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4 A 3D brain unit model to fur-
ther improve the prediction
of drug distribution within the
brain

Esmée Vendel, Vivi Rottschéfer, Elizabeth C M de Lange
Submitted to PLOS Computational Biology

Abstract

The development of drugs targeting the brain still faces a high failure rate. One of
the reasons is a lack of quantitative understanding of the complex processes that
govern the pharmacokinetics (PK) of a drug within the brain. While a number of
models on drug distribution into and within the brain is available, none of these
addresses the combination of factors that affect local drug concentrations in brain
extracellular fluid (brain ECF).

Here, we develop a 3D brain unit model, which builds on our previous proof-of-
concept 2D brain unit model, to understand the factors that govern local unbound
and bound drug PK within the brain. The 3D brain unit is a cube, in which the
brain capillaries surround the brain ECF. Drug concentration-time profiles are
described in both a blood-plasma-domain and a brain-ECF-domain by a set of
differential equations. The model includes descriptions of blood plasma PK, trans-
port across the blood-brain barrier (BBB), by passive transport via paracellular
and transcellular routes, and by active transport, and drug binding kinetics. The
impact of all these factors on ultimate local brain ECF unbound and bound drug
concentrations is assessed.

In this article we show that all the above mentioned factors affect brain ECF PK in
an interdependent manner. This indicates that for a quantitative understanding of
local drug concentrations within the brain ECF, interdependencies of all transport
and binding processes should be understood. To that end, the 3D brain unit model
is an excellent tool, and can be used to build a larger network of 3D brain units,
in which the properties for each unit can be defined independently to reflect local
differences in characteristics of the brain.
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A 3D model to further improve the prediction of brain drug distribution

4.1 Introduction

The brain capillary bed is the major site of drug exchange between the
blood and the brain. Blood flows from the general blood circulation into
the brain capillary bed by a feeding arteriole and back by a draining venule.
The rate at which drug molecules are exposed to the brain is determined
by the brain capillary blood flow rate. Drug exchange between the blood
plasma in the brain capillaries and the brain extracellular fluid (ECF) is
controlled by the blood-brain barrier (BBB). Drug distribution into and
within the brain has been extensively summarized in a recent review [261].
In short, the BBB has great impact on the relationship between the concen-
tration-time profiles of unbound drug in the blood plasma (blood plasma
pharmacokinetics (PK)) and in the brain ECF (brain ECF PK). The BBB
consists of brain endothelial cells that are held closely together by tight
junctions. Unbound drug may cross the BBB by passive and/or active
transport [15, 156, 262-268]. Passive transport is bidirectional and occurs
by diffusion through the BBB endothelial cells (transcellular transport) and
through the BBB tight junctions between the endothelial cells (paracellular
transport). Passive transport is quantified by the BBB permeability, which
is the speed by which a compound crosses the BBB, and depends on the
properties of both the drug and the brain. Active transport is unidirectional
and can be directed inward (from the blood plasma to the brain ECF, ac-
tive influx) or outward (from the brain ECF to the blood plasma, active
efflux).

Once having crossed the BBB, drug distributes within the brain ECF by
diffusion. Diffusion within the brain ECF is hindered by the brain cells
[11, 12]. This hindrance is described by the so-called tortuosity and leads
to an effective diffusion that is smaller than normal (in a medium without
obstacles). Moreover, a fluid flow, the brain ECF bulk flow, is present. The
brain ECF bulk flow results from the generation of brain ECF by the BBB
and drainage into the cerebrospinal fluid (CSF). Both diffusion and brain
ECF bulk flow are important for the distribution of a drug to its target
site, which is the site where a drug exerts its effect.

In order to do induce an effect, a drug needs to bind to specific binding sites
(targets). Only unbound drug, i.e. drug that is not bound to any compo-
nents of the brain, can interact with its target [269, 270]. This is a dynamic
process of association and dissociation, the so-called drug binding kinetics.
These association and dissociation rates may affect the concentration of
unbound drug at the target site [101, 271]. While the drug dissociation rate
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4.1 Introduction

has been thought of as the most important determinant of the duration of
interactions between a drug and its binding site [100], a more recent study
shows that the drug association rate is equally important [101].

A number of models integrating several of the discussed processes of drug
distribution into and within the brain is available, see for example [11,
12, 67, 116, 122, 136, 151, 154, 220, 272] and [141]. The most recent and
comprehensive brain drug distribution model is the physiologically-based
pharmacokinetic model for the rat and for human [152, 212]. This model
takes multiple compartments of the central nervous system (CNS) into ac-
count, including plasma PK, passive paracellular and transcellular BBB
transport, active BBB transport, and distribution between the brain ECF,
intracellular spaces, and multiple CSF sites, on the basis of CNS-specific
and drug-specific parameters. However, it does not take into account dis-
tribution within brain tissue (brain ECF).

Here, we developed a 3D brain unit model, in which local drug distribu-
tion is explicitly taken into account. The 3D brain unit model encompasses
blood plasma PK, the BBB, brain ECF, brain ECF bulk flow, diffusion, and
binding to specific and non-specific binding sites [92, 273] within the brain.
This 3D piece of brain tissue can be considered the smallest physiological
unit of the brain in terms of drug transport. The drug is carried along with
the blood by the brain capillary blood flow and as such presented to the
brain. Drug distributes between the blood plasma and the brain ECF by
transport across the BBB. Thereafter, drug distribution within the brain
ECF is affected by diffusion, bulk flow and binding. We describe the dis-
tribution of drug within the brain ECF by a partial differential equation
(PDE) and couple this to two ordinary differential equations (ODEs) to
account for specific and non-specific drug binding.

The model builds on a proof-of-concept 2D brain unit model [274]. The 2D
model is a basic model covering many essential aspects of drug distribution
within the brain, including passive BBB transport, diffusion, brain ECF
bulk flow, specific binding of a drug at its target site and non-specific bind-
ing of a drug to components of the brain. Here, brain cells are implicitly
implemented by describing the hindrance the cells impose on the transport
of a drug within the brain ECF in a tortuosity term. There, A is defined

as %, with D being the normal diffusion coefficient and D* the effective
diffusion coefficient [11]. The 2D brain unit model has enabled the study of
the effect of drug properties and brain tissue characteristics on the distri-
bution of a drug within the brain ECF and on its specific and non-specific

binding behaviour of the drug.
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A 3D model to further improve the prediction of brain drug distribution

Here, a 3D brain unit model that further improves the prediction of drug
distribution within the brain is formulated. The third dimension improves
the realistic features of the model as the brain is also 3D. Moreover, the
third dimension allows the brain ECF to be not entirely surrounded by
capillaries, such that the brain ECF is a continuous medium, like in reality.
Then, the brain capillary blood flow and active transport across the BBB,
which are both important mechanisms of drug transport into the brain, are
included. Here, we focus on one single brain unit. This allows for a thor-
ough characterisation of drug distribution within one 3D brain unit before
expanding to a larger scale.

