. Further experimental studies are needed 
to test these hypotheses and enable refinement of the RCD 
model.

Fig. 8. Dependence of drusen clearance rate (rate of decrease in drusen thickness) on macrophage density in the BrM from 0 to 5,000 
cells/mm2 (A); maximum capacity of ABCA1-mediated efflux per macrophage ( )Mac

maxv  with fold-changes varying from 0 to 10 (B); lipid-poor 
ApoA-I concentration in vicinity of drusen ( )-ApoA I

BrM
C  with fold changes varying from 0 to 10 (C). The baseline values in the simulations (cor-

responding to green lines) are: Mac
retinaC  = 1,000 cells/mm2; Mac

maxv  = 0.0579 pg/cell/min; and ApoA I

BrM
C

−  = 25 g/ml. See supplemental material 
S9 for further details.
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