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Purpose. The objective of this simulation study was to investigate how the nature, location, and capacity
of the efflux processes in relation to the permeability properties influence brain concentrations.
Methods. Reduced brain concentrations can be due to either influx hindrance, a gatekeeper function in
the luminal membrane, which has been suggested for ABCB1 (P-glycoprotein), or efflux enhancement
by transporters that pick up molecules on one side of the luminal or abluminal membrane and release
them on the other side. Pharmacokinetic models including passive transport, influx hindrance, and efflux
enhancement were built using the computer program MATLAB. The simulations were based on
experimentally obtained parameters for morphine, morphine-3-glucuronide, morphine-6-glucuronide,
and gabapentin.

Results. The influx hindrance process is the more effective for keeping brain concentrations low. Efflux
enhancement decreases the half-life of the drug in the brain, whereas with influx hindrance the half-life
is similar to that seen with passive transport. The relationship between the influx and efflux of the drug
across the blood-brain barrier determines the steady-state ratio of brain to plasma concentrations of
unbound drug, K, .-

Conclusions. Both poorly and highly permeable drugs can reach the same steady-state ratio, although
the time to reach steady state will differ. The volume of distribution of unbound drug in the brain does
not influence K, ,,, but does influence the total brain-to-blood ratio K|, and the time to reach steady

state in the brain.
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ABBREVIATIONS: ABCBI1, P-glycoprotein; A,,. ., total

(unbound, bound, intracellular) amount of drug in the brain; BBB,

blood-brain barrier; CL, systemic clearance; CL,,,, unbound passive

clearance; CL;, clearance by influx hindrance; CL,, clearance by
efflux enhancement at the luminal membrane; CLj3, clearance by
efflux enhancement at the abluminal membrane; CNS, central
nervous system; CSF, cerebrospinal fluid; Cp;, drug concentration in
blood; CL;,, net influx clearance; CL,,,, net efflux clearance; C, 5,
unbound drug concentration in blood; C,;, unbound drug
concentration in brain; C,.., unbound drug concentration in
endothelium; C, 45, unbound drug concentration in blood at
steady state; C, 45 Unbound drug concentration in brain at steady
state; ISF, interstitial fluid; J,.x, maximal active transport capacity
elimination constant; k., elimination constant; K, ratio of total brain
to total plasma concentration; K, ,, ratio of total brain to unbound
plasma concentration; K, ,,, ratio of unbound brain to unbound
plasma concentration; K,, unbound concentration at 50% of Jyax;
M3G, morphine-3-glucuronide; M6G, morphine-6-glucuronide;

705

efflux transport; blood-brain barrier; gabapentin;

OAT3, organic anion transporter; Pgp, P-glycoprotein; PS,
permeability surface area; O, mass flux; Ry, infusion rate; ¢, half-
life; V};, vol-ume of blood in the brain tissue; V,;;, distribution
volume of unbound drug in blood; V., distribution volume of
unbound drug in brain; V., distribution volume of unbound drug in
endothelium.

INTRODUCTION

The blood-brain barrier (BBB) and its transport proper-
ties have a profound influence on the concentration-time
profiles of drugs in the brain, and thereby on their central
effects. The tight junctions between the endothelial cells of the
BBB force all drugs to penetrate through rather than between
the cells. This accentuates the differences in the passive
permeabilities of lipophilic and hydrophilic drugs compared
with other capillary membranes in the body. The influence of
influx and efflux transporters further accentuates differences
in membrane transport between drugs. In this paper, we will
focus on the consequences of efflux transporters on drug
concentration—time profiles in the brain. The best known and,
according to current understanding, the most important efflux
transporter for exogenous substances is ABCB1 (P-glycopro-
tein, Pgp). It is important to understand the impact of this and
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other transporters on brain concentration—time profiles when
developing drugs for central action, for avoidance of central
side effects, or for understanding the influence of drug
interactions at the BBB on the drug’s central action.

To penetrate the brain tissue, the unbound drug has to
pass the two membranes of the BBB endothelial cells: the
luminal membrane facing the capillary blood, and the
abluminal membrane facing the brain interstitial fluid (ISF).
ABCBI is present at the luminal membrane of the BBB (1).
A possible action of this transporter was first described by
the so-called “vacuum-cleaner model” (2-4) and more
recently by the “ATP switch model” (5). These models may
also serve to describe the mode of action of other luminal
transporters. Because the vacuum-cleaner mode of action
transports the drug back to the blood before it reaches the
cytoplasm of the BBB endothelial cells (i.e., it functions as a
gatekeeper, preventing influx), this process is called influx
hindrance. An alternative mechanism for luminal efflux
involves the active transport of compounds from the cyto-
plasm of the endothelial cells across the luminal membrane
to the blood. This process results in increased efflux of
substrates compared with passive transport. It is therefore
referred to as efflux enhancement. It has been suggested that
ABCBI1 may act by both mechanisms (3,5-7).

Efflux transporters, such as the organic anion transport-
er (OAT3), are also located on the abluminal side of the
BBB endothelium (8,9). In this study, we have assumed that
the active process for abluminal transport is one of efflux
enhancement, where drugs are taken from the brain ISF to
the endothelial cell cytoplasm. It is speculated that abluminal
transporters like OAT3 require assistance from a luminal
transporter to extrude substances from the brain ISF all the
way to the blood. To describe this situation, we have included
a model combining abluminal and luminal efflux transport.