In the remainder of this article, the mathematical representation of the
characteristics of the 3D brain unit is introduced (section 4.2). There, we
formulate the model (section 4.2.1) and the mathematical descriptions of
the drug distribution within the blood plasma of the brain capillaries (sec-
tion 4.2.2) and within the brain (section 4.2.3). In section 4.2.4 we formulate
the model boundary conditions that describe drug exchange between the
blood plasma and the brain ECF by passive and active BBB transport,
as well as drug transport at the boundaries of the unit. In section 4.3, we
study the effect of several factors on drug distribution within the brain
ECF. In section 4.3.1, we evaluate the effect of the brain capillary blood
flow velocity on local brain ECF PK in the 3D brain unit. Next, we evaluate
the effect of BBB active influx and efflux on local brain ECF PK (section
4.3.2). Then, in section 4.3.3 we show how the interplay between the brain
capillary blood flow velocity, passive BBB permeability and BBB active
transport affects drug concentrations within the 3D brain unit. Finally, in
section 4.4 we conclude our work and discuss future perspectives.

4.2 The 3D brain unit

The 3D brain unit represents the smallest piece of brain tissue that contains
all physiological elements of the brain. The 3D brain unit is part of a larger
network of 3D brain units, but here we focus on just one 3D brain unit
that is fed by an arteriole and drained by a venule (Figure 4.1, left). The
3D brain unit is a cube in which the brain capillaries (represented by red
rectangular boxes on the ribs) surround the brain ECF (Figure 4.1, left).
The segments of red rectangular boxes protruding from the vertices from
the 3D brain unit are parts of brain capillaries from neighbouring units.
As such, each vertex connects three incoming brain capillaries to three out-
going brain capillaries, with the exception of the vertex connected to the
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4.2 The 3D brain unit

arteriole and the vertex connected to the venule. These connect the arteri-
ole to three outgoing brain capillaries and three incoming brain capillaries
to the venule, respectively.

A single 3D brain unit (Figure 4.1, middle) has a blood-plasma-domain
(red) consisting of multiple sub-domains. These include the brain capillary
domain where drug enters the unit (indicated by Ui, in Figure 4.1), the
domains representing the x-directed, y-directed and z-directed brain capil-
laries (indicated by Uxi—x4, Uyi—y4 and U,1—,4 in Figure 4.1) and the brain
capillary domain where drug leaves the unit (indicated by Uy in Figure
4.1). Drug within the blood plasma is transported by the brain capillary
blood flow. The brain capillary blood flow splits at the vertices of the unit,
where brain capillary branching occurs (4.1, right).

In developing the model, we make the following assumptions about drug
distribution within the brain capillaries:

\Venule

Arteriole

Figure 4.1: Sketch of the 3D model brain unit. Left: The structure represented by the
3D brain unit. An arteriole carries blood plasma (containing drug) into a brain capillary
bed, that is connected to a venule that drains the blood plasma. The brain capillaries
(red) surround the brain ECF (blue). Middle: the 3D brain unit and its sub-domains.
The unit consists of a brain-ECF-domain (blue) and a blood-plasma-domain (red). The
blood-plasma-domain is divided into several subdomains: Uj, is the domain where the
dose of absorbed drug enters the 3D brain unit, Uxi—x4, Uy1—y4a and U,1_,4 are the
domains representing the x-directed, y-directed and z-directed capillaries, respectively.
Right: Directions of transport in the model. The drug enters the brain capillaries in
Uin. From there, it is transported through the brain capillaries by the brain capillary
blood flow in the direction indicated by the small arrows. Drug in the brain capillary
blood plasma exchanges with the brain ECF by crossing the BBB. Drug within the
brain ECF is, next to diffusion, transported along with brain ECF bulk flow (indicated
by the bold arrow).
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A 3D model to further improve the prediction of brain drug distribution

Assumptions 4.1.

(i) The drug concentration within the blood plasma changes as a function
of time depending on dose, bioavailability, the rate of absorption (in case
of oral administration), distribution volume and elimination into and from
the blood plasma.

(ii) The blood carrying the drug flows into 3D brain unit by a feeding
arteriole and leaves via a draining venule (Fig 3.1, left).

(iii) The drugs enters the brain unit in the domain Uy, (Fig 3.1, middle),
and drug concentrations in Uy, are unaffected by the brain capillary blood
flow.

(iv) The brain capillary blood flow is directed away from Uy (Fig 3.1,
right).

(v) In the blood plasma, drug transport by diffusion is negligible compared
to drug transport by the brain capillary blood flow.

(vi) The brain capillary blood flow velocity is by default equal in all brain
capillaries.

(vii) Drug within the blood plasma does not bind to blood plasma proteins.
All drug within the blood plasma is in an unbound state and is able to cross
the BBB.

Drug within the blood plasma of the brain capillaries crosses the BBB to
exchange with the brain ECF. The BBB is located at the border between
the brain capillaries (red) and the brain ECF (blue), see Fig 3.1. Drug
exchange between the blood plasma and the brain ECF is described by
passive and active transport across the BBB in both directions.

Within the brain ECF, we formulate:

Assumptions 4.2.

(i) Drug within the brain ECF is transported by diffusion and brain ECF
bulk flow.

(ii) Cells are not explicitly considered, but only by taking the tortuosity
(hindrance on diffusion imposed by the cells) into account.

(iii) The brain ECF bulk flow is unidirectional. It is pointed in the z-
direction, see the bold arrow in Figure 4.1 (right).

(iv) All drug distributes within the brain ECF and we only have extracellular
binding sites. The specific and non-specific binding sites lie on the outside
of cells and the drug does not have to cross cell membranes in order to bind
to binding sites.

(v) The total concentration of specific and non-specific binding sites is
constant.

(vi) The specific and non-specific binding sites are evenly distributed over
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4.2 The 3D brain unit

the 3D brain unit and do not change position.

(vii) Drug binding is reversible and drugs associate and dissociate from
their binding sites.

4.2.1 Formulation of the 3D brain unit

The 3D brain unit is a cubic domain, U, that represents a piece of brain
tissue. We define U = {(x,y,z) € R? | 0<x< x; A 0<y<y: A 0<z<z,}.
There, x;, yr and z, are constants that represent the length of one unit,
which is then defined as dcap+2r, with deap the distance between the brain
capillaries and r half of the brain capillary diameter. In one brain unit,
the brain capillaries, the BBB and the brain ECF are represented by the
subsets U, CU, UgggCU and UgcrCU , respectively, such that U = U, U
Usep U Urcr-

Within Uy, we define Uy, as the domain where the blood plasma, containing
drug, enters the 3D brain unit from a feeding arteriole. We define Upyyt
as the domain where the blood plasma, containing drug, leaves the 3D
brain unit to a draining venule. Additionally, we define the x-directed, y-
directed and z-capillaries as the sets {Uy,i=1,..,4}, {Uy,i =1,..,4} and
{Ua,i = 1,..,4}. The brain capillaries are divided by the lines x=y (or
y=z or x=z) and x+y=y, (or y+z=z, or x+z=2%,), for which an example is
shown in Figure 4.2. The only exceptions for this are the brain capillaries
adjacent to Uy, and Uyyt, see below. The definitions of the regions are:

Uai = {(x,5,2) € U | r<x<xp-y, r<x<x-z A 0<y<r A 0<z<r}

U2 = {(x,5,2) € U | yr-y<x<y A 2<x<x-2 A ¥y 2y>y-T A 0<z<r}
Uz = {(x,y,2) € U | y<x<xp-y A 2,-2<x<2 A 0Ky <t A z,22>7,-1}
X4 ={(x,1,2) € U | yr-y<xXLy A 2,-2<XLZ A Yy Zy>YpT A 2, 22>7,-1}

= {(x,y,2) € U | r<y<y;z A r<y<y-x A 0<x<r A 0<z<r}

Uy2 ={(x,y,2) € U | z<y<y-z A x-Xx<y<x A X, 2x>%,-T A 0<z<r}

Uys = {(x,y,2) € U | 2;-2<y<z N x<y<yr-x A 0<xX<r A 2, >2>7,-1}

Ups = {(x,y,2) € U | 2-2<y<z A Xp-X<YSX A Xy SX>KpT A 2, 22>2,-T}

Uyg = {(x,y,2) € U | r<z<z,-x A 1<z<7,-y A 0<x<r A 0<y<r}

Uy = {(x,y,2) € U | x<2<z-x N yp-y<z<y A 0<X<r A y;=2y>y,-T}

U = {(x,y,2) € U | xp-x<2<x A y<z<z-y A X 2x>%T A 0<y<r}
z4 = {(xy2) € U | xpx<2<x A yr-y <2<y A X 2X>XT A Yy 2y >yeT}

= {(x,y,2) € U | 0<x<r A 0<y<r A 0<z<r}

Uout ={(x,y,2) € U | xp1<x<xp A ¥ I<y<yr A zp-1<2<7, }.

