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ABSTRACT
Purpose The purpose of this study is to develop a computational
model of the physical barrier function of the outer blood-retinal
barrier (BRB), which is vital for normal retinal function. To our best
knowledge no comprehensive models of BRB has been
reported.
Methods The model construction is based on the three-layered
structure of the BRB: retinal pigment epithelium (RPE), Bruch’s
membrane and choriocapillaris endothelium. Their permeabilities
were calculated based on the physical theories and experimental
material and permeability studies in the literature, which were
used to describe diffusional hindrance in specific environments.
Results Our compartmental BRB model predicts permeabilities
with magnitudes similar to the experimental values in the litera-
ture. However, due to the small number and varying experimen-
tal conditions there is a large variability in the available experimen-
tal data, rendering validation of the model difficult. The model
suggests that the paracellular pathway of the RPE largely defines
the total BRB permeability.
Conclusions Our model is the first BRB model of its level and
combines the present knowledge of the BRB barrier function.
Furthermore, the model forms a platform for the future model
development to be used for the design of new drugs and drug
administration systems.
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ABBREVIATIONS AND NOTATION
Å Angstrom (1 Å=1×10−10 m)
AMD Age-related macular degeneration
BRB Outer blood-retinal barrier
BrM Bruch’s membrane
CE Choriocapillaris endothelium
Da Dalton (1 Da=1.66×10−27 kg)
D0 free diffusion coefficient (m2 s−1)
Deff,m Effective diffusion coefficient within the matrix m

(m2 s−1)
Dlat Lateral diffusion coefficient within the membrane

(m2 s−1)
DICL Effective diffusion coefficient within ICL (m2 s−1)
dICL ICL thickness (m)
DOCL Effective diffusion coefficient within OCL (m2 s−1)
dOCL OCL thickness (m)
Dm Diffusion coefficient within the matrix m (m2 s−1)
dlat,i Diffusion distance of ith part of the lateral diffusion pathway (m s−1)
dRPE RPE cell flat-to-flat diameter (m)
dTJp TJ pore separation (m)
f Adjusted fiber volume fraction
Fm Hydrodynamic interactions in matrix m
hfen Fenestration height (m)
hLS Lateral space height (m)
Hp(λp) Pore hindrance factor
hpore Pore height (m)
hRPE RPE cell height (m)
Hs(λs) Slit hindrance factor
hslit Slit height (m)
hTJ TJ region height (m)
hTJs TJ strand height (m)
hTJss TJ strand separation (m)
ICL Inner collagenous layer
Kmem Membrane distribution coefficient
kB Boltzmann’s constant (1.38×

10−23 J K−1)
KD Octanol-water distribution coefficient
lcb Cell boundary length per unit area (m m−2)
Ms Solute’s molecular mass (Da)
m Membrane size selectivity (Da−1)
nTJs TJ strand number
OCL Outer collagenous layer
PBRB BRB permeability coefficient (m s−1)
PBrM BrM permeability coefficient (m s−1)
Pcyt Cytoplasm permeability coefficient (m s−1)
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PCE CE permeability coefficient (m s−1)
PICL ICL permeability coefficient (m s−1)
Plat Lateral diffusion transcellular permeability

coefficient (m s−1)
POCL OCL permeability coefficient (m s−1)
Plat,i Permeability coefficient of ith part of the lateral

diffusion pathway (m s−1)
PLS Lateral space permeability coefficient (m s−1)
Pmem Membrane permeability coefficient (m s−1)
P0mem Membrane permeability coefficient of a theoretical

infinitely small molecule (m s−1)
Ppara Paracellular permeability coefficient (m s−1)
Ppore Pore permeability coefficient (m s−1)
PRPE RPE permeability coefficient (m s−1)
Pslit Slit permeability coefficient (m s−1)
PTJ TJ permeability coefficient (m s−1)
PTJl TJ leak pathway permeability coefficient (m s−1)
PTJp TJ pore pathway permeability coefficient (m s−1)
PTJs TJ strand permeability coefficient (m s−1)
PTJss Permeability coefficient of the space between

TJ strands (m s−1)
Ptr Transverse transcellular permeability

coefficient (m s−1)
Ptrans Transcellular permeability coefficient (m s−1)
RPE Retinal pigment epithelium
rCF Collagen fibril radius (m)
rdia Diaphragm pore radius (m)
rf Fiber radius (m)
rPG Proteoglycan radius (m)
rpore Pore radius (m)
r*RPE Average RPE cell radius (m)
rs Solute molecule’s radius (m)
rTJp TJ pore radius (m)
Sm Steric interactions in matrix m
T Absolute temperature (K)
TJ Tight junctions
τRPE RPE lateral space tortuosity
WLS Lateral space half-width (m)
Wslit Slit half-width (m)
αleak TJ leak parameter
εlat,i Hindrance factor of ith part of the lateral diffusion

pathway (m s−1)
εLS Relative surface area of the lateral space
εpore Relative surface area of the pores
εslit Relative surface area of the slit
εTJp Relative surface area of the TJ pores
fCF,ICL Collagen volume fraction in ICL
fCF,OCL Collagen volume fraction in OCL
Φm Partition coefficient between the matrix m

and solvent
ff Fiber volume fraction
fPG,ICL Proteoglycan volume fraction in ICL
fPG,OCL Proteoglycan volume fraction in OCL
εdia Relative surface area of the diaphragm pores
η Dynamic viscosity (Pa s)

INTRODUCTION

An important part of the blood-ocular barrier is the outer
blood-retinal barrier (BRB), which is a three-layered
structure in the eye, between the retina and choroid. It
has many important roles in normal retinal function. It

forms the barrier between the systemic blood circulation
and the delicate retinal environment. In addition, the
BRB is the primary location for many retinal diseases,
most notably age-related macular degeneration (AMD),
which causes visual impairment or even loss of vision
(1,2). In this article, we describe a computational,
structure-based model of passive diffusion across the
BRB for the prediction of molecular permeability.

The BRB forms a challenge for drug administration
against the retinal diseases because it retards the passive drug
permeation from the systemic circulation. Moreover, also the
anterior administration pathways that avoid the BRB, such as
eye drops or intraocular injections, have their disadvantages
(3). Nowadays, an emerging administration pathway is
through the sclera, which is more permeable than the cornea
and closer to the retina. Transscleral drug delivery is more
targeted than systemic administration or eye drops, and less
risky than intraocular injections. However, with this type of
administration as well the BRB forms a barrier against the
drug permeation (3). In order to improve transscleral drug
delivery systems, detailed model of the BRB barrier properties
is well warranted.