Most kinetic models of active efflux describe transport
across a single membrane (10-12), but there are also some
double-membrane models illustrating the uptake of glucose
or other endogenous substances into the brain (13-16).
Ashida et al. developed a model for ABCB1 based on the
vacuum-cleaner mechanism, but their paper focused on
cancer resistance and did not include active efflux at the
BBB (17). However, they did recognize the importance of
the membrane space between the vascular and intracellular
compartments. Upton later developed a model similar to
Ashida’s, which included blood, membrane, and intracellular
compartments and addressed the function of ABCBI1 in the
BBB (18). Around the same time, Sun et al. presented a
comprehensive double-membrane BBB model (19). They
assumed that passive transport across both membranes was
symmetrical and that the drug concentration in the outer
leaflets of the membranes equilibrates with that in the plasma
or brain intracellular fluid, whereas the concentration in the
inner leaflets equilibrates with that in the endothelial cells.

The purpose of this study was to describe the effects of
the various possible efflux transport processes at the BBB
on the brain concentration-time profiles of unbound drug,
and the consequences for the central pharmacodynamics of the
drugs. To address this question, a model was developed that
comprised blood, endothelial, and brain compartments and in-
cluded active transport mechanisms at different locations in the
BBB as well as passive transport between the compartments.
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THEORY

BBB transport comprises passive diffusion and active
efflux processes (Fig. 1). The compartmentalization of the
free, unbound drug in the blood, endothelial cell, and brain
ISF is also described in Fig. 1. It is assumed that the
equilibration between unbound and bound drug in the
different compartments is not a rate-limiting process; this is
also assumed for equilibration of drug between brain ISF and
brain intracellular fluid and/or drug bound to components
within the central nervous system (CNS). The processes are
described by their clearances for passive permeation rate-
limited by diffusion across the BBB and active transport out of
the brain. The active processes (influx hindrance and efflux
enhancement) are assumed to work according to Michaelis-
Menten kinetics.

Brain ISF bulk flow and brain metabolism were not
considered in the model. This assumption simplified the
models without conflicting with the general aim of this paper
to show the influence of different BBB processes on the brain
concentration profile over time. The rate of bulk flow
[0.18-0.29 uL min~" (g brain) ' (20)] is also lower than the
active efflux clearances for many drugs (21). The cere-
brospinal fluid (CSF) was not included in the model. The
CSF and brain compartments are separated from the vascular
space by the blood—CSF barrier and the BBB, respectively.
The two membranes have different permeability properties
and drug concentrations in the two compartments could vary
widely (22,23).
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Fig. 1. The blood-brain barrier consists of endothelial cells with tight
junctions. Molecules in the blood must pass two membranes before
reaching the brain. The luminal membrane faces the blood and the
abluminal membrane faces the brain interstitial fluid (ISF). Mole-
cules move across the membrane barriers by passive (CLpags) OF
active transport (CLy, CL,, and CL3). CL, is the clearance describing
influx hindrance, CL, is the clearance by efflux enhancement at the
luminal membrane and CL; is the clearance by efflux enhancement
at the abluminal membrane.
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The Model

The model consists of passive processes in both the
luminal and abluminal membranes of the endothelial cells, in
combination with efflux pumps located at both membranes of
the BBB (Fig. 1). It is assumed that there is instant
equilibrium between the concentration of drug in the blood
and that in the luminal membrane. Similarly, the concentra-
tion in the abluminal membrane is assumed to equilibrate
instantly with that in the brain ISF. Therefore, the luminal
membrane drug concentration is assumed to be equal to the
blood concentration, and the concentration in the abluminal
membrane is assumed to be equal to the concentration in the
brain ISF. The passive clearance is assumed to be the same
across both the luminal and abluminal membranes. The
unbound drug concentrations in blood (C, ), endothelium
(Cuec), and brain ISF (C, ;) are described by Egs. (1)—-(3).
Single compartments were used for the blood, the cytosol of
the endothelial cell, and the brain. Although this is a sim-
plification for most compounds, it clarifies the consequences
of the processes at the BBB on brain ISF concentration—time
profiles.

VLL . dCM
% =Ry — (CL + CLpuss — CL1) - Cypr
+ (CLp,m- + CL2) . Cu.ec (1)
uec* d u.ec
‘/'ed# = (CLpas: — CLl) . Cu,b/
t
— (2 . CLpaSS + CLZ) : Cu,ec
=+ (CLpass + CL3) . CuA,br (2)
Viubr - dCupr

- CLpass . Cu.ec - (CLpass + CLS) . Cu,br (3)

dt

Vbt Vieer and V,;, are the volumes of distribution of
unbound drug in blood, endothelium, and brain, respectively.
The infusion rate is described by Ry. In Egs. (1)-(3), CL is
the unbound systemic clearance, CL, is the unbound
passive clearance across the BBB, CL; is the clearance by
influx hindrance, i.e., the process hindering drug to reach
even the cytosol of the BBB endothelial cells when drug is
transported from blood. CL, is the clearance by efflux
enhancement at the luminal membrane, i.e., transporting
drug from the cytosol of the endothelial cell to blood. CLj is
the clearance by efflux enhancement at the abluminal
membrane, i.e., transporting drug from the brain ISF to the
cytosol of the BBB endothelial cell. The active clearances can
be defined as:

Jmax
CL; =% 4
! Kt + Czubl (
]max
CLy=——— 5
2T K+ Cuee ©)
CL3 ]max (6)

B Kl + Cu,br
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where Ji,x 1S the maximal active transport capacity and K, is
the unbound concentration at 50% of Jyax.