The BBB is represented by a subset UgggCU, such that Upgp = 0Up,\OU.
This denotes the border between the blood plasma and the brain ECF,
located at distance r from the edges of the 3D brain unit. The brain ECF
is represented by a subset UpcrpCU, such that Ugcr = U\ (UplUUBEB).-
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A 8D model to further improve the prediction of brain drug distribution

Within U we define the following quantities describing drug concentration:
Cpi(x,y,2,t): Uy x RT — RT,

Crcr(x,y,2,t): Upcr x RT — RT,

Bi(x,y,2,t): Ugcp x RY — RT,

By(x,y,7,t): Ugcp x RT — RT.

Here, Cy, is the concentration of unbound drug in the blood plasma, Crcr
is the concentration of unbound drug in the brain ECF, B; is the concen-
tration of drug in the brain ECF bound to specific binding sites and Bs is
the concentration of drug in the brain ECF bound to non-specific binding
sites.

Figure 4.2: Front view of the 3D brain unit. Definitions of Uy, are given. The x-
directed, y-directed and z-capillaries are divided by the lines x=y (or y=z or x=z) and
x+y=y, (or y+z=z, or x+z=z;). The only exceptions for this are the brain capillaries
adjacent to Ui, and the brain capillaries adjacent to Ugyyt.

4.2.2 Description of drug distribution in U,

Based on assumptions 4.1(i) and 4.1(iii), we describe the concentration of
unbound drug within Uj, by including parameters related to single oral
administration [7] using the Bateman function [275]:

Fk,Dose

C = 777"
AT

(e—ket _ e—kat) for Cpl c Uin; t>0, (41)

with F' being the bioavailability of the drug, k, the absorption rate constant
of the drug, k. the elimination rate constant of the drug, Dose the molar
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4.2 The 3D brain unit

amount of orally administered drug, and Vg the distribution volume, which
relates the total amount of drug in the body to the drug concentration
in the blood plasma. We focus on oral administration but can also study
other choices. As stated in assumption 4.2(iii), we assume that drug in Ui,
is unaffected by flow.

Additionally, based on assumptions 4.1(iv) and 4.1(v), we define:

dCp 0Cp .

Fral —Ubloodg for Cp1 € Uy, for i=1,.. 4, (4.2)
dC oC

dtpl - —vbloodT; for Cyy € Uy, for i=1,..,4, (4.3)
dCp 0Cyp .

Eral —vbloodﬁ for Cp1 € Uy, for i=1,.. /4, (4.4)

with vpeoq the blood flow velocity within the brain capillaries and where
the initial condition is given by

Coi(x,y,2,t=0)=0 for (x,y,z) € Up. (4.5)

4.2.3 Description of drug distribution in Ugcr

Based on assumptions 4.2, we describe the distribution of unbound and
bound drug within Ugcp with the following system of equations:

oC D ac -
T]iCF = FVQCECF — UBCF —E k1onCrcr (BT — B1)
+ kiottB1 — koonCECF(B3™ — Ba) + koot B2
0B
78’61 = klonCECF(BinaX - Bl) - kloffBl for <X7Y7Z) € UECF’ t>0 (46)
0B
875 = koonCrcr (B3 — Ba) — koot Ba.

with initial conditions

CECF(X7 v,z,t = 0) =0 for (X7Y7Z) € UECF7 (47)

Bi(X7 Y2, t = O) =0,i=1,2 for (Xayvz) € Ugcr- (48)
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A 3D model to further improve the prediction of brain drug distribution

with D being the diffusion coefficient in a free medium, A\ the tortuosity,
vpcr the (x-directed) brain ECF bulk flow, B*** the total concentration
of specific binding sites within the brain ECF, ki, the association rate
constant for specific binding, k¢ the dissociation rate constant for specific
binding, By*** the total concentration of non-specific binding sites within
the brain ECF, koo, the association rate constant for non-specific binding
and koofr the dissociation rate constant for non-specific binding.

4.2.4 Boundary conditions

We formulate boundary conditions that describe the change in concentra-
tion of drug at the boundary between the blood-plasma-domain (Up) and
the brain-ECF-domain (Ugcr), hence at Uppg, as well as at the boundaries
of the 3D brain unit (U,NOU, UgcrNoU).

4.2.4.1 Drug exchange between U, and Ugcr

We describe diffusive transport by the difference in drug concentrations
in Cgcr and Cp), multiplied by the BBB permeability, P. In addition, we
model active BBB transport into and out of the brain ECF with Michaelis-
Menten kinetics, as they are well established and match with most available
data on parameters related to active BBB transport, similar to the approach
of [15]. In total, this leads to:

Tr—i Th—out
f(u,v) = P(u—v)+ S u— moon v,
(a,v) ( ) SAppB(Km-in+1)  SAB(Km—out +V)
with P = Ptransftrans + Pparafparaa (4'9)
D
ith P _ Ppara
w1 para WPCS’

with u = C1, v= Cgcr, Pirans being the permeability through the brain
endothelial cells, firans the fraction of the area occupied by the brain en-
dothelial cells, Dpara the diffusivity of a drug across the paracellular space,
Wpcs the width of the paracellular space, fpara the fraction of area occupied
by the paracellular space, Ti,_j, the maximum rate of BBB active influx,
Ti—_ouwt the maximum rate of BBB active efflux, Ky,_j, the concentration
of drug at which half of T},,_j, is reached, K,y the concentration of drug
at which half of Ty, _out is reached and SAggg the surface area of the BBB.

Based on equation (4.9), we describe the loss or gain of unbound drug
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4.2 The 3D brain unit

in the brain ECF due to BBB transport with the following boundary con-
ditions (only those for the x direction are given, the ones for the y and z
directions are similar):

oC
—D*$ = f(Cp1, Crer), for (x,y,2) € Uppgp at x=r,
x (4.10)
+0CEcr _
D 7 = {(Cy1, Cgcr), for (x,y,2) € Uppp at x=x,-T.
X

For the blood-plasma-domain, Uy, we use the reverse of equation (4.10) to
describe drug transport across the BBB in the brain capillaries with the
following boundary conditions:

oC,
D* 8;1 = f(C 1y CECF)afor (XaY7Z) € UBBB at X=r,
oc (4.11)
D* 8)? = —f(Cp1, Crcr), for (x,y,z) € U at x=x,-T.