The BRB consists of three components: retinal pig-
ment epithelium (RPE), Bruch’s membrane (BrM) and
choriocapillaris endothelium (CE). RPE is formed by a
monolayer of pigment RPE cells, and it is the tightest
component, largely because of the tight junctions (TJ)
between the cells (2). RPE lies on the BrM, which is a
thin extracellular matrix layer and forms a passive bar-
rier against the diffusion (4). CE is a fenestrated endo-
thelium and it is the most permeable component in the
BRB (2). Permeability of a molecule through these
layers is determined by its physicochemical properties,
such as size and lipophilicity (5), which further define
interactions between the molecule and the BRB
components.

Computational models based on the properties of the
diffusing molecule and the tissue material properties and
structure as well as physical laws may provide an easy and
inexpensive method to better understand the components and
behavior of BRB barrier properties. In addition, a validated
model of BRB could be used to design and validate in vitro

BRB models for drug development and delivery systems. At
the moment, there are no such models available. There are
only few computational diffusion models that include the
BRB, most of which are pharmacokinetic models (6–8) with
phenomenological characteristics. Many of the existing
models describe the BRBwith a single permeability coefficient
(6,7,9) and one model uses three coefficients for different
molecule types (8). The model by Haghjou et al. (10) took
a step further by relating the physicochemical properties
of the molecule to the permeability across the retina,
choroid and sclera. In all of these models, the BRB plays
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only a small role, because all the layers of the eye (6–8) or
even the whole eye (9,10) are included in the models.
However, for some other tissues there are more detailed
and structure-based models of other anatomical barriers,
such as cornea (11,12) and skin (13), which are based on
the properties of both the molecule and the tissue material
and structure of the barrier. This kind of models can
connect the permeability of a molecule to its interactions
with the barrier and provide information about the actual
diffusion pathway and rate-limiting components.

In the present study, we introduce a structure-based, com-
partmental computational model based on the physical laws
of passive diffusion across human BRB. To our knowledge,
such model has not been published earlier. Our model,
reflecting the corneal model of Edwards & Prausnitz (12),
aims to relate the properties of the molecule, such as the
lipophilicity and radius, to the permeability of the material
and to the tissue diffusion pathways. Also, we introduce a TJ
model structure for epithelial model. We gather the present
knowledge regarding the structural components of the BRB
by providing the structural parameters of the model. These
were extracted either directly from the literature or were
approximated based on available data. Furthermore, we pro-
vide parameter sensitivity analysis indicating the importance
of given parameters in BRB modeling. In addition, we sum-
marize and discuss the characteristics of the presently avail-
able experimental data of BRB permeability. Altogether, the
model combines our present knowledge of the BRB passive
diffusion-based barrier properties.

METHODS

The main function of the model is to produce perme-
ability coefficients for each component and pathway of
the diffusion across the BRB based on the given molec-
ular property inputs. The RPE and BrM models are
largely based on the computational framework
established for corneal diffusion model by Edwards &
Prausnitz (11,12). The two barriers are similar in many
ways: they both consist of an epithelium, an extracellu-
lar matrix layer and an endothelium. There are some
major differences, such as the thickness of the extracel-
lular matrix layer and the number of the cell layers
(2,12). The main differences between their and our
models result from these tissue characteristics as well
as from some refined equations used in the present
model. Equations used or based on the equations used
by them are 2, 4, 11–13, 17, 20, 21 and 24. All the
calculations were performed with MATLAB (version
R2012a, The MathWorks, Inc., Natick, Massachusetts,
United States).

The Diffusion Pathways and the Geometry
of the Model

The three components of the BRB and the way they are
divided into the main pathways and permeability subcompo-
nents are shown in Fig. 1. RPE is divided into two main
pathways: the paracellular pathway between the cells and
transcellular pathway through the cells. The latter is further
divided into two: transverse diffusion across the cell mem-
branes and cytoplasm and lateral diffusion along the cell
membrane. The geometrical basis of the compartmental
RPE model is presented in Fig. 2. The hexagonal RPE cells
are presented with perfect hexagonal cylinders, ignoring the
more detailed surface characteristics (Fig. 2a). Small space is
left between the neighboring cells to represent the lateral
space, which is closed near the apical membrane by TJs
(Fig. 2c). The web-like structure of the TJs (14) is modeled
with parallel strands that encircle the cells (Fig 2b). Two
pathways are modeled for the TJs: small molecules can pass
through small pores formed between so-called 10-nm particles
in the strands and larger molecules through the breaks in the

Fig. 1 The pathways and their subcomponents across the BRB (RPE
retinal pigment epithelium, BrM Bruch’s membrane, CE Choriocapillaris
endothelium, Plat,TJ permeability of the lateral pathway TJ component,
Plat,f permeability of the lateral pathway free component, Pmemmembrane
permeability, Pcyt cytosol permeability, PTJ TJ permeability, PLS lateral space
permeability, PICL inner collagenous layer permeability, POCL outer collag-
enous layer permeability, PCE choriocapillaris endothelium permeability).
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strands, caused by their dynamic nature (14). A similar dual
pathway model was introduced by Guo et al. (15) as they
determined the structure of the TJs in renal tubules.

BrM is modeled with two collagenous layers—the inner
(ICL) and outer collagenous layers (OCL)—which form the
bulk of it. Both layers are represented with randomly oriented
collagen fibrils and ground substance consisting of proteogly-
cans, which quite well corresponds to the real BrM structure
(4). The main differences between the layers are that ICL is
more tightly interwoven and has twice the thickness of the
OCL (16).

Because the fenestrations are permeable to even macro-
molecules, other diffusion pathways are ignored in the CE
model. The fenestrations have diaphragms spanning over
them, consisting of eight radial fibrils that leave triangular
pores between them (Fig. 2d) (17).

Diffusion Across the Retinal Pigment Epithelium

In the present work, RPE is modeled by connecting the
paracellular and transcellular diffusion pathways in parallel,
as described by equation

PRPE ¼ Ppara þ Ptrans; ð1Þ

where PRPE, Ppara and Ptrans are the permeability coefficients
(unit m s–1) of the RPE, paracellular pathway and transcellular
pathway, respectively. The main assumption in the model is

that a solute cannot change pathway when permeating across
the RPE.