Steady-State Brain-to-Blood Ratios

At steady state, the mass flux, Q, across the luminal
endothelial membrane is given by:

0= (CLpass + CLZ) ' Cu,ec - (CLpass - CLI) ' Cu.bl (7)
and that across the abluminal membrane by:
Q = (CLpass + CL3) ° Cu,hr - CLpass ° Cu,ec (8)

Solving these two equations for C,, .. yields:

C . (CLpaxs + CLS) : Cuﬁbr + (CLpass - CL[) : Cu,bl (9)
wee = 2 CLypass + CLy

C.,.cc can therefore be eliminated from Egs. (7) and (8). By
rearranging one of these equations, the following expression
is obtained for Q:

0=

(CLﬁ,m

+ CLpuss + CLa + ClLpuss - CLs + CLa - CLs ) - Cupy + (CLipus - CLi = CLZ, ) - o
2+ Clpus + CL2

(10)

The net influx clearance CL;,, sometimes also expressed
as the permeability surface (PS) area product, is composed of
the sum of the clearances from passive and active processes
across the BBB. This is also the case for the net efflux
clearance CL,,. Equation (10) can therefore be rewritten
with the macroconstants CL;, and CL,,; to describe the
transport across both membranes:

Q = CLout : Cu,br - CLin : Cu,bl (11)
CL;, and CL,,, can therefore be defined as:
oL CL} s = CLpass - CL b
" 2. CLpaxx + CLZ ( )
CL2, .+ CLpass - CLy + CLpass - CL3y + CL, - CL
CLyw = ‘pass + pass 2+ pass 3+ 2 3 (13)

2. CL[HISS + CLZ

Steady state occurs when mass flux is 0 [Eq. (11)], that is,
when the brain-to-blood concentration ratio equals the
CL;,-to-CL,, ratio. The unbound steady-state brain-to-blood
concentration ratio is therefore given by:

Cu‘ss.,br _ Clevass - CL[W“ - CLy
Cussot CL2y+ CLpass - CLy + CLpgss - CL3 + CL, - CL3

(14)
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Table I. Experimentally Obtained Brain Distribution Parameters for the Model Drugs

Vibr CL;, CL Brain/blood unbound
CL [mL [uL min ! [ML min ! concentration
(mL min~") (g brain) '] (g brain) '] (g brain) '] ratio (Kj, ..) Reference
M3G 4.5 0.23 0.11 1.2 0.10 (28)
M6G 9.8 0.29 1.7 5.7 0.29 (30)
Morphine 28 1.7 11 42 0.27 (31)
Gabapentin - 5.5 44 380 0.12 (32)

The ratio of the steady-state concentrations of unbound
drug in brain and blood C, s p,/Cy s [Eq. (14)] is equal to
the partition coefficient of unbound drug in brain and blood,
K, .- In situations involving only passive transport, CL,,
CL,, and CL; are equal to 0 and K, ,,,, will be 1. CL, and CL3
are 0 when the active pump works by influx hindrance only
and Eq. (14) can be simplified to K}, ,,, = 1=(CL{/CL, ).
When the active pump works by efflux enhancement at the
luminal membrane (CL; and CLj are 0), K}, ,,,, = 1/[1 + (CL,/
CL,4)]- And finally, when the active pump works by efflux
enhancement at the abluminal membrane (CL; and CL, are
0), Kpuu = U[1 + (CL3/CL,4)]. The same holds for the
situation when two pump functions are working together.
CLj3 is 0 when influx hindrance and efflux enhancement are
working together at the luminal membrane. Then K, =
(CLpass — CL1)/I(CLpass + CLy). CLy is 0 when efflux
enhancement is active at both the luminal and abluminal
membranes and K, . = CLpass /[CLpass” + (CLyass X CLy) +
(CLpass X CL3) + (CL2 X CL3)]

Model Substances

Experimentally obtained values were used as a basis for
extrapolation of the contribution of passive and active
processes on the net CL; and CL,, in the simulation
model. Previously reported net influx and efflux clearances
(CL;,, CL,,,) for M3G, M6G, morphine, and gabapentin
are shown in Table 1. Possible passive and active clearances
for the four model substances were estimated by solving
Egs. (12) and (13) for a situation in which one of the three
suggested processes is active. For the situation with only in-
flux hindrance:

CL;=2-(CL;, —

CLour) (15)

CLpass =2 CLmt[ (16)

For the situation with efflux enhancement at the luminal
membrane:

2 g2

CLZ — CLOut CLm (]7)
in

CLpass = CLout + CLin (18)

For the situation with efflux enhancement at the abluminal
membrane:

CL3 =2 (CLout - CLin) (19)

CLpus =2 - CLyy (20)

The estimates of passive and active clearances for these
three situations and the four model substances are shown in
Table II. The ratio of the rate of specific active efflux to that
of passive transport (CL1/CLpass, CLo/CLpags, CL3/CLpygs)
illustrates the efficiency of that specific type of transport in
sustaining the equilibrium across the BBB found experimen-
tally, given that that transport process is the only one acting
on the drug.

SIMULATION SETUP

Simulations were carried out to elucidate the role of the
various efflux clearance mechanisms. The systems of differ-
ential equations were solved using Laplace transforms. The
concentration—time profiles in the three compartments were
then simulated using MATLAB 6.5 (24).