4.2.4.2 Drug exchange at the faces of the 3D brain unit

We use additional boundary conditions to describe the drug concentrations
at the sides of the domain. Since we assume that there is no diffusion in
the blood plasma (see assumption 4.1(v)), we use the following boundary
conditions:

0Cp

ox
for (x,y,2) € Upi\UouitNOU at x=0 and x=x;,
0Cyp

dy
for (x,y,2) € Upi\UoutNOU at y=0 and y=yr,
0C

0z

for (x,y,2) € Upi\UoutNOU at z=0 and z=z,.
In addition, we define:

=0 (4.12)

—0 (4.13)

=0 (4.14)

Cohi=0 (4.15)

for (x,y,2) € Uopyy NOU.
We formulate the condition at the boundaries of the 3D brain unit as fol-

lows:
n~VCECF = 0 for (X,y,Z) € Urcrrau, (4.16)

where n is the normal vector on UgcpNoU.
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A 3D model to further improve the prediction of brain drug distribution

4.2.5 Model parameter values and units

The dimensions of the 3D brain unit are based on the properties of the rat
brain. The model is suitable for data from human or other species as well,
but we have chosen for the rat as for this species most data are available.
The distance between the brain capillaries in the rat brain is on average
50 pwm, while the brain capillaries have a radius of about 2.5 um [18-21].
Therefore, we set the radius of the brain capillaries, r, to 2.5 um and the
dimensions of the 3D brain unit in the x, y and z directions, x;, y; and z;
respectively, to 55 um.

In our model, we use equations (4.1)-(4.5) to describe drug concentration
within the blood plasma, with boundary conditions described in equations
(4.11)-(4.15). We describe the concentration of drug within the brain ECF
with equations (4.6)-(4.8) with boundary conditions described in (4.10) and
(4.16). The range of values we use for the parameters in the model as well
as their units are given in Table 4.1 below. This range is based on values
found in the literature (from experimental studies), which we also give in
the table. The literature does not provide values on the kinetic parameters
related to non-specific binding kinetics (B, koon and kaogr). Therefore,
we base the choices of these values on earlier articles that assume that drug
binding to specific binding sites is stronger than to non-specific binding
sites, while non-specific binding sites are more abundant [214, 216, 274].

4.3 Model results

We study the distribution of a drug within the 3D brain unit by plotting
its concentration-time profiles within the brain ECF (brain ECF PK). In
addition, we study the distribution of the drug within the 3D brain unit. We
first nondimensionalise the system of equations and boundary conditions by
scaling all variables by a characteristic scale, see Appendix 4.1 for details.
Next, in order to perform simulations, we discretise the nondimensionalised
system spatially on an uniform grid, using a well-established numerical
procedure based on finite element approximations [255]. We present the
results using the parameters with dimensions. The output of the simulations
are the concentrations of free, specifically bound and non-specifically bound
drug, given in pmol L=! over time (s).

The model can easily be used to study a specific drug by choosing the
parameter values that are specific for this drug, provided that parameter
values for this drug are known. In the present study, however, we choose to
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4.3 Model results

Table 4.1: 3D brain unit model parameters and their units, for rat brain. The
physiological range of values of the parameters is given. These are based on references
from the literature.

Parameter Unit Range of values Ref.
F, bicavailability - 0-1 [7]
Dose pmol 1071-10?
V', distribution volume L 0.05-5 [276]
ks, absorption rate constant st 0-2-1073 [276]
[151]
ke, elimination rate constant st 5107°-3-1072 [276]
[151]
dcap, intercapillary distance m 2:107°%-7-107° [18]
[221]
T, brain capillary radius m 0.8-4.8:107° [221]
[21]
Ublood, brain capillary blood flow
velocity m s ? 0.5-50-1074 5
D*:%, effective diffusion coefficient m?s! 1071110710 [210]
[176]
URCF, brain ECF bulk flow velocity ms~! 5-1078-5.107° [243]
[38]
P, 3D passive BBB permeadoility1 ms ! 10710-1075 [33)?
Tin—in, maximal active influx rate pmol s~ 1 1078-107° [236]
K1 —in, concentration needed to reach
half of Trm—in umol L™! 10'-10* [237]
T—out, maximal active efflux rate pmol s~ 1 1078-107° [236]

K1 out, concentration needed to reach

half of T —out pmol L™! 10'-10* [237]
S ApBR, surface area of the BBBY m? 1.25-10710

B"*, total concentration specific

binding sites wmol L~! 1-1073-5.107* [101)®
k1ion, specific association constant (umol L™ts)™t  107%-10? [101]*
k1oft, specific dissociation constant st 107%-10! [101]*
B3'®*, total non-specific binding sites pmol L™! 1-10'- 5-10° [274]
koon, non-specific association constant (umol L™*s)™*  1075-10" [274]
kooff, non-specific dissociation constant s * 107%-10° [274]

IThis value is the apparent (experimentally measured) overall passive permeability [33].
2254, 277-279]

3[280-285]

4http://vvww.k4dd.eu and [246]

5[229-234],

6T his is the surface area of the BBB that separates one side of a brain capillary 11 3
within the 3D brain unit from the brain ECF.
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study generic parameter values that are in the middle of the physiological
ranges given in Table 4.1. This allows us to perform a sensitivity analysis
and study the effect of parameter values at both extremes of the physiologi-
cal range on the behaviour of the model. We use, unless otherwise indicated,
the parameter values that are given in Table 4.2.

In the following sections, we show the impact of the brain capillary blood
flow velocity (vplooq) in the absence of active BBB transport (section 4.3.1),
the impact of active BBB transport (section 4.3.2) and the impact of vpjood
and active BBB transport combined (section 4.3.3) on blood plasma and
brain ECF PK and brain ECF drug distribution. We give the concentration-
time profiles of unbound drug, specifically bound drug and non-specifically

Xr Yr Zr

bound drug in the middle of Ugcr, where (x,y,2)=(%, %, %) as well as
those of unbound drug in the blood plasma in the middle of Uy;, where
(x,y,2)=(%,5, 5), on a log-scale versus time. Drug distribution profiles are
given for cross-sections of the entire (x,y,z)-domain of the 3D brain unit for

various times.

4.3.1 The effect of the brain capillary blood flow velocity on brain
ECF PK within the 3D brain unit

The impact of the brain capillary blood flow velocity, vpiood, on brain ECF
PK within the 3D brain unit is evaluated. Parameters are as in Table 4.2,
and we thus assume that there is no active BBB transport, i.e. Ty, _ijn =0 and
Ti—ouwt=0. Here, we focus on the effect of vp0q on brain ECF PK in the
middle of the 3D brain unit. We show the concentration-time profiles of un-
bound, specifically bound and non-specifically bound drug (Cgcr, B1 and
By, respectively) within the 3D brain unit on a larger time-scale, for several
values of vpood. We do so for the default value of the passive permeability
P (P=0.1-10"7 m s7!), in Figure 4.3 (left), as well as for a high value of
P (P=100-10"" m s7!), in Figure 4.3 (right). The lowest value of vpo0q is
outside the known physiological ranges (see Table 4.1), but we choose it as
Ublood 1S predicted to mostly impact drug concentrations in the brain when
P is much higher than wvpeeq [123, 124]. The total passive permeability,
P, includes both transcellular and paracellular permeability. The paracel-
lular space may increase due to disruption of the tight junctions in certain
disease conditions, thereby allowing larger molecules to pass through and
increasing paracellular transport [259, 260]. We can tune our model and
separate between transcellular and paracellular transport, as we do in Ap-
pendix 4.II. In the current section we proceed with the total passive BBB
permeability.
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4.3 Model results

Table 4.2: 3D brain unit model default parameter values and their units. The
values are for a hypothetic drug and are all within the physiological ranges given in
Table 4.1.