Paracellular Pathway

The paracellular pathway is modeled with the lateral space
and TJs connected in series. A so-called slit model (18) is used
to model the lateral space. The permeability coefficient for a
solute molecule with a radius of rs (m) in a slit with a width of
2Wslit (m) is given as

Pslit ¼ εslitD0Hs rs=Wslitð Þ
hslit

; ð2Þ

where εslit is the relative surface area of the slit, D0 is the
solute’s free diffusion coefficient (m2 s–1), Hs is the slit hin-
drance factor as a function of rs/Wslit and hslit is the slit height
(m). The slit hindrance factor Hs includes the effects of solute
partitioning into the slit as well as the hydrodynamic and steric
interactions with its walls. Hydrodynamic interactions are
interactions between the solute and the wall mediated by the
solvent (19). A function for Hs was determined by Dechadilok
& Deen (20) as

Hs λsð Þ ¼ 1þ 9
16

λslnλs−1:19358λs þ 0:4285λ3s−0:3192λ
4
s

þ 0:08428λ5s ;

ð3Þ

where λs= rs/Wslit. The lateral space height is calculated as hLS
= τRPE (hRPE – hTJ) (m), where τRPE is the lateral space

Fig. 2 The geometrical idea of themodel. (a) The three layers of BRB: retinal pigment epithelium RPE, Bruch’s membrane and choriocapillaris endothelium (dRPE
RPE flat-to-flat diameter, hRPE RPE cell height, dICL ICL thickness, dOCLOCL thickness, hfen fenestration height). (b) The geometrical illustration of the TJ model,
showing the strands and pores (rTJp TJ pore radius,WLS lateral space half-width, dTJp TJ pore separation, hTJs TJ strand height). (c) The lateral space between the
RPE cells, closed off by the TJs on the apical end (hTJ TJ region height). (d) A CE fenestration showing the radial fibrils and the circular pore used to model the
openings (rfen fenestration pore radius).
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tortuosity, hRPE and hTJ are the RPE cell height (m) and TJ
region height (m), respectively. For lateral space, the relative
surface area can be calculated as

εLS ¼ 2WLSlcb ¼ 2WLS

2ffiffiffi
3

p
d2RPE

 !
12ffiffiffi
3

p dRPE

2

� �
1
2

" #
; ð4Þ

where WLS is the lateral space half-width (m), lcb is the cell
boundary length per unit area (m m–2) and dRPE is the hexag-
onal RPE cell flat-to-flat diameter (m). The part in square
brackets is the cell density times the circumference of one cell
divided by two to encounter the fact that cell boundaries are
calculated twice.

The TJ pore pathway is modeled by connecting nTJs num-
ber of parallel strands and (nTJs – 1) number of spaces between
the strands in series. Each TJ strand is modeled as a barrier
having equally spaced pores through it, and the strand per-
meability is calculated using a so-called pore model (18). The
permeability of a solute through pores with a radius of rpore (m)
is given by

Ppore ¼
εporeD0Hp rs=rpore

� �
hpore

; ð5Þ

where εpore is the relative surface area of the pores, Hp is the
pore hindrance factor as a function of rs/rpore and hpore is the
pore height (m). Hp is analogous to the slit hindrance factor,
and its function was determined by Dechadilok &Deen (20) as

Hp λp
� � ¼ 1þ 9

8
λplnλp−1:56034λp þ 0:528155λ2p þ 1:91521λ3p−2:81903λ

4
p

þ0:270788λ5p þ 1:10115λ6p−0:435933λ
7
p

;

ð6Þ
where λp = rs/rpore. The relative surface area of the TJ pores
can be calculated as

εTJp ¼ π r2TJp
lcb

dTJp
; ð7Þ

where rTJp is the TJ pore radius (m), lcb is calculated as shown
in Eq. 4 and dTJp is the TJ pore separation (m). The spaces
between strands are modeled with the slit model (Eq. 2), using
the same values for εslit and Wslit as with the lateral space but
with height hTJss = (hTJ – nTJs hTJs)/(nTJs – 1), where hTJs (m) is
the TJ strand height. The total TJ pore pathway permeability
is calculated as

PTJp ¼ nTJs

PTJs
þ nTJs−1

PTJss

� �−1

; ð8Þ

where PTJs is the TJ strand permeability and PTJss is the
permeability of the space between the strands.

The TJ leak pathway model does not take into account the
TJ strand structure, but this pathway is modeled using the slit
model (Eq. 2) and multiplying it with parameter αleak, which
describes the amount of strand breaks and the effect of the TJ
network structure on the leak pathway permeability. The slit
height used in the model is hTJ.

The total TJ permeability can be calculated from
equation

PTJ ¼ PTJp þ PTJl; ð9Þ
where PTJl is the TJ leak pathway permeability, and the total
paracellular permeability is given by equation

Ppara ¼ 1
PLS

þ 1
PTJ

� �−1

; ð10Þ

where PLS is the lateral space permeability.

Transcellular Pathway

In the transcellular pathway, the transverse and lateral diffu-
sion pathways are connected in parallel, similarly to
Edwards & Prausnitz (12). The transverse pathway consists
of the solute 1) permeating the basolateral cell membrane, 2)
diffusing across the cell cytoplasm and 3) permeating the apical
cell membrane. The lateral diffusion pathway consists of the
solute 1) partitioning into the basolateral cell membrane, 2)
diffusing within the cell membrane around the cytoplasm and
3) partitioning out from the membrane in the apical side.

The cell membrane permeation model by Edwards &
Prausnitz utilized data by Lieb & Stein (21). The present
model uses the same data, but the equation parameters (m, A
and B) are parameterized based on the molecular mass rather
than van der Waals volume used by Lieb & Stein. The cell
membrane permeability is given as

Pmem ¼ P0
mem10

−mMs ; ð11Þ

where P0mem is the membrane permeability of a theoretical,
infinitely small molecule, m is the membrane size selectivity
(0.03034 Da−1) and Ms is the solute’s molecular mass (Da).
P0mem as a function of lipophilicity is given by equation

logP0
mem ¼ AlogK D þ B; ð12Þ

where A and B are fitted parameters with values 1.355 and
−3.655, respectively, and KD is the solute molecule’s octanol/
water distribution coefficient at pH 7.4. When diffusing
through the cytoplasm, the intracellular structures such as
mitochondria and endoplasmic reticulum hinder the diffusion
rate. The diffusion rate within the cytoplasm is approximately
25% that of in free solution (22). Thus, the cytoplasm perme-
ability coefficient is
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Pcyt ¼ 0:25D0

hRPE
: ð13Þ

The lateral diffusion pathway is modeled similarly to Edwards
& Prausnitz (12). However, in the present model the pathway is
divided into two components, one consisting of the free diffusion
in the membrane and the other of the diffusion across the TJs.
These two parts are connected in series, as solute partitions into
the membrane at the basolateral membrane and diffuses freely
until the restrictingTJs which hinder the diffusionmore, similarly
to the paracellular pathway. The permeability of both the free
and TJ parts is calculated with equation

Plat;i ¼ εlat;i K mem Dlat

dlat;i
; ð14Þ

where εlat,i is a hindrance factor describing the reduction in
diffusion rate due to the membrane proteins, Kmem is the
membrane distribution coefficient, Dlat is the lateral diffusion
coefficient within the membrane, dlat,i is the diffusion distance
and the subscript i is either f or TJ. By assuming that the TJs
form a similar barrier against membrane diffusion as with
paracellular pathway, it is reasonable to assume that param-
eter εlat,TJ equals αleak. The relation between Kmem and KD was
determined by Mitragotri (23) to be

K mem ¼ K 0:7
D : ð15Þ

Mitragotri (23) also modeled the diffusion within lipid
bilayer and derived equation

Dlat ¼ 2� 10−9exp −0:46
rs

1:62

� �2
" #

; ð16Þ

where rs has the unit of Å. The division of rs by 1.62 is added to
the equation in the present model to account for the different
methods the molecular radius is calculated. This is based on
the validation and good fit of the Mitragotri’s model with
measured values (23). Edwards & Prausnitz (12) calculated
the total diffusion distance for a cylindrical cell and it can be
adapted for RPE as

dmem;total ¼ τRPEhRPE þ 1
3
r*RPE ; ð17Þ

where r*RPE is the average radius of the hexagonal RPE cell,
which is given as 1.05 rRPE, with rRPE being the center-to-flat
cell radius. The lateral TJ diffusion distance is equal to hTJ and
the lateral free diffusion distance is calculated as dmem,f =
dmem,total – hTJ.