The rat was used as a model because much experimental
data for this species are available for comparison with the
simulations. In the first set of simulations, it was assumed
that the compounds were uniformly distributed throughout
the body, and the physiological volumes of total body water
(167 mL) and brain [0.7 mL (g brain) '] in rats were used as

Table II. Estimated Active and Passive Clearances [uL min~' (g brain) '] and Ratios between Active and Passive Clearances for the Model
Drugs

Influx hindrance (luminal)®

Efflux enhancement (luminal)?

Efflux enhancement (abluminal)®

CL4/ CL,/ CLs/

CLl CLpass CLpass CLZ CLpass CLpass CL% CLpass CLpass
M3G 2.1 2.3 0.90 12 1.3 9.5 2.1 0.2 9.5
Mo6G 8.0 11 0.71 18 73 24 8.0 33 24
Morphine 61 84 0.73 140 53 2.7 61 23 2.7
Gabapentin 660 750 0.88 3200 420 7.5 660 88 7.5

“Values were calculated based on CL;, and CL,,, from Table I and Egs. (15) and (16).
b Values were calculated based on CL;, and CL,,, from Table I and Egs. (17) and (18).
“Values were calculated based on CL;, and CL,,, from Table I and Egs. (19) and (20).
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volumes of distribution in the blood and brain compartments,
respectively (25). A value of 0.8 pL (g brain) ™! was assigned
as the volume of brain endothelial cells (14,26).

The body clearance (CL) was set to 5 mL min ',
resulting in an elimination constant (k,;) out of the body of
0.03 min~!' and a half-life of 23 min. The unbound drug
concentration in the blood was set to steady state (C,, /) at
time = 0 to clarify the time for equilibration across the BBB.
The infusion rate (Ry) was equal to C,, s * CL to maintain
steady-state concentrations with an infusion time of 8 h. The
simulations were continued for a further 8 h following the
end of the infusion. Relatively long times were used so as to
follow the concentrations of poorly permeable model
compounds.

CLpus values of 0.3, 3, 10, 30, and 300 pL min !
(g brain) ! were used in the simulations (Table III). Increasing
CL,4s values are associated with increasingly lipophilic
physicochemical properties. Two different J;,,5 values [S and
10 ng min~! (g brain) '] and one K, value (1000 ng mL ")
were investigated in the simulations. These results in CLj,
CL,, and CL; maximum values of 5 or 10 pL min !
(g brain)'. At steady state, the active clearances are
somewhat lower, because the denominator of the Michaelis-
Menten ratio [Egs. (4)—(6)] includes the concentration that
drives the efflux pumps. These active and passive clearances
cover the range displayed by the model substances (M3G,
M6G, morphine, and gabapentin) (Table II). The C,, 5 level
was set to 200, i.e., much smaller than K,, to perform the
simulations in the linear range of the active transport
capacity. A CLpu, of 10 or 30 uL min~ ' (g brain) ! was
chosen for presentation in the figures. A summary of
simulation parameter values is given in Table III.

The unbound volume of distribution in brain (V,;, in
milliliters per gram brain) is a direct description of how drugs
are distributed within the brain, independent of the BBB
transport:

Asoror — Vi % Cpy

Vu br —
' Cu br

(21)

Aopr 1s the total (unbound, bound, intracellular, etc.)
amount of drug in the brain, V,, is the volume of blood in
the brain tissue, and Cp; is the concentration of drug in the
blood. The volume fraction (V,,,) for ions (cation tetrame-
thylammonium and anion o-napthalenesulphonate) of 0.2 mL

Table III. Summary of Simulation Parameters when CL,, 4 and Ji,ax
were Varied

Parameters varied

CLyuss 0.3, 3, 10, 30, 300 uL min~" (g brain) !
Jimax 5,10 ng min~! (g brain) !
Parameters kept constant

CL 5 mL min "

Cuss bl 200 ng mL~*

K, 1000 ng mL ™!

V,,'[,[ 167 mL

Vigee 0.8 uL (g brain) ™

Vi br 0.7 mL (g brain) !
Infusion time 8h

Elimination time 8h
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Table IV. Simulation Parameters when V,, ;,, was Varied

Parameters varied

Vigbr 0.2, 0.7, 2, 5,10 mL (g brain)~!
Parameters kept constant

CL 5 mL min !

CLpgss 10 pL min~! (g brain) !
Cuss,bi 200 ng mL ™!

Jimax 10 ng min "' (g brain) !
K, 1000 ng mL ™!

Vbt 167 mL

Vu,ec 0.8 ]JL (g brain)ﬂ
Infusion time 8h

Elimination time 8h

(g brain) ™' (27), was taken as the brain ISF volume. Values
close to 1 mL (g brain) ! describe an even distribution
throughout the whole brain tissue. Values above 1 mL
(g brain) ™! describe an affinity for brain tissue and probable
intracellular distribution. The influence of the volume of
distribution in the brain on the brain concentration profiles
was therefore investigated in a second set of simulations in
which the other parameters were kept constant (Table IV).
The V,, was first set to 0.2 mL (g brain)~', aiming to
describe distribution solely into the brain ISF. This value is
very close to the volume of distribution in brain reported for
unbound M3G (28) and M6G (29,30). Increasing V,, ;,, values
to 2, 5, and 10 mL (g brain) ' were then studied in the
simulations to cover the values of 1.7 mL (g brain) ™'
reported for morphine (31) and 5.5 mL (g brain) ' reported
for gabapentin (32). A summary of simulation parameter
values with varied V,;, is given in Table IV.