Parameter Unit Value

F - 1

Dose pmol 0.5

ka s1 2.1074

ke s! 5107
L 0.2

deap m 5107°

r m 2.5:1076

Ublood ms~! 51074

D* m?2s~! 0.5-10~10

VECF m s 0.5-1076

P m s 0.1-1077

Tn—in pmol s~! 0-1077

Tin—out pmol s~1 0-10~7

Kun—in pumol L1 1-10?

Km—out pmol L1 1-10%

S ABBB m? 1-10710

Binax pmol L1 51072

kion (umol L~1s)~t  1.10°

1ot g1 1-1072

Binax pmol L1 5-10!

koon (umol L~1s)~t  1.1072

Koot s1 1-10°

Figure 4.3 shows that vp00q does not impact long-time behaviour of Cgcp,
B; and Bsy. The insets in Figure 4.3 demonstrate that v00q does impact
short-time (t=0-100 s) behaviour only when it has extremely low values
(Vblood <0.5-107*m s71), as depicted in the insets of Figure 4.3 by the yellow
and purple lines, respectively. The impact of vpjoq 0n Crcr, B1 and Bs is
independent of the values of P (compare the left and right insets of Figure
4.3). The effects of P on drug concentrations within the brain ECF are
similar to those found with our proof-of-concept 2D model [274]: for a high
value of P, the attained values of Cgcr and By are higher and follow Cfy,
while their decay is faster than for a low value of P. In addition, the >90%
maximum value of By, i.e. values of B; that are more than 90% of the
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Figure 4.3: The effect of the brain capillary blood flow velocity on brain drug
PK. The effect of vpiooa (M s~ '), on the log PK of Cp (red) and Crcr (top), Bi
(middle) and By (bottom) is shown for a default (P=0.1-10""m s~!) (left) and a
high (P=100-10""m s~!) (right) value of P. Values of vpjo0q are set at 0.05-107*
ms=t, 05107* m s ! 5107* m s7!, 50-10* m s~ ! and 500-10% m s~ !, as is
depicted by different colours, where drug concentrations for the default value of vp100q
(Vblooa=5-10"% m s71) are shown in blue. All other parameters are as in Table 4.2.
The insets in each sub-figure show the PK for a shorter time.

maximum value attained during the simulation (B1>90% max(By)), is at-
tained shorter for a high value of P than for a low value of P.

From the results shown in Figure 4.3 we conclude that the effects of vpjoed
on brain ECF PK are minimal. According to the Renkin-Crone equation
[123, 124], the brain capillary blood flow affects drug influz, depending on
the permeability of the BBB. This is also demonstrated by our model, and
we show that vppoq affects drug influx across the BBB in Appendix 4.111.
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Figure 4.4: Changes in Cp,; and Cgcr due to the effect of vhi00a. While vhig0d
is varied from 0.05-107% m s~ ! to 50-10~% m s—!, all other parameter values are as
in Table 4.2.a) C), is plotted against time (time points from 5 to 25 s) along the
distance shown in (b). b) The pathway from Uy, to Usyt along which Cy is plotted. )
Distribution profiles of Cy,; (red) and Crcr (blue) of the 3D brain unit at t=5s. Darker
shades of red and blue correspond to higher values of C},; and Crcr, respectively.

The plots in Figure 4.4a show the changes in concentration of drug within
the blood plasma over a short time-range (t=5 s to t=25 s). There, Cpy is
plotted along the capillaries starting at Uy, (where drug enters the unit) to
Uout (where drug exits the unit). We measure the distance from Uj,, where
the total distance between these points is 150 um. Drug can be transported
along several pathways, but in Figure 4.4a the values of C},) are given along
the pathway indicated in Figure 4.4b. When v})00q=0.5 (left), there are
clear differences between Cp; in Ui, (Distance=0) and Cf in the opposite
corner (Distance=150) at the time-points shown. However, as Cy,) increases
over time, the differences in C},; become small relative to the value of Cy;.
Figure 4.4c shows the distribution profiles of unbound drug within the 3D
brain unit at t=5 s for different values of vpjooq. There, darker shades of
red and blue correspond to higher concentrations of unbound drug in the
blood plasma and the brain ECF, respectively. When vp100q=0.5-10"% m
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s~!, the transport time of drug between Ui, and the opposite corner is
higher than when vpiooq=5-10"% m s~!. This is depicted in Figure 4.4c,
where at t=5 s, drug concentrations within Uy, are equal for a high brain
capillary blood flow velocity (vblooa=50-10"% m s™1), while local differences
in Cy,; still exist for a low value of vpjeoq (Vblood=0.5-10"% m s™1). The value
of vplooq also affects local concentrations of Crcp. For a low value of vpo0q
(Vblooa=0.5-10"* m s~1), values of Cgcr at t =5 are overall low, but highest
in the corners closest to Uy,. For higher values of vpjood (vblood:5-10*4 m
s71 and Vploa=50-10"* m s7!), Cgcr at t=>5 is overall higher, but again
highest in the corner close to Uy,.

4.3.2 The effect of active BBB transport on the drug concentrations
within the brain ECF

Active BBB transport kinetics are regulated by the maximal transport rate
(Tm) and the concentration of drug needed to reach half of the maximal
transport rate (K, ), see section 4.2.4.1. We first focus on BBB active in-
flux, such that Ty, _out=0. We vary Ti_in, which denotes the maximal rate
of active transporters moving drug from the blood plasma into the brain
ECF. Figure 4.5 shows the effects of increasing values of Ty, i, (starting at
Tim—in=0, i.e. no active influx) on Cgcr (top), Bi (middle) and By (bot-
tom). Figure 4.5 (top) reveals that an increased value of Ty,_i, correlates
with increased concentrations of Cgcp. The time to the peak of Cgcp is
not affected by the value of Ty, _i,. Figure 4.5 (middle) shows that Ty, i,
does affect the time during which the specific binding sites are saturated.
We find that 90% max(Bj) is attained longer for a higher Ty, _i,. Figure
4.5 (bottom) shows that higher values of Ty,_j, correlate with higher values
of By and thus a greater occupancy of non-specific binding sites. The non-
specific binding sites within the brain ECF become saturated with drug
when Ty, iy, is sufficiently high (T, _i,=100-10""umol s~1).