The total transcellular permeability is given as

Ptrans ¼ Ptr þ Plat ¼ 2
Pmem

þ 1
Pcyt

� �−1

þ 1
Plat;TJ

þ 1
Plat;free

� �−1

;

ð18Þ

and the total RPE permeability is calculated as shown in
Eq. 1.

Diffusion Across the Bruch’s Membrane

Amodel known as fiber matrix model (12) is used for the BrM
model, because it describes interactions between the diffusing
solute and stationary fibers. The model is constructed in two
scales, including larger collagen fibrils and smaller proteogly-
can molecules. Both scales and both layers are modeled as
randomly oriented fiber matrices.

Effective diffusion coefficient in a fiber matrix is given by
equation

Deff ;m ¼ ΦmDm; ð19Þ

where Φm is the matrix partition coefficient and Dm is the
diffusion coefficient within the matrix (24). The subscript m
denotes collagen or proteoglycan matrix in either the ICL or
OCL. A common form for Φm in randomly oriented fiber
matrices was derived by Ogston (25) as

Φm ¼ exp − fð Þ; ð20Þ
where

f ¼ ϕ f 1þ rs

r f

� �2

; ð21Þ

and ϕf is the fiber volume fraction and rf is the fiber radius (m).
The diffusion coefficient within the matrix includes the

hydrodynamic and steric interactions between the fibers and
the solute. These two interactions can be separated into sep-
arate factors as shown in equation

Dm ¼ Fm SmD0; ð22Þ

where Fm denotes the hydrodynamic and Sm the steric interac-
tions (26). There are several approaches to calculate each of these
factors. For hydrodynamic interactions, a form introduced by
Clague & Phillips (27) is used in the present model and is given as

Fm ¼ exp −aϕb
f

� �
; ð23Þ

where a and b are fitted parameters that depend on rs and rf. A
fit proposed by Amsden (28) is used with parameter values a =
π and b=0.174 ln(59.6 rf/rs). Steric interactions are modeled
with a commonly used equation derived by Johansson &
Löfroth (19):

Sm ¼ exp −0:84 f 1:09
� �

: ð24Þ

To define the effective diffusion coefficients within the ICL
or OCL, first the effective proteoglycan matrix diffusion coef-
ficients are calculated. This is followed by the calculation of
the effective collagen matrix diffusion coefficients, while using
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the effective proteoglycan matrix diffusion coefficients instead
of D0 as the base diffusion coefficient in Eq. 22. The BrM
permeability coefficient is calculated with equation

PBrM ¼ 1
PICL

þ 1
POCL

� �−1

¼ dICL

DICL

þ dOCL

DOCL

� �−1

; ð25Þ

where dICL and dOCL are the ICL and OCL thicknesses (m),
respectively. The diffusion coefficient within each layer equals
to the corresponding effective collagen matrix diffusion
coefficient.

Diffusion Across the Choriocapillaris Endothelium

The diaphragms of the CE fenestrations span over the fenes-
tration leaving triangular openings between the fibers. These
openings are modeled with circular openings which fit inside
these sectors, as presented in Fig. 2d. Because of the circular
openings, the fenestrations can be modeled using the pore
model already used for the TJ pores (Eq. 5). The relative
surface area of the pores is the product of the relative surface
area of the attenuated region, the fenestrations in an attenu-
ated region and the diaphragm pores in a fenestration.

Properties of the Solute Molecules

The molecular properties needed to predict the permeability
are free diffusion coefficient, molecular size and lipophilicity.
Free diffusion coefficient can be calculated from empirical
relationship between the molecular mass and diffusion coeffi-
cient derived by Avdeef (29) at 37°C as

D0 ¼ 9:9� 10−9M−0:453
s : ð26Þ

This equation was fitted using 147 molecules with molecular
mass ranging between 30–1,200 Da and with R2=0.94 (29).

A commonly used expression relating diffusion coefficient
to molecular radius is Stokes-Einstein equation, which does
not work for molecules with a radius of under five times that of
the solvents. Due to this, a form of this equation derived by
Sutherland (30) is used instead, and it is given as

rs ¼ kBT

4πηD0
; ð27Þ

where kB is Boltzmann constant (1.38×10−23 J K−1), T is the
absolute temperature (K), η is the solvents dynamic viscosity
(Pa s). This equation assumes that the solvent molecules can
slip past the surface of the solute molecules, contrary to Stokes-
Einstein equation. Also, Sutherland equation corresponds
well to the average of maximum and minimum molecular
projection radii calculated with Marvin Calculator Plugins
(MarvinSketch 5.10.1, 2012, ChemAxon, http://www.
chemaxon.com) (data not shown). A normal body

temperature of 310 K and dynamic viscosity of 0.00069 Pa s
are used. The model is mainly limited to molecules with
molecular mass of under 1,000 Da. The lipophilicity is
represented with distribution coefficients at pH 7.4 and the
values are calculated with Marvin Calculator Plugins.

Parameter Values

Parameters for RPE

All the parameter values are shown in Table I. The parame-
ters needed for the RPE are the RPE cell and lateral space
dimensions, the parameters defining TJs as well as the mem-
brane diffusion hindrance factors. The values of TJ strand
height and pore separation are defined by the 10-nm particle
structure (14). The TJ region height was measured from
images of porcine RPE (32).

The TJ pore radius of 0.44 nm measured by Watson et al.

(36) was determined by calculating the Stokes-Einstein radius
of the PEG oligomer that barely made it through the TJ pores.
By combining the data measured by Watson et al. and the
hindrance factor used in our model, the TJ pore radius is
calculated to be 0.48 nm. This radius is transformed first into a
molecular mass with the method used by Watson, and then a
radius comparable to the solutes in this model is calculated
with Eqs. 26 and 27. The value of the TJ leak parameter is
approximated based on the results by Watson et al. (36) from
Caco-2 cells and the magnitude scale of the measured
choroid-RPE permeabilities discussed later. Also, the approx-
imated value of αleak is close to the calculated value for renal
tubules (15). The free membrane diffusion hindrance factor is
assumed to be the same as for the lipid molecules.