The units for clearance used in the MATLAB simu-
lations were milliliters per minute. Therefore, clearances and
volumes given above in microliters per minute per gram brain,
milliliters per gram brain, and microliters per gram brain were
recalculated to accommodate the whole organ weight by
multiplication by the weight of the average rat brain (1.8 g)
(25).

The half-life (¢1,) of the drug in the brain was calculated
from the simulated slopes during the elimination phase
(Figs. 2-9, Table V). This value can be approximated to 1, =
Vu,bmin X CLoul-

RESULTS

Figure 2 shows the uptake of drug into the brain at
various passive permeabilities. As expected, decrease in
CL s tesults in decrease in transport rates into the brain
and a longer time to reach steady-state levels in the brain.
Eventually, the same steady-state unbound drug concentra-
tion in blood and brain ISF is reached, ie., K,,, is 1,
independently of the magnitude of the passive clearance. For
highly permeable drugs, when CL,, is high, the brain
concentration—-time profiles are almost parallel to the blood
concentration—time profiles and, hence, the same half-life is
observed in blood and brain. When CL,,,, is lower, the half-
life in brain is longer because of slower redistribution
between brain and blood.

The effect on the brain profile of influx hindrance and
efflux enhancement at the luminal membrane is shown in
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Fig. 2. Representation of the effect of various values of CL,,, on the brain
concentration-time profiles when no active transport mechanism is present. When given
as a constant venous infusion, a compound with a lower CL,,,, Will take longer to reach
steady state than a compound with a higher CL,,,,. However, they will both have the
same unbound concentration in blood and brain ISF when steady state is eventually
reached. A lower CL,,, will also result in a longer half-life in the brain. The thin lines
describe the unbound concentration in blood with the respective type of active transports.
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Fig. 3. Representation of the effect of active transport at the luminal membrane on
brain concentration-time profiles. Influx hindrance (CL;) is more effective in
decreasing drug concentrations in the brain than efflux enhancement (CL,) at this
membrane. The combination of both active processes (CL; & CL,) results in a brain-
to-blood ratio of unbound drug concentrations similar to the product of the ratios for
the two separate processes. Efflux enhancement results in a shorter half-life in the
brain than that seen with passive transport alone (CL,,,), Whereas influx hindrance
does not affect the half-life in the brain. The thin lines describe the unbound
concentration in blood with the respective type of active transports.
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Luminal transporters
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Fig. 4. Representation of the effect of increased drug lipophilicity (i.e., increased
CL ) on brain concentrations (compared with Fig. 3). The active transport processes
have a less profound influence on the brain concentration profiles for drugs with higher
lipophilicity. (Nonetheless, the capacity of the active efflux process remains
unchanged). The thin lines describe the unbound concentration in blood with the
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Fig. 5. Representation of the effect of drugs with decreased active transport capacity,
Jimax, On brain concentrations (compared with Fig. 3). The brain-to-blood ratio of un-
bound drug concentrations at steady state is increased when J,,,,y is lower. Higher J ¢
values correspond to increased active transport (increased CL; and/or CL,). The thin
lines describe the unbound concentration in blood with respective type of active

transports.
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Fig. 6. Representation of the effect of active transport at the abluminal membrane on the
brain concentration—time profiles. Efflux enhancement at the abluminal membrane (CL3)
results in a brain-to-blood ratio of unbound drug concentrations the same as that obtained
for efflux enhancement on the luminal side (Fig. 3). The time to steady state in the brain
and the half-life are shorter than those in the luminal model (Fig. 3). The thin lines
describe the unbound concentration in blood with the respective type of active transports.

Luminal and abluminal efflux enhancement ClLpass: 10 Kt: 1000 Jmax: 10 Vu,br: 0.7
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- _\ ( H‘I L JIUL ] Iy W .
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‘== CL3 (half-life brain: 50 min) . s
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0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960

Fig. 7. Representation of efflux enhancement at both luminal and abluminal membranes.
The combination of the two active processes (CL, & CLs) results in a brain-to-blood ratio of
unbound drug concentrations similar to the product of the ratios for the two separate
processes. The effect on the brain-to-blood ratio of unbound drug concentrations is similar to
that seen with influx hindrance (Fig. 3). The thin lines describe the unbound concentration in

blood with the respective type of active transports.
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Luminal transporters Clpass: 10 Kt: 1000 Jmax: 10 Vu,br: 0.2
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Fig. 8. Representation of the effect of drugs with a lower unbound volume of
distribution [0.2 mL (g brain) '] in the brain, V,,;,, than represented in Fig. 3. The
brain-to-blood ratio of unbound drug concentrations at steady state is not affected by
the decreased V,, ;,,. The time to steady state and the half-life in the brain are, however,
shorter. The thin lines describe the unbound concentration in blood with respective
type of active transports.
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Fig. 9. Representation of the effect of drugs with a higher unbound volume of dis-
tribution [5 mL (g brain) '] in the brain, V,,,, than represented in Fig. 3. The brain-to-
blood ratio of unbound drug concentrations at steady state is not affected by the
increased V,, ;. The time to steady state and the half-life in the brain are, however, longer;
steady state will not be reached during the 8-h constant infusion. The thin lines describe
the unbound concentration in blood with the respective type of active transports.
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Table V. Brain-to-Blood Ratios of Unbound Drug Concentrations (K, ,,) and Half-lives in Brain