To evaluate the effect of BBB active efflux on drug concentrations within
the brain ECF, we repeat our simulations with T}, directed outward, i.e.
with Tin—out=0-100-10""pmol s~ ! and T}, _i,=0. Figure 4.6 (top) shows that
Cgcr decreases faster for higher values of Ty, oy, corresponding to more
active efflux. Figure 4.6 (middle) reveals that Ty, oy affects the time during
which specific binding sites are saturated: the time at which By attains 90%
max(B7) is smaller for a high value of T, _oyt. For sufficiently high values
of Thy—out, the binding sites do not become saturated. Figure 4.6 (bottom)
shows that By is similarly affected by BBB active efflux as Crcp.
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Figure 4.5: The effect of BBB active influx on the log concentration-time profiles
of drug in the brain ECF, relative to those in the blood plasma. Top: unbound
drug in the brain ECF (Cgcr) compared to unbound drug in the blood plasma (Cly,
red curve). Middle: drug bound to its target sites (By). Bottom: drug bound to non-
specific binding sites (Bz). The value of T}, i, is changed from 0 to 100-10~7 umol
s~!. The rest of the parameters are as in Table 4.2.
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Figure 4.6: The effect of BBB active efflux on the log concentration-time profiles
of drug in the brain ECF, relative to those in the blood plasma. Top: unbound
drug in the brain ECF (Crcr) and unbound drug in the blood plasma (Cl, red curve).
Middle: drug bound to its target sites (B ). Bottom: drug bound to non-specific binding
sites (Bz). The value of T, _ou¢ is changed from 0 to 100-10~7 umol s~1. The rest of
the parameters are as in Table 4.2.
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4.3.3 The effect of the brain capillary blood flow velocity in the pres-
ence of active BBB transport

In section 4.3.1 we have shown that both the passive BBB permeability,
P, and the brain capillary blood flow velocity, vpiooq, affect drug brain
ECF PK in the absence of active BBB transport. Here, we study how P
and vplooq combined with active BBB transport affect drug PK within the
brain ECF. Figure 4.7 shows the log plot of Crcr for vpleoq=5-10"% m s~!
(top) and Vplooq=0.5-10"%* m s~! (bottom) and for P=0.1-10"7 m s~! (left)
and P=100-10"" m s~! (right) in the presence of BBB active influx, i.e. for
various values of Ty, —in (Tym—out=0).

Note that the vertical scale is the same in all plots. Figure 4.7 shows how
P and wpooq affect the impact of Ty, i, on brain ECF PK. A smaller
value of vpleoq only slightly reduces Cgcrp when Ti, i, is sufficiently high
(Tm_in=>10-10"7 umol s71), see Figure 4.7, left. An increase in P does re-
duce the impact of Ti,—in on Cgcr substantially (Figure 4.7, right). When
the BBB is very permeable, like for drugs that easily cross the BBB, such
as phenytoin [152, 251], active influx needs to be fast to have any effect,
as drug can easily pass the BBB to flow back into the blood plasma. As
shown in Figure 4.7, right, in the presence of a high value of P, Ti,_i, only
(slightly) affects Cgcp when it is 10-10~7 wmol s~! or higher.

Figure 4.8 shows the log profiles of Cpcp for vpleea=5-10"% m s~! (top)
and Vplooq=0.5-10"* m s~! (bottom) and for P=0.1-10"" m s~! (left) and
P=100-10"" m s~ (right) in the presence of BBB active efflux, i.e. for var-
ious values of Tyy—out (Tmn—in =0).

Figure 4.8 reveals that v00q does not affect the impact of 11, out on Crcr.
This is expected, as vplpoq mainly affects Cp;, while BBB active efflux de-
pends on Cgcr. The passive permeability P does affect the impact of T, —out
on Cggp. If P is high, drug can easily flow across the BBB back into the
brain ECF, following the concentration gradient between the blood plasma
and the brain ECF, thereby countering the effect of Ty, oyt. Figure 4.8 (top
right) shows that for a high P, Cgcr is only affected by Ti,_out when its
value is higher than 10-10~7 pumol s~!. The values of Cgcr in the presence
of BBB active efflux and a high passive BBB permeability, P, are unaffected
by Ublood (Figure 4.8 | right).

Next, we study how the drug distribution within the 3D brain unit is af-
fected by vblood, Py Tm—in and Ty—out- Figure 4.9 shows cross-sections (for
y:%yr and z=0) of the 3D brain unit at t=5 s, in which the distribution
of Cp1 and Cgcr is plotted. The values of Cp, and Cgcr are represented by
shades of red and blue, respectively, where darker shades indicate higher
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concentrations. In figure 4.9a (left) we give a plot for a default P and vpjooq
(Figure 4.9a, left). Then, we decrease vpjooq (Figure 4.9a, middle) or in-
crease P (Figure 4.9a, right). For a lower vpjood, relative differences of Cfp
over space increase (Figure 4.9a, middle). Additionally, due to the decrease
in Cpy, local differences in Crcr become more apparent. A larger value of
P results in an increased exchange of drug between the blood plasma and
the brain ECF, such that Cgcp becomes higher (Figure 4.9a, right).
Figure 4.9b shows that the presence of BBB active influx (Tm_in:1-10*7
umol s~!) increases Cpop. As a consequence, local differences within Ugcp
become relatively small. With a low value of vpje0q, local differences in Uy,
become apparent (Figure 4.9b, middle). Finally, Figure 4.9c shows that
with BBB active eflux, Crcp becomes smaller than when no active efflux
is present, except for when P is high and more pronounced.
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Figure 4.7: The impact of vpooa, P and Ty,_ijn, on Cgcr. Log concentration-
time profiles of unbound drug in brain ECF (Cgcr) are shown with 1000x increased
permeability P (left to right, 0.1.107" m s~! to 100-10~7 m s~!) or 10x decreased
flow Vplo0d (top to bottom, 5:107%m s™! to 0.5-107* m s7!) in the presence of BBB
active influx compared to the concentration of unbound drug in the blood plasma
(Cp1, red curve). The value of of Ty,_iy is changed from 0 to 100-10~7 pumol s71, as
depicted by various colours. The rest of the parameters are as in Table 4.2.
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Figure 4.8: The impact of vpi00d, P and Ty, _ijn on Cgcr. The PK on log-scale
of unbound drug in brain ECF (Cgcr) is shown with 1000x increased permeability
P (left to right, 0.1-107" m s~! to 100-10~7 m s~!) and 10x decreased blood flow
velocity vpjooa (top to bottom, 5:107% m s™! to 0.5:107% m s7!) in the presence of
BBB active efflux compared to the concentration of unbound drug in the blood plasma
(Cp1, red curve). The value of Ti,_oyy is changed from 0 to 100-10~7 umol s71, as
indicated by the different colours. The rest of the parameters are as in Table 4.2.

Values of Cgcr are given in the table in Figure 4.10c in order to show the
differences within the 3D brain unit more clearly. There, values of Cgcp are
given for four different locations within the 3D brain unit for several values
of Upleod and P and t=500 s. The table again (as in Figures 4.7, 4.8 and 4.9)
shows that vp00q and P affect the impact of T, and Ty, out on Cgop. It
provides additional information on the distribution of Cgcp within the 3D
brain unit. In general, Cgcr is higher in the corners relative to the edge and
middle within the 3D brain unit. The extent of these local concentration
differences depends on the values of Ty, _in, and Ti,_out. The differences are
largest when Ty_out=1-10"" pmol s~', depicted in the lowest line of each
sub-table. There, Cgcr in corner 2 is higher than in corner 1. In addition,
in the presence of BBB active influx, the values of Cgcp are lower in corner
2 than in corner 1. Again, the extent of this difference depends on the value
of Tm—in'
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Figure 4.9: 3D drug distribution profiles. Profiles are given at cross-sections (at
y:%yr) of the 3D brain unit at t=5 s of unbound drug in brain ECF with lower brain
capillary blood flow velocity (vb100a=0.5-10"* m s~!, middle column), higher passive
BBB permeability (P=100-10"7 m s~!, right column), presence of BBB active influx
(middle row, Ty, _1,=1-10"7 umol s~!) and presence of BBB active efflux (bottom
row, Tim—out=1-10"7 umol s71) at t=5 s. Parameters are as in Table 4.2.
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Corner 2
C) CECF
Middle
Corner 1
Max
Default
P01 Viioos = 0-3 Viiood = 2 Viiooa = 90
Corner 1 Edge Middle Corner 2 Corner 1 Edge Middle Corner 2 Corner 1 Edge Middle Corner 2
Inward 99.58 98.35 02. 99.92 98.68
1 i i 5.908 5.364 ¥ i 5.369 5.233 .
0 0.6834 0.6204 0.6932 | 0.6864 0.6233 0.6236 0.6102 0.6972
1 0.6749 0.613 0.5997 0.6851 | 0.6778 0.616 0.603 0.689
Outward 0.6061  0.5537 0.5416 0.6191 | 0.6084 0.556 4 Y 0.5443  0.6224
P=1
Middle Corner 2
Inward
15.75
0 8422 7.802 7672 8519 8.481 7.862 7.733  8.587
1 8284 7679 755  8.386 8341 7.736 7.609  8.451
Outward 10 7.207
100|