Parameter for BrM

The parameters needed for the modeling of the BrM are the
ICL and OCL thicknesses, as well as the radii and fiber
volume fractions of the proteoglycan and collagen fibrils in
both the ICL and OCL. The ICL and OCL thicknesses are
calculated from the total BrM thickness of 3 μm (2) and the
relative thicknesses of the two layers. The proteoglycans are
approximated only by the glycosaminoglycan side chains,
neglecting the core proteins. Thus the proteoglycan radius is
equal to the glycosaminoglycan radius.

There are no data about the fiber volume fractions in the
literature, so they were approximated. The collagen volume
fraction in the corneal stroma determined from figures in Ref.
(37) is approximately 0.27. Based on the differences in images
from the corneal stroma (37) and BrM (16), the values for the
BrM are estimated to be higher than those of corneal stroma.
ParametersϕPG,ICL and ϕPG,OCL are the volume fractions when
collagen fibrils are ignored, as they only describe the proteo-
glycan ground substance (11).

Permeability Across the Blood-Retinal Barrier 2303



Parameters for CE

The fenestration height, diaphragmpore size and relative surface
are of the diaphragm pores are the parameters required for the
CE. The diaphragm pore radius is calculated by using the sector
angle of 45° and sector radius of 12 nm (38). Federman (39)
measured the relative attenuated region area to be 0.60. The
surface area of the fenestrations inside the regions is calculated
from figures in Ref. (38), resulting in value of 0.25. The relative
area of the eight diaphragm pores in a fenestration is calculated
by assuming the fenestration radius of 40 nm (38), giving a value
of 0.05.

Calculations and Experimental Permeability Data
Review

The functionality of the BRB model is evaluated by calculat-
ing how the permeability of BRB and its components behave
as a function of the solute radius and lipophilicity. Value
ranges of rs=5–9 Å (corresponding to Ms=163–598 Da) and
log KD=−3…3 are used, as most of the drug molecules for
which there are data fit within these limits.

A sensitivity analysis is conducted to study the importance of
certainmodel parameters by increasing and decreasing the value
of these parameters one at a time by 25% and calculating the
absolute change in the permeability of the respective BRB com-
ponent. The parameters chosen for the RPE are nTJs, rTJp, dTJp,
αleak and εmem,f. The first four parameters largely define the TJ
model and parameters αleak and εmem,f dictate the permeability of
the transcellular pathway. The chosen parameters affect both the
paracellular and transcellular pathways, so four solutes with
different sizes and lipophilicities are used (rs=6 and 8 nm and
log KD=−2 and 2) to estimate the effect on permeability. For the
BrM, parameters ϕPG,ICL, ϕPG,OCL, ϕCF,ICL and ϕCF,OCL are cho-
sen, because the fiber volume fractions are the uncertain values in
the BrM model. As only the solute size affects diffusion in the
BrM, two sizes of solutes are used (rs=6 and 8 nm).

A literature review of the available experimental permeability
data fromBRB and its components is carried out to compare the
measured and experimental results from excised animal eyes.
Because of the differences in study methods and tissue sources,
only studies with multiple solute molecules are included to show
the behavior of the permeability. Furthermore, only molecules
with the molecular mass of under 1,000 Da are included. Also, if
there are multiple values within a study measured e.g. with
different concentrations or permeation directions, the coefficient
most fitting for passive steady-state diffusion is chosen fitting into
ourmodel principles.E.g. if there are permeability coefficients for
both diffusion directions, the smaller is chosen as the larger value
may include the effects of active transport (5). Most permeability
studies include choroid, so choroid-RPE system is considered to
correspond to BRB and choroid-BrM to BrM. The behavior of
choroid-RPE permeability is analyzed only as a function of
lipophilicity and, for choroid-BrM permeability, only molecular
radius is used. The molecular radius and lipophilicity for the
solutes are calculated as described.

RESULTS

Model Behavior

RPE, BrM and CE Models

The behavior of the RPE transcellular (Ptrans) and paracellular
permeabilities (Ppara) as a function of solute molecular radius
and lipophilicity are presented in Fig. 3a and b, respectively.
In Fig. 3a, Ppara decreases logarithmically as the radius in-
creases, but begins to even out with high radii. With all the
shown values of log KD, Ptrans decreases exponentially with the
increasing radius. The change in Ptrans ranges over four orders
of magnitude within the given radius range, compared to the
less than one magnitude change in Ppara. The behaviors of the
Ptrans curves as a function of the radius are similar. As shown in
Fig. 3b, lipophilicity has no effect on Ppara. All three curves for

Table I The Model Parameter Values

Description Parameter Value Reference

Parameters of the RPE

RPE cell flat-to-flat diameter dRPE 10 μm (31)

RPE cell height hRPE 12 μm (31)

Lateral space half-width WLS 20 nm (31)

Lateral space tortuosity τRPE 1.1 (31)

TJ region height hTJ 0.4 μm (32)

TJ strand height hTJs 10 nm (14)

TJ strand number nTJs 4 (33)

TJ pore radius rTJp 0.82 nm See text

TJ pore separation dTJp 10 nm (14)

TJ leak parameter αleak 0.0005 See text

Free membrane hindrance factor εlat,f 0.42 (34)

Parameters for the BrM

ICL thickness dICL 2 μm See text

OCL thickness dOCL 1 μm See text

Proteoglycan radius rPG 0.5 nm (35)

Collagen fibril radius rCF 30 nm (4)

Proteoglycan volume fraction in ICL fPG,ICL 0.07 See text

Proteoglycan volume fraction in OCL fPG,OCL 0.04 See text

Collagen volume fraction in ICL fCF,ICL 0.40 See text

Collagen volume fraction in OCL fCF,OCL 0.30 See text

Parameters for the CE

Fenestration height hfen 20 nm (32)

Diaphragm pore radius rdia 3.3 nm See text

Relative surface area of the diaphragm
pores

εdia 0.0075 See text
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Ptrans with different radii increase exponentially over four
orders of magnitude within the shown lipophilicity range.
The transcellular pathway becomes more significant than
the paracellular pathway at log KD≥0 for small molecules (rs
<6 Å) and, as the lipophilicity increases, it becomes significant
also for medium sized molecules (rs=6–8 Å). For large solutes
(rs>8 Å), the paracellular pathway is the main diffusion
pathway independent of lipophilicity within the given
value range.

The behavior of BrM (PBrM) and CE permeabilities (PCE) as
a function of the solute radius is shown in Fig. 3c. Both PBrM
and PCE decrease exponentially as the radius increases. This
decrease is, however, slower than the modeled decrease with
transcellular permeability, being less than one order of mag-
nitude within the given range of the increasing radius for both
PBrM and PCE.