CL® CL,® CL, and CL," CLy" CL, and CL5"
No active

CL,,,,S,Y‘Z transport 5 10 5 10 5 10 5 10 5 10
Brain-to-blood unbound concentration ratio (K, )
0.3 1° - - 0.06° 0.03¢ - - 0.06 0.03 0.003 0.001
3 1¢ - - 0.39¢ 0.24¢ - - 0.39 0.24 0.15 0.06
10 1 0.58 0.17 0.69 0.52 0.40 0.08 0.69 0.52 0.48 0.27
30 1 0.86 0.72 0.88 0.78 0.75 0.56 0.88 0.78 0.77 0.60
300 1 0.99 0.97 0.99 0.97 0.97 0.95 0.99 0.97 0.97 0.95
Half-life in brain (min)
0.3 3200 - - 1700 1700 - - 190 96 97 50
3 320 - - 220 200 - - 120 76 84 47
10 98 98 97 82 74 81 73 66 50 55 38
30 35 35 35 33 31 33 31 31 28 29 26
300 23 23 23 23 23 23 23 23 23 23 23

The active clearances (CL, CL,, and CLs) are given at their maximum value. CL was set to 5 mL min~ !, K, to 1000 ng mL ™!, Vb to 167 mL,

Viec t0 0.8 pL (g brain)71 ,and V, - to 0.7 mL (g brain)fl.
“Passive clearance [pL min ! (g brain) !].

b Maximum active efflux (Jimax/K;) [uL (min g brain) ' ]. At steady state the active clearances are somewhat lower, as the Michaelis-Menten
ratio J.x/(K, + C,) includes the concentration that drives the efflux pumps.

“The steady-state ratios presented here are obtained using Eq. (14). The ratios obtained in the simulations with low CL, ., rates were lower
than those obtained using Eq. (14) because steady state was not reached within the 8-h infusion time.

Fig. 3. The influx hindrance process, using CL,, is more
effective in decreasing brain concentrations than efflux
enhancement, using CL,. A combination of both CL; and
CL, is the most effective. Under the simulation conditions
used in Fig. 3 [CL s of 10 pL min~" (g brain) ™' and Jay of
10 ng min~' (g brain) '] the K, was 0.17 for influx hin-
drance, 0.52 for efflux enhancement, and 0.08 for both pro-
cesses working together. The K, ,,, value for both processes
together is similar to the product of the K,, ,,, values for the
separate processes (0.17 x 0.52 = 0.09) (Table V). However,
it may be more accurate to compare the situation using CL,
at a capacity (Jmax) of 10 ng min~' (g brain) ' with the
situation using CL, and CL, at capacities of 5 puL min™'
(g brain) ! for each, because the two mechanisms would then
have the combined capacity of 10 uL min~' (g brain) ™. In
that case, influx hindrance is more effective than the
combination of CL; and CL,. The K,,,, at a CLq, of 10
uL min~" (g brain) ! was 0.17 for influx hindrance alone and
0.40 for the combination of influx hindrance and efflux
enhancement (Table V). Efflux enhancement decreased the
drug half-life in brain compared with passive transport alone,

whereas influx hindrance had no effect on the half-life in the
brain (Table V). This can be explained by Eq. (13). In the
situation with only passive clearance, the CL,,, rate is half
the CLgssive Tate. This is also true for the situation with both
influx hindrance and passive clearance. Hence, the transport
of drug from the brain back to the blood is not dependent on
any active efflux mechanism in either situation. For drugs
affected by efflux enhancement, the CL,,, expression
includes CL, and the clearance will therefore differ from
the passive clearance. Efflux enhancement will therefore
reduce the half-life of drug in the brain compared with the
passive situation.

The active and passive clearances of the four model
substances also indicate that influx hindrance is the most
efficient mechanism (Table II). CL, and CL3; would have to
be several times higher than CL; to result in the same K, ...
In fact, CL; must be lower than CL,,, for any drug to
penetrate the brain. Efflux enhancement rates, CL, or CLs,
on the other hand, can be much higher (9.5 times for M3G)
than CL,,, and still result in drug uptake into the brain. This
can also be seen in Table V.

Table VI. Half-Life in Brain at Varying Volumes of Distribution in the Brain (V,,,)

Half-life in brain (min)

No active CL,® CL,’ CL, and CL,’ CLs® CL, and CLs?
Vi transport 10 10 10 10 10
0.2 31 28 26 21 23 23
0.7 98 97 74 73 50 38
2 280 280 210 210 140 110
5 700 700 520 520 350 260
10 1400 1400 1000 1000 710 530

CL was set to 5 mL min~', CL, 455 to 10 pL min~! (g brain)~', K, to 1000 ng mL~", V,,,, to 167 mL, and Viee 10 0.8 pL (g brain) '
“Volume of distribution of unbound drug in the brain [uL (g brain) '].

b Maximum active efflux (Jmay/K;) [uL (min g brain) ' ]. At steady state, the active clearances are somewhat slower, as the Michaelis-Menten
ratio J.x/(K, + C,) includes the concentration that drives the efflux pumps.
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In Fig. 4, the CL, 4, rate is 30 uL min ! (g brain)fl,
instead of 10 pL min~' (g brain)™' (Fig. 3). The figure
demonstrates the perhaps obvious fact that the influence of
the active processes on the brain time—concentration profiles
decreases with increasing lipophilicity, given the same active
process capacity.