P=10
T. Comer1 Edge Middle Corner 2 Corner 1 Edge Middle Corner 2 Corner 1 Edge Middle Corner 2

1000 740 707.1 6992  719.1
Inward

10 1896 183.6 182.1 187.5 189 195.5 189.6 188.1 1934

1 1219 1183 1175 122.1 119.7 1234 120 119.1 1236
0 1142 110.9 110.2 114.6 112 1153 1121 111.4 1158
1 1119 108.8 108.1 112.4 109.7
Outward 10 9449 9232 9174 9555 92.53
100

Figure 4.10: Values of Crcr (1072 umol L~1) at several locations within the
brain unit for different values of P and vpjo0q at t=500 s. a) Locations within
the 3D brain unit. Corner 1: (x,y,z)=(r,r,r), Corner 2: (x,y,z)=(x-r,y,-t,z:-r), Edge:
(xy.z)= (0, %,%), Middle: (x,y,z)= (%.%.%). b) Values of Cgcr are shown for
a low ((P=0.01-10"% m s7') , default (P=0.1-10"% m s~!) and high (P=1-10"8
m s’l) value of P in the top, middle and bottom table, respectively. Within each
table, concentrations are given for several values of vpiood (Ublood=0.5-10"% m s71,
Vblood=5-10"% m s™1 and vplooa=50-10"% m s71, left to right), Tm_in (Tm—_in=0,
Trm—in=1-10""7 umol s~ T,,_;,=10-10"7 pumol s~ ! and 7},_;»=100-10""7 pumol
s71) and T out (Tim—out=0, Tim—out=1-10"7 pumol s71, T}, _ut=10-10"7 pumol s~!
and T out=100-10"7 pmol s~!) at different locations. When T},_i, is changed,
Tm—out=0 and vice versa. c) Colour legend. In each table, colours are relative to the
value of Cgcr in the middle of the unit in the absence of active BBB transport for
Ublooa=5-10"% m s™!, of which the colour is denoted by “Default”. The intensity of
green corresponds to the extent of increase, and the intensity of red corresponds to
the extent of decrease of Cgcp compared to the default. Other parameters are as in

Table 4.2.
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4.4 Discussion

We have developed a mathematical model that describes the local distri-
bution of a drug within a 3D brain unit as an extension of our earlier 2D
proof-of-concept model [274]. The 3D brain unit is represented as a cube.
This new model provides an important step towards more realistic features
of the brain. The 3D representation allows for the brain ECF to be repre-
sented as a continuous medium. The brain capillary blood flow and active
transport across the BBB have been explicitly incorporated. This enables
us to more realistically predict the impact of the interplay of cerebral blood
flow, BBB characteristics, brain ECF diffusion, brain ECF bulk flow and
brain (target) binding on drug distribution within the brain. Altogether our
model allows the study of the effect of a large amount of parameter values
(summarized in Table 4.1) on drug distribution within the 3D brain unit.
This study has focused on the effect of the newly implemented brain proper-
ties on brain ECF concentrations a drug within the brain. It is shown that
the brain capillary blood flow velocity and the passive BBB permeabil-
ity affect the concentration of a drug within the brain, and, as anticipated
[62, 163] that a low brain capillary blood flow velocity affects the short-term,
but not the long-term concentration-time profiles of Cp; and Cgcr, (Fig-
ures 4.3 and 4.4). In addition to the confirmation of these earlier reported
results, our model enables the study of the effects of BBB permeability in
conjunction with other factors, like active BBB transport, on brain ECF
PK. It was found that passive BBB permeability has a high impact on brain
ECF PK, even when drug is actively transported across the BBB. More-
over, the BBB permeability and, in smaller extent, the brain capillary blood
flow velocity affect the impact of BBB active influx on drug PK within the
brain ECF (Figures 4.7 and 4.8). Interestingly, the brain capillary blood
flow velocity, passive BBB permeability and active BBB transport do not
only affect the concentration of drug within the brain ECF, but also its
distribution within the brain ECF (Figures 4.9 and 4.10).

Taken together, the 3D brain unit model shows the impact of drug-specific
and brain-specific parameters on drug distribution within the brain ECF.
The added value is that all these factors can now be studied in conjunction
to understand the interdependencies of multiple brain parameter values
and drug properties, as was shown in this work. This makes this single 3D
brain unit model suitable for the next step, which is to mount up multiple
units to represent a larger volume of brain tissue, in which the brain tissue
properties for each unit can be defined independently. With the establish-
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ment of the current 3D brain unit model, we are now ready to incorporate
intra-extracellular exchange and drug binding to intracellular binding sites
in future modelling work. As the current model is in 3D, the units can be
built up, and drug distribution within the brain ECF can be described, in
all possible directions. The units may be given different systemic properties
(such as the BBB permeability or drug target concentration), to represent
the heterogeneity of the brain in a 3D manner.
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Appendices

4 .| - Nondimensionalization of the model

We can make equations (4.2-4.16) dimensionless by introducing a change of
variables. Here, the original variables are scaled to dimensionless variables
by scaling with a characteristic, dimensional scale. We set:

t=tct D*= D.d k1on = k1on.Kion
T =1, v=10.V k1ot = K1oft, K1off
Y=y Cp1 = Cp,w k2on = k20n.K20n
z2= 2 Cecr = Ceu kaoft = kaott, Koo
By =B by B = Bﬁaxbrlnax P=PFp
By = Ba,bs B = BPaxpmax G Appy = SAppp sapps
T = T tm Ky = K km Ublood = VUblood, Vblood
where
te = 1s D, =101 m2s7! E1on, = (pmol Lt s)*1
T, =10"%m ve=10"%ms™? k1otr, = 1072¢7!
ye=10"%m Cp1, = pmol L1 E2on, = 1072 (umol L™1s) ™!
2e=10"%m C. = pmol Lt kootr, = st
B;. = umol L7} BY™ = umol L™ P.=10"ms™ !
By, = umol L™} By = ymol L™ SAppp, = 107 L m™!

Th, = 10~ "pumol s~ ! Ky, = 10% pmol L1 Ublood, = 103 ms!