The BRB components are from the tightest to the leakiest:
RPE, BrM and CE. RPE is 600 to 3,000 times less permeable
than BrM for solutes with log KD=0. For very hydrophilic
solutes (log KD=−3) the difference is similar, but for very
lipophilic (log KD=3) and small solutes, the difference is only
around 2.7-fold. Also for the given radius range, BrM is on
average 4.5 times less permeable than CE.

BRB Model

The rate-limiting components for the total BRB permeability
in respect to the molecular properties are depicted in Fig. 3d.
The paracellular pathway of the RPE is the dominating
component for most solutes, as the transcellular pathway
mainly sets the permeability for small and lipophilic solutes.
The behavior of the total BRB permeabilities as a function of

Fig. 3 Results of the model
behavior. (a) Paracellular (Ppara) and
transcellular permeabilities (Ptrans)
with three lipophilicities as a function
solute radius, (b) paracellular and
transcellular permeabilities with
three radii as a function solute
lipophilicity, (c) Bruch’s membrane
(PBrM) and choriocapillaris
endothelium permeabilities (PCE) as
a function of solute radius, (d) the
rate-limiting pathway of BRB
permeability as a function of solute
radius and lipophilicity, and total
BRB permeability (PBRB) as a
function of (e) solute radius with
three lipophilicities and (f)
lipophilicity with three radii.
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solute radius and lipophilicity is shown in Fig. 3e and f,
respectively. For hydrophilic solutes, the radius is the main
rate-determining property, but with lipophilic solutes both the
radius and lipophilicity are important. The differences in
permeability caused by the solute properties become more
prominent with small and lipophilic molecules.

Sensitivity Analysis

For RPE, the chosen parameters for the sensitivity analysis
were the TJ strand number (nTJs), TJ pore radius (rTJp), TJ
pore separation (dTJp), leak parameter (αleak) and free mem-
brane hindrance factor (εmem,f). The results of this analysis are
shown in Fig. 4a. The effect of rTJp on RPE permeability is
significant, especially when increasing its value and with small
molecules (rs=6 Å). For small hydrophilic solutes the increase
of rTJp by 25%, leads to 2.3-fold change in the RPE perme-
ability (PRPE). The changes of αleak values to both direction lead
to around 18–25% change in PRPE for all the solutes, the
impact being smaller with small solutes. The effects of both
nTJs and dTJp on PRPE are the largest but not significant with
small hydrophilic solutes. Finally, there are no notable effects
caused by the changes in εmem,f.

For BrM, the parameters for sensitivity analysis included
the proteoglycan and collagen volume fractions in the ICL
and OCL (ϕPG,ICL, ϕPG,OCL, ϕCF,ICL and ϕCF,OCL). The results
are shown in Fig. 4b. The ICL volume fractions, i.e. ϕPG,ICL

and ϕCF,ICL, appear to be the most significant, as changes in
them lead to respective changes of 15–23% and 35–47% in
BrMpermeability (PBrM). The difference between the two sizes
of solutes (rs=6 and 8 Å) is generally small, excluding ϕPG,ICL

for which there is 4–6% difference. The changes in both the
OCL volume fractions are insignificant.

Review of Experimental Permeability Data

The literature review revealed that the available experimental
permeability data is insufficient for the validation of the BRB
model. With the given preconditions, 48 independent perme-
ability values were found for choroid-RPE tissue and 23 for
choroid-BrM. The choroid-RPE values are from bovine
(5,40), porcine (40,41) and rabbit (40) with a lipophilicity
range of−2.12…2.79, and those of choroid-BrM from bovine
(42), porcine (42,43) and human (44) with a radius range of
3.51–8.10 Å (corresponding to Ms=75–474 Da). The mea-
sured choroid-RPE permeability coefficients as a function of
lipophilicity presented so far in the literature are shown in
Fig. 5a, excluding the rabbit data as it has similar behavior as
the other species in that study (40) and thus does not provide
new information. Permeability data of choroid-BrM as a
function of molecular radius in presented in Fig. 5b.

As can be seen, there is no clear behavior in the choroid-
RPE permeability results as a whole. Two of the studies

concluded that the permeability increases as the lipophilicity
increases (5,41) while the third one (40) concluded the oppo-
site. There is no systematic difference between the animals.
For choroid-BrM, the permeability decreases as a function of
the molecular size. However, between two studies (42,43),
there are differences of over three orders of magnitude in
choroid-BrM permeability for large molecules.

When comparing the results of our model (Fig. 3f) and the
measured permeability values (Fig. 5a) for the whole BRB,
there is no clear agreement of the behavior as a function of
lipophilicity but themagnitudes between the two are in similar
scale. Between the predicted and measured values for the
BrM, there is a difference of at least one order of magnitude
depending on which of the two experimental studies is used
and the behavior is similar.

DISCUSSION

We constructed a model of passive diffusion across the outer
blood-retinal barrier (BRB). To our best knowledge, this is the
first model for BRB that is based on the physicochemical
properties of both the BRB and the diffusing solute molecule,
defining the interactions between the two during diffusion.
This makes the model suitable for the studies of drug perme-
ation through the BRB, formolecule-specific pharmacokinetic
models as well as to help construct in vitro BRB models.

The model consists of the three-layered structure of the
BRB—the retinal pigment epithelium (RPE), Bruch’s mem-
brane (BrM) and choriocapillaris endothelium (CE). Although
the model is created to represent in vivo systemic drug admin-
istration, suitable model components can be utilized as needed
for other models, such as those for transscleral delivery routes.
This three-layer structure is more accurate representation of
the BRB than any of the precedingmodels that include passive
diffusion across the BRB. In addition, compared with the
corneal model (12) used as a framework for our model, the
TJ model and treatment of molecular properties presented
here are more detailed in structure.

Our TJ model represents the static biological TJ struc-
ture (14) fairly accurately. However, the TJ are a dynamic
structure with many factors regulating their function. For
example, the physical interactions between the RPE cells
and the retinal photoreceptors, chemical secreted factor,
pharmacological methods as well as ions like potassium
can regulate the permeability of the tight junctions (33,45).
In addition to the regulatory factors, the accuracy of our
static TJ model could be further enhanced by including
the web-like strand structure. Furthermore, including the
TJ pore charge selectivity and non-uniform pore sizes and
spacing (14) could improve the model but would simulta-
neously make it more complex.
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Model Behavior

The present work investigates the permeability behavior of
BRB and its parts in relation to the solute radius and lipophi-
licity. RPE is divided into paracellular and transcellular path-
ways, which are structurally very different. In the transcellular
pathway, the diffusion of the solute depends on the diffusion of
the lipids (13), whereas in the paracellular pathway a route for
permeation already exists. Furthermore, the independence of
the paracellular pathway of the solute’s lipophilicity makes it a
general rate-limiting pathway for the solute permeation, be-
cause the transcellular permeability decreases rapidly with the
decreasing lipophilicity.