The maximal active transport capacity in Fig. 5 [/ =
5ng min~! (g brain) '] is lower than that in Fig. 3 [/max = 10
ng min~' (g brain) ']. The K, at steady state in this case
was higher than that in Fig. 3. Although the half-life for the
influx hindrance process remained the same when J,,,x was
decreased, the half-life for efflux enhancement increased
(Table V).

Simulated drug profiles where an efflux pump is active at
the abluminal membrane are shown in Fig. 6. Efflux
enhancement on the abluminal side of the BBB resulted in
a K,, ,, equal to that for the same process on the luminal side,
but the time to steady state and the half-life in the brain were
lower than those in the luminal model (Table V). Equation
(14) shows that the ratio of brain to blood concentrations of
unbound drug, K,, ., will be the same for efflux enhancement
regardless of whether it is present at the luminal or the
abluminal membrane. Equation (13) shows that CL, occurs
in both the denominator and the numerator of the CL,,,
expression. CL3, however, is only found in the numerator.
Hence, Eq. (14) explains why the same K, ,, is obtained for
CL, and CL; when they are of the same magnitude.
Similarly, Eq. (13) explains why the half-life is different in
these two situations.

Finally, the influence of two pumps working by the
efflux enhancement mechanism at both the luminal and
abluminal membrane was studied. The profiles are shown in
Fig. 7. Efflux enhancement at both membranes reduced
K, .. to a value similar to the product of the separate
processes (0.52 x 0.52 = 0.27). The half-life in brain was
shorter than those in situations with only CLy, only CL,, only
CL3, or CL; and CL, together. For low CL,,,, rates [(up
to 10 pL min~' (g brain)~'], the combination of efflux en-
hancement at both membranes was less effective than influx
hindrance alone at the luminal membrane (CL;) in reducing
brain concentrations. For higher CL,, rates, the combina-
tion of CL, and CL5; was more effective than CL, alone, but
was never as effective as CL; in combination with CL,
(Table V).

Figures 8 and 9 show the influence on the brain
concentration profiles of decreased and increased brain
volumes of distribution (V,,,) compared with those in Fig. 3.
A drug with a small volume of distribution in the brain will
have a shorter half-life in the brain than a drug with a large
volume of distribution, when all other parameters such as
CL, 45 and Jp,, are the same for both drugs (Table VI). The
K, . is not dependent on volume of distribution [Eq. (14)].

DISCUSSION

The purpose of this study was to provide more insight
into the interplay between the passive permeability proper-
ties of a drug, the active efflux mechanisms of BBB transport,
and the drug concentration—time profile in the brain.

The simulated concentrations in the luminal and ablu-
minal membranes were set equal to those in the blood and
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brain ISF, respectively (Fig. 1). This is clearly a simplifica-
tion, as it is very unlikely that the concentration over the
whole membrane will be the same. It is, however, very dif-
ficult to estimate the concentration profiles in these mem-
branes. The concentration could change exponentially from a
concentration in the outer part of the membrane that is
similar to that in the blood or brain ISF to a concentration in
the inner part of the membrane that is similar to that in the
endothelial cells. The drug could also accumulate in the
membranes, with resultant concentrations higher than those
both outside and inside the endothelial cells. The magnitude
of the active clearances used in this work is dependent on the
local concentrations at the transporter sites.

The efficiency of the influx hindrance mechanism might
be the reason for the location of ABCBI1 at the luminal
membrane as a protector of brain function. The luminal
location of ABCB1 is probably due to the evolutionary
advantage of being able to effectively exclude exogenous
compounds from the brain. Active efflux on the luminal side
of the BBB will not effectively transport endogenously
produced substances in the brain, i.e., homovanillic acid, to
the blood. Efflux mechanisms are, therefore, also needed at
the abluminal membrane, perhaps in combination with an
efflux enhancement transporter on the luminal side (9,33).

Golden and Pollack, who simulated the influence on
brain drug profiles of blocking active transport (11), achieved
similar results to those reported here. They showed that
inhibition of influx hindrance will increase brain concen-
trations more effectively than inhibition of efflux enhance-
ment. Assuming that there is only one transporter for each
drug, complete inhibition of that particular transporter will
result in a concentration-time profile the same as that for
passive transport alone. Thus, the difference between the
passive profile and the profile under active efflux is related to
a “Pgp effect” (34). The Pgp effect was experimentally
defined as the ratio of the permeabilities to a specific drug
(CL;,) in Pgp knockout mice and wild-type mice (34).
Although these authors compare permeability properties,
we have compared the steady-state ratio of brain to plasma
concentrations of unbound drug, K,,,, across the BBB.
These comprise two different measurements of active efflux.
When there is only influx hindrance (CL,), the result will be
the same for the Pgp effect (based on permeability) and the
steady-state ratios [Eq. (12)]. However, the two methods will
not give the same result for efflux enhancement because CL;,
and the brain-to-blood steady-state ratio change to different
extents when CL, and CLj are present [Egs. (12) and (14)].