This leads to the following dimensionless equation for drug in the blood
plasma (example based on equation (4.2), but similar for equations (4.3)-

(4.4)):
ow 03 ow
9 = 10 Vbloodafga

and the following system of dimensionless equations for drug within the
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brain ECF (for equations (4.6)):

ou Pu  0*u  O*u ou
—=10%d(55 + 25 + =) — Vs
or (Ge oz Ta) Ve
— Klonu(brlnax — bl) + 1072K10ffb1
— 1072 Koonu (b5 — by) 4+ Koogehy
0b
=1 = Klonu(brlnax - bl) - 10_21(10ffbl
or
0b
8—2 = 102 Koonu (b5 — by) — Koogeha.
-

The corresponding boundary conditions (equations (4.10)-(4.11), example
for equation (4.10), but similar for equation (4.11)) are given by:

1071y,
SaBBB(km + u(&a m, Ca T))

d— =107 p(w — u(&,1,¢, 7)) + u(&,n,¢, 7))
for £=0 and &£=1.
The initial conditions become

w(fﬂ%(ﬂ' = 0) = 07
u(&,n, ¢, 7=0)=0.

4.11- The effect of paracellular permeability on concentration-
time profiles within the brain ECF

We study the passive transcellular permeability and passive paracellular
permeability separately. This is different from before, where we have studied
the total passive permeability. We study the effect of paracellular transport
on the PK within the 3D brain unit. The paracellular permeability can
increase due to disruption of the BBB, which in turn could be a result
of disease. We include paracellular permeability and study its effect on
drug concentrations within the 3D brain unit. For drugs for which the
passive transcellular BBB permeability is low (Pyans=0.01-10"7 pumol s~ 1),
increasing Ppara highly impacts drug concentration-time profiles within the
brain ECF (Supplementary Figure 4.1, left). For drugs with a high passive
permeability, an increased paracellular permeability has less effect, as shown
in Supplementary Figure 4.1 (right). Essentially, changing the paracellular
permeability
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Supplementary Figure 4.1: The PK in log-scale of unbound drug in the brain ECF
(CEecr) compared to the concentration of unbound drug in the blood plasma (Cp,, red
curve). The transcellular passive permeability, Pirans, is set to 0.01-1077 m s~' (left) and
1-1077 m s™! (right), while the paracellular permeability, Ppara is changed from 0 to 1.1077
m s~ ! as depicted by different colours.

has a similar effect as changing the total and the transcellular permeabil-
ity: both increase the transport of drug along the concentration gradient
between the blood plasma in the brain capillaries and the brain ECF.

4.1l - The Renkin-Crone equation and the 3D brain unit
model

We compare our model with the Renkin-Crone equation, which is a well-
known equation relating blood flow to tissue uptake [123, 124], see Box
I. The Renkin-Crone equation predicts that the transport of drugs across
the BBB into the brain depends on the brain capillary blood flow rate, @,
in the presence of a large BBB permeability surface, P.S. The volumetric
parameters () and PS are related to the brain capillary blood flow veloc-
ity, Ublood, and the BBB permeability, P, by the brain capillary and BBB
surface area, SAc., and SAggg, respectively. Here, we study the effect of
Ublood ON the passive transport of drug into the brain for different values of
P. For this purpose, we:

1. Take a constant concentration of drug within the blood-plasma-domain
(i.e. we set Cpi(t)=1 for Cpi(t) € Un).

2. We simplify boundary conditions (11) and (12) to 8%% = P(Cyp) in
order to study passive influx, which is the passive movement of drug into
the brain, only. Note that his is different from the approach we took previ-
ously, in which passive transport into or out of the brain ECF depends on
a difference in concentration between the blood plasma and the brain ECF
(see equation (4.10)). Moreover, we set Tp—in=0 and Ty,—out=0
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3. We leave out drug binding and set Bimax, Bomax=0.

We measure the change in Cgcp (dcziﬂ) at one specific point of the 3D
brain unit, (x,y,z)= (gr,gr, % ),which we denote by w1, as indicated in Sup-
plementary Figure 4.2 (top). Similarly, we measure Cp,; at one specific point
of the 3D brain unit, (x,y,z)=(5 r,%r fr), denoted by wq, as indicated in
Supplementary Figure 4. 2(t0p) It takes some time until a steady state is
reached and values of Cp, and CECF are approximately constant, see Sup-
plementary Figure 4.2 (bottom) At steady state kppp, which is the rate
constant of drug transport from the blood plasma across the BBB into the

brain ECF, can be determined as follows:

dc
e (u)

kppp = 28 1/ 4.1
bbb Cpl(wl) ( )

with (u1) the change in Crcp over time in u; and Cp(wy) the value

dC(;EtCF
of Cp1 in wy when both Cp(w1) and dcd% (u1) do not longer vary.

1
7 -
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Supplementary Figure 4.2: Determination of Cpl (w1) and dc;i%(ul). Time Top:
Locations of w; and u;, where C’pl(wl)and ECF (u1) are measured, within the 3D
brain unit. The black arrow indicates the dlrectlon of the brain capillary blood flow,
while the green arrow indicates the direction of BBB transport. Bottom: Profiles of
Cp1 (w1) and 9BCF (41) over time.
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Supplementary Figure 4.3 demonstrates that the way vpooq affects kppp
varies with the value of P. With values of P of 1-107* m s~ or lower, kgpp
is independent of vpo0q. With values of P of 10-10~* m s~! or higher, kpgpp
linearly increases with vple0q Up to a certain threshold (e.g. for P=10-10"*
m s~!, kppp starts to approach constant levels when vpjo0q>2). These results
correspond to the predictions of the Renkin-Crone equation (Box I).
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Supplementary Figure 4.3: The effects of vpiooq ON kpr. The effect of vpp0q ON
kppp depends on P. Note that here P is in the order of 104 m s—!, which is 10°
times its default value, see Table 4.2.
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Box I - The Renkin-Crone equation

The brain capillary blood flow affects the passive clearance of a drug
across the BBB according to the Renkin-Crone equation [123, 124].
The Renkin-Crone equation describes the relation between the brain
capillary blood flow and transport across the BBB as follows:

Kin = QE
—ps (4.2)
with E=1—e @ ,

with Kj, the passive clearance of drug from the blood into the brain
(L's™1), Q (L s7!) the blood flow rate in the brain capillaries and PS
(L s~1) the passive permeability surface of the BBB. Both Q and PS
have the same units, such that, F, the ratio of compound extracted
from the blood into the brain, is dimensionless.

The Renkin-Crone equation shows that the transport from the blood
into the brain depends on the ratio of the BBB permeability surface
(PS) and the blood flow rate (Q). When PS>>(@), the extraction ra-
tio E approaches 1, such that Kj, is determined by changes in (). In
other words, when PS>(@), drug transport across the BBB is much
faster than the rate of drug supply into the brain capillaries. Then,
drug transport into the brain can only be increased by increasing Q).
On the other hand, when @>PS, E approaches 0. In this case, the
drug supply into the brain capillaries is much faster than the rate of
drug transport across the BBB. Then, drug transport into the brain
can only be increased by increasing PS.

The Renkin-Crone equation implies that the effect of the brain capil-
lary blood flow rate on the concentration of unbound drug exchang-
ing with the brain is most pronounced for drugs that easily cross
the BBB [124, 286], i.e. drugs for which PS>>Q, or, in terms of ve-
locity rather than rate, drugs for which P>wvpio0q. Under general,
non-pathological circumstances vpjooq is around 5-107% m s—! (see
Tables 4.1 and 4.2), which implies that BBB transport is impacted
by the blood flow velocity when drug molecules have a value of P
that is (much) higher than 107% m s=! (i.e. 10 times the default
value as given in Table 4.2).
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