When examining the transcellular pathway in more detail,
it is notable that that the transverse transcellular pathway is
insignificant in comparison with the lateral diffusion transcel-
lular pathway. For instance, for a solute with log KD=2 and
rs=6 Å, the lateral diffusion pathway is around 50 times more
permeable than the transverse pathway. One reason for this

may be that the solutes lipophilic enough to partition into a
cell membrane tend to remain inside it rather than partition
into the aqueous cytosol. The difference between the trans-
verse and lateral diffusion pathways was also noted by
Edwards & Prausnitz (12) in their corneal model, and they
reasoned it to result from the data used to derive the cell
membrane permeation model. The main difference in per-
meability behavior between our model and the corneal model
(12) is that in our model the lateral diffusion pathway depends
on the solute size. This can be seen with large solutes (rs=9 Å)
as the permeability does not depend on lipophilicity in our
model, unlike in the corneal model with the corresponding
solutes (12).

According to our model, the effect of BrM or CE on the
total BRB permeability is small due to their higher permeabil-
ities. The simplification of only including the fenestrations in
the CE model was justified, as its permeability exceeds both
those of RPE and BrM and thus has no effect on the total BRB
permeability.

Fig. 4 Results of the sensitivity
analysis, showing the absolute
changes on (a) PRPE and (b) PBrM
when parameter values are
changed ± 25%. The parameters
for the RPE: nTJs TJ strand number,
rTJp TJ pore radius, dTJp TJ pore
separation, αleak leak parameter,
εmem,f free membrane hindrance
factor, and for the BrM :
proteoglycan and collagen volume
fractions in the ICL and OCL,
fPG,ICL, fPG,OCL, fCF,ICL and fCF,OCL.

Fig. 5 Results for the permeability
literature review. (a) Choroid-RPE
permeability as a function of
lipophilicity in porcine (blue
diamonds (41) and purple diamonds
(40)) and bovine eyes (red squares
(5) and green squares (40)) and (b)
choroid-BrM permeability as a
function of solute radius in porcine
(blue diamonds (42) and purple
diamonds (43)), bovine (red squares
(42)) and human eyes (green dots
(44)).
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Model Parameters

The sensitivity and importance of certain parameters from
both the RPE and BrM models was studied by changing their
value by 25% to both directions and calculating the change in
the permeability of the respective component. According to
our results in the paracellular TJ pathway, the most important
parameter is the TJ pore radius (rTJp), which defines the solute
size limit for the TJ pore pathway. On the other hand, the
uniform changes in permeability of all the four solutes caused
by changes in the leak parameter (αleak) indicate that it sets the
magnitude for the whole RPE permeability. As the
paracellular pathway is generally the rate-limiting one, it is
obvious that rTJp and αleak together define the RPE permeabil-
ity. Neither of these parameters was used in the model by
Edwards & Prausnitz (12). Based on the sensitivity analysis on
their corneal model, they found the parameters of the lateral
diffusion pathway—lateral diffusion coefficient and pathway
length—to be the most important parameters for corneal
epithelium (12). This indicates relative unimportance of the
TJs in their model compared to ours.

With BrM, the main interest is in the approximated pro-
teoglycan and collagen fibril volume fractions. The volume
fractions in the ICL (ϕPG,ICL andϕCF,ICL) are significantly more
important than those in the OCL (ϕPG,OCL and ϕCF,OCL),
because of their larger values as well as the difference of
thicknesses between the two BrM layers. Furthermore, due
to the large amount of collagen, its effects are larger in both
layers. The differences between solute sizes are generally
miniscule. For collagen this results from the large size differ-
ence between the solutes (rs<1 nm) and fibrils (rCF=30 nm).
The solute size difference is more noticeable with ϕPG,ICL,
because of the similar radius of the solutes and proteoglycans.
Edwards & Prausnitz (12) also found that the volume fractions
mostly define the permeability of the corneal stroma.

The RPE permeability dominates the total BRB perme-
ability in our model. Therefore it is clear that they are both
largely defined by two parameters: the TJ pore radius and the
leak parameter. Their importance reflects the mutual signifi-
cance of both the paracellular and lateral diffusion pathways,
as already seen with the model behavior. There was not much
data to base the approximations of the important parameters,
mainly the leak parameter and the collagen volume fraction in
the ICL. As the leak parameter largely defines the magnitude
of the total BRB permeability in our model and magnitude is
similar between the predictions and the experimental results,
it seems the approximation was good. In a very recent study
(46), the packing density of collagen fibrils in the ICL, which
can be thought to correspond to ϕCF,ICL, was calculated to be
0.48. Our approximation (ϕCF,ICL=0.40) is relatively close.
The sensitivity analysis shows, that the corresponding 20%
increase of ϕCF,ICL is not enough to make the BrM permeabil-
ity a significant component in the whole BRB permeability.

Available Experimental BRB Permeability Data

Unfortunately very limited number of studies has been con-
ducted to obtain experimental data of BRB permeability.
There are only three studies providing the permeability coef-
ficients of the entire BRB (5,40,41). Steuer et al. (41) used only
one measurement time point (30 min) to calculate the perme-
ability, which may cause issues due to the longer lag times of
lipophilic molecules compared with the hydrophilic ones to
reach equilibrium (5). Further, there was conflicting results.
The reason for the conflict in behavior between the results by
Pitkänen et al. (5) and Kadam et al. (40) may be that the latter
calculated the choroid-RPE permeability by subtracting the
permeability of the sclera from the permeability of the sclera-
choroid-RPE. This may affect the comparability of the per-
meabilities of solutes with different lipophilicities due to tissue
binding in sclera. Moreover, Pitkänen et al. (5) measured only
the permeability of the choroid-RPE and because of this, the
behavior measured by them can be considered more suitable
in relation to the present model. However, it is noteworthy
that the magnitudes of the permeabilities of the hydrophilic
molecules are similar between Pitkänen et al. (5) and Kadam
et al. (40), which indicates that the conflict in behavior is more
prominent with lipophilic solutes. Pitkänen et al. (5) also mea-
sured the effect of molecular size on the BRB permeability
and showed that the permeability decreases as molecular size
increases. Their test molecules were beyond the size limit of
the present model, but they indicate similar behavior.
Furthermore, a factor that may affect the comparability of
the experimental permeability results are the regulatory
mechanisms that affect the TJ permeability discussed earlier.
Due to the very limited amount of the experimental work in
the literature, it is practically impossible to validate our BRB
model with the available data. However, we can conclude that
the model produces permeability coefficients with similar
magnitudes and behavior as a function of the molecular
propert ies in comparison with the experimental
measurements.