The permeability clearance of the BBB to unbound
drug, i.e., the net influx clearance [Eq. (12)], does not solely
per se control the steady-state brain concentration of the
unbound drug or K, . At steady state, the K}, ,,, will equal
CL;,/CL,,. Both CL;, and CL,,,, however, are dependent on
passive as well as active transport [Eqs. (12) and (13)]. It is
the relationship between the passive clearance and the
effectiveness of the efflux system (Jmax/K,) that defines K, ,,,,.
A lipophilic compound with a high passive clearance in
combination with an efficient efflux system might have
exactly the same K, ,,, as a more hydrophilic compound with
a low passive clearance and a less efficient efflux system.
However, the time needed to attain this concentration will be
different and will depend on CL,,, and V,, p,.
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The extent of active efflux will be determined by the
ratio between J,,x and K, in combination with the local drug
concentration at the transporter site. The effect of active
transport on the concentration of unbound drug in the brain
is most profound for systems with a high J,.x-to-K, ratio.
This was also shown earlier by Oyler et al. (16). To date,
there have not been many J,.x and K, values reported for
active efflux transporters. However, Takanaga et al. (35) and
Cisternino et al. (36) have reported Jy,.x and K, values
resulting in similar ratios to those we have used in this paper.

Influx hindrance resulted in similar half-lives in brain to
those seen with passive clearance alone (Table V). Efflux
enhancement, on the other hand, resulted in shorter half-lives
in the brain. Inhibition experiments can therefore give an
indication of the type of active efflux that is present at the
BBB:; if the half-life of a drug in the brain is unchanged when
an inhibitor is given, it is likely that the drug is effluxed
through an influx hindrance mechanism and, if the brain half-
life is increased, it is likely that the drug is effluxed through
an efflux enhancement mechanism (28,31).

The same pharmacokinetic rules apply to the brain as to
the body. Thus, the volume of distribution of unbound drug
in the brain will not influence the steady-state K, ,,,. Neither
the influx nor the efflux clearance is dependent on brain
distribution. The half-life in the brain is, in parallel to plasma
half-life, dependent on both the volume of distribution in the
brain and the efflux clearance. Hence, compounds with very
different V,,;, values might have the same K, ,, but different
half-lives in the brain. The timing of effects within the CNS
will therefore be different.

In this paper, we have addressed the concentrations in
the ISF of unbound model drugs. The total brain concen-
trations are in general used to give a ratio of total brain to
total plasma concentration (K,) or total brain to unbound
plasma concentration (K),,). The ratio of unbound drug
concentration in the brain to that in blood (K, ,,) describes
the effectiveness of the active efflux process at the BBB.
With effective efflux systems, it is unlikely that the total
concentration ratio (K,) will be higher than unity, but this
could occur if the drug is extensively bound to brain tissue.
The K, or K, ,, ratios will be higher than the K, ,,, ratios for
drugs with a high affinity for brain tissue, thus masking the
influence of active efflux. Gabapentin, with a V,,;,, of 5.5 mL
(g brain)™', a K, of 0.12, and a K, of 0.7, is such an
example (32). In comparison, M3G has a Vi, of 0.23 mL
(g brain) !, a K, of 0.10, and a K,, of only 0.05.

For a very hydrophilic, poorly permeable molecule,
several days of constant infusion is necessary to reach steady-
state concentrations in the brain, whereas a more lipophilic
molecule will reach steady state much more quickly. Similarly,
a molecule with a large volume of distribution in the brain will
reach a new steady state more slowly than a molecule with a
small volume of distribution. However, all molecules that are
unaffected by active efflux will have a K, ,,,, of 1. This does not
take the bulk flow into account, which might influence the
efflux clearance of hydrophilic compounds to a significant
extent. Hence, a hydrophilic molecule will have good central
effects if it is not effluxed actively; it is just a question of the
time required to reach therapeutic concentrations in the brain.
If it is possible to wait until steady state is reached, these drugs
should not be discarded from clinical use just because of a low
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uptake rate. Morphine and M6G, for example, both have the
same K, ,, in spite of a 10-fold difference in permeability
clearance (CL;,), and both are clinically active.

The uptake of drugs into the brain is associated with two
distinct issues: the rate of uptake and the extent of uptake.
The uptake rate is dependent on the physicochemical
properties of the molecule, such as hydrophilicity, as well as
on the involvement of active efflux. The uptake extent (at
steady state), i.e., the K, ,,, is only dependent on the
involvement of active efflux at the BBB if brain metabolism
and bulk flow are negligible. We suggest that as yet
undiscovered transport systems exist for hydrophilic com-
pounds and that these molecules are being effluxed to a much
greater extent than is currently believed. One example in
support of this theory is the previously mentioned homo-
vanillic acid (9). Another example could be hydoxyurea, a
hydrophilic substance that is believed to be effluxed by a
probenecid-sensitive efflux system (37).

CONCLUSIONS

This study investigated three types of active efflux
processes at the BBB: influx hindrance at the luminal
membrane, and efflux enhancement at the luminal and
abluminal membranes. Influx hindrance is the most effective
of these processes for lowering brain concentrations of drug
molecules. Furthermore, efflux enhancement decreases the
half-life of the drug in brain, whereas influx hindrance does
not alter the half-life from that seen with passive transport
alone. The brain-to-blood ratios of unbound drug concen-
trations at steady state, K, ,,,, will be less than unity when
steady state is reached if the molecule is being actively
effluxed. The volume of distribution of unbound drug in
the brain will not influence K, ,,,, and is not influenced by the
permeability of the BBB to that drug per se. However, the
time required to reach steady state for more poorly
permeable drugs may be excessive from a therapeutic
perspective.
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