The challenge in measuring the BrM permeability is that it
is a very thin tissue layer and thus difficult to extract intact.
Thus, all the experimental studies include the choroid in the
measurement sample (42–44). Based on the literature review,
the BrM permeability decreases as a function of molecular
size, but the absolute values for just the BrM permeability are
unknown because of the choroid. The magnitude difference
between the permeability results by Cheruvu &Kompella (42)
and Pescina et al. (43) might be a consequence of the higher
solute concentration used by the latter, because high concen-
trations saturate the tissue with the bound solutes and thus
lead to higher permeabilities. Anyhow, our model predicts a
permeability coefficient of at least one magnitude higher than
the measured permeability values, which may indicate the
effect of the choroid on the measured values as well as an
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issue in the model. This issue may arise from the unsuitability
of the fiber matrix model for the BrM, the approximations of
the unknown parameter values or the simplifications done in
the model.

For 4 kDa FITC-dextrans, there is around 70 to 170-fold
difference between the permeabilities across choroid-RPE
and choroid-BrM (5). For small molecules, the difference
between the two depends on what experimental results are
compared. For example, if the values by Kadam et al. (40) and
Cheruvu & Kompella (42)—measured with similar setups—
are compared, there is no significant difference between them.
This may point out a large effect of the choroid and the
inaccuracy it causes in the results. Based on the existing data,
it is impossible to estimate the real difference between the
RPE and BrM permeabilities.

Comparison with Other Models

The present model includes a structurally more detailed de-
scription of the BRB than any of the preceding pharmacoki-
netic models (6–10). Also, when compared with the corneal
model by Edwards & Prausnitz (12), which was used as a
framework for our model, there are certain biological differ-
ences and model improvements. Firstly, the baseline perme-
ability of the corneal endothelium, which is modeled similarly
to the RPE as they are both monolayers, is around one order
of magnitude higher than that of the RPE. This permeability
is set by the paracellular pathway, and the TJs are tighter in
the present RPE model, which corresponds well to the differ-
ence in themeasured permeabilities from the BRB and cornea
(5,12). The TJ geometry is completely different between our
model and the corneal model (12). The earlier model used
only a narrowed slit to represent TJs and our model uses a
two-pathway model with more accurate geometry. The TJ
structure in our model is similar to the TJ model of the renal
tubules by Guo et al. (15), but the motive for the models is
different: our model tries to predict the permeabilities, where-
as the model of the renal tubules studied the structure of the
TJs. The other major difference between the corneal model
and ours is the significance of molecular size with lipophilic
solutes as discussed before.

The phenomenological descriptive model by Haghjou et al.
(10) related certain molecular properties to the permeability
across RPE-choroid-sclera in a rabbit eye by using multiple
linear regression. The best fit for hydrophilic molecules (log
KD<0) depended on lipophilicity and protein binding.
Molecular size was also quite significant factor, but did not
contribute to the accuracy of the model. Lipophilicity did not
greatly affect the permeability of hydrophilic solutes in the
present model, as they generally do not pass any lipophilic
barriers. For lipophilic molecules (log KD>0), Haghjou et al.

(10) did not find a good fit with the permeability data, which
may partly explain the variability in the choroid-RPE

permeability data discussed earlier and the challenge of
modeling the transcellular pathway.

Model Challenges and Limitations

The main challenge in modeling the BRB is the lack of
biological experimental data of some of the structural param-
eters of the BRB and its components. This was compensated
by approximating some of their values, such as the leak
parameter or the BrM volume fractions, mainly based on data
obtained from other tissues. The approximation of some
important parameters creates uncertainty in the model.
Furthermore, as already discussed, the lack of suitable and
consistent permeability data prevents proper validation.

As our model is of passive diffusion only, the specific effects
of active transport on the permeability are ignored. Active
transport processes are specific for each molecule, and thus
not suitable for a model based solely on basic molecular
descriptors, and there is very little comprehensive data to
model them. Although the experimental data may include
active transport processes, which reduce the feasibility of
comparison between the model and the experimental results,
it is at the moment the closest suitable data for the evaluation
of the BRB model’s functionality. Likewise, the model does
not take into account the solute binding into extra- or intra-
cellular structures, such as the melanin pigment within the
RPE cells. Melanin binding is a specific process and has been
shown to affect the permeability (40,43). The dynamic binding
is difficult to incorporate into a steady-state model, although a
method proposed to include the matrix binding (42) could be
used here: diffusion constant (Dcyt) is divided by 1+K, where K
is an association constant specific for each solute, for which
there is no extensive experimental data. In addition, this
would have only affected the already-insignificant transverse
diffusion pathway and our model represents a steady-state
situation, in which time- and concentration-dependent phe-
nomena are neglected. Also, some refinements for our TJ
model were discussed earlier.

For BrM, the accuracy and number of the layers and
biomolecules could be increased. In addition to proteoglycans
and collagen, BrM contains other biomolecules, such as lipids
which accumulate from the RPE and affect the permeability
(4). However, the lack of data of all the layers and biomole-
cules prevents further improvements at this time.
Furthermore, as shown by Pescina et al. (43), permeability
across choroid-BrM does depend on lipophilicity because of
the specific melanin binding in the tissue. However, the cho-
roid is much thicker than the BrM which most probably
affects the results significantly, thus making any approxima-
tions of its effect solely on BrM difficult. Electrostatic interac-
tions between the fibers and solutes are ignored as well al-
though they could be incorporated into the model (47).
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The main simplification with the solute molecules was the
assumed spherical shape. Most molecules are irregularly shaped,
so for example the orientation of a molecule trying to diffuse
through a TJ pore becomes significant. However, the slit, pore
and fiber-matrix models also assume this geometry, and it would
need statistical or random Markov type models to take into
account the individual shape of each molecule.

CONCLUSIONS

In this study, a computational, structure-based model of passive
diffusion across the BRB was constructed generally based on the
corneal model by Edwards & Prausnitz (12). Our model shows
rather good correspondence inmagnitude with the experimental
results. Accurate validation, however, is not feasible due to the
lack of consistency in the reported experimental data indicating
great variation in the permeability behavior between the studies.
Our model indicates that the paracellular pathway of the RPE
largely defines the permeability of the whole BRB, the transcel-
lular pathway having some effect with small and lipophilic sol-
utes. The parameter sensitivity analysis shows that many of the
parameters we were forced to approximate are important and
further studies are needed to define more accurate values for
many structural properties of the RPE and BRB as a whole.
Despite the lack of data, the model presented here is the most
accurate model of passive diffusion through BRB and our TJ
model is more accurate than those in the other structure-based
models for other barriers. The model gathers the knowledge of
the BRB permeability. Thus the model presented her can be
used as a base for future BRB models utilizing coming experi-
mental data as well as for testing the hypotheses of BRB perme-
ability for drug molecules. Hence, this type of models has a
potential to reduce the need of animal experiments as well as
save resources.
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