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Abstract Development of CNS-targeted agents often focuses on identifying
compounds with “good” CNS exposure (brain-to-blood partitioning >1). Some
compounds undergoing enterohepatic recycling (ER) evidence a partition coeffi-
cient, K prain (€xpressed as Cprain/Cplasma)> that exceeds and then decreases to (i.e.,
overshoots) a plateau (distribution equilibrium) value, rather than increasing
monotonically to this value. This study tested the hypothesis that overshoot in
Ko, brain 1S due to substrate residence in a peripheral compartment. Simulations were
based on a 3-compartment model with distributional clearances between central and
brain (CL,,) and central and peripheral (CL43) compartments and irreversible
clearance from the central compartment (CL). Parameters were varied to investigate
the relationship between overshoot and peripheral compartment volume (V}), and
how this relationship was modulated by other model parameters. Overshoot mag-
nitude and duration were characterized as peak Cprain/Cpiasma relative to the plateau
value (%0S) and time to reach plateau (7TRP). Except for systems with high CLy4,
increasing V,, increased TRP and %OS. Increasing brain (V4,) or central (V) dis-
tribution volumes eliminated Vy-related OS. Parallel increases in all clearances
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shortened TRP, but did not alter %OS. Increasing either CL or CL4 individually
increased %OS related to V), while increasing CLy, decreased %0S. Under realistic
peripheral distribution scenarios, Cprain/Cplasma may overshoot substantially K, prain
at distribution equilibrium. This observation suggests potential for erroneous
assessment of brain disposition, particularly for compounds which exhibit a large
apparent V,,, and emphasizes the need for complete understanding of distributional
kinetics when evaluating brain uptake.

Keywords Blood-brain barrier - Tissue partitioning - Distributional kinetics -
Central nervous system - Enterohepatic recycling - Valproic acid

Introduction

Therapeutic agents cannot be effective unless they reach their sites of action within
the body at a sufficient rate and extent to produce the desired pharmacologic effect.
Relatively few effective pharmaceuticals exist for brain and central nervous system
(CNS) disorders; the majority of CNS diseases are essentially refractory to small-
molecule drug therapy, despite a relative large “neurotherapeutic space” (i.e., the
number of relevant receptor targets for brain disorders) [1]. The lack of effective
CNS therapeutics across the broad range of neurologic diseases is due, in large part,
to the existence of a network of specialized physical and biochemical features at
the interface between the systemic circulation and the brain parenchyma [2],
collectively termed the blood-brain barrier (BBB), which tightly regulates the
passage of xenobiotics between these two environments [3, 4]. Often this minimal
penetration to the brain parenchymal space is a useful characteristic, as it limits
CNS toxicity associated with agents developed to treat non-CNS diseases. For CNS
drug development, however, a major goal is identification of compounds which are
capable of penetrating the BBB to achieve sufficient brain exposure [5]. In fact, the
most significant limitation in the development of new therapeutic agents to treat
CNS disorders is the ability to distribute across the blood-brain barrier [6].

The relationships among drug physicochemical properties, brain exposure, and
pharmacologic efficacy are complicated. Factors which influence the rate and extent
of drug exposure in the brain include passive membrane permeability, protein
binding, ionization, metabolism at the blood-brain interface, active uptake and
efflux at the BBB, and CSF bulk flow [7]. Factors which influence the relationship
between exposure and efficacy obviously add another level of complexity to the
most important relationship: that between the properties of a drug and its ability to
elicit the desired pharmacologic response.

A thorough investigation of the interacting factors that dictate brain exposure is
not feasible when screening the pharmacokinetic and pharmacodynamic properties
of large numbers of compounds. The pharmaceutical industry has therefore based its
lead optimization strategy for CNS compounds largely upon measurement of the
ratio of substrate partitioning between brain tissue and blood [8, 9]. Drugs with
partition ratios exceeding unity are somewhat arbitrarily considered to have “good”
CNS penetration.
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This ratio, termed the brain-to-blood partition coefficient, K prin, can be
calculated as the ratio of the area under the concentration—time curves (AUC) in
brain vs. plasma (AUCyinfAUC1asma), thereby providing a time-independent
estimate of relative tissue exposure. More practically, K, yrain Often is expressed as
the ratio of concentrations in brain vs. blood (Cpain/Cplasma) at a discrete point in
time during or following drug administration. This expression of partitioning is, of
course, inherently time-dependent, and may be symbolized most appropriately as
Kl’) Under the special condition of distributional equilibrium or system steady-

state, partitioning may be symbolized as Kngmin or Ks’%rain.
use the term K pmin to indicate partitioning under conditions of distribution
equilibrium.

Regardless of the particular method used to express partitioning, the utility of this
metric as a predictor of potential CNS activity has been debated [10]. It arguably is
somewhat simplistic, and in reality compounds that exhibit therapeutic efficacy in
brain may have K, pnin values substantially lower than unity [11]. Nevertheless,
K, brain Temains common as a fairly straightforward and useful general metric of
brain exposure [12], and so it is necessary to understand the various factors that
impact the predictive quality of this metric.

One important factor that can complicate the use of partition coefficients to
assess brain exposure is the time-dependency inherent in this measurement. As the
entire mass of substrate initially exists in the systemic circulation immediately
following intravenous or intra-arterial administration, the ratio of substrate
concentration in brain vs. blood increases from zero with time as the substrate
equilibrates between these two compartments [13]. The point in time at which
substrate concentrations in brain and blood begin to change in parallel is referred to
as brain-to-blood distribution equilibrium. The degree of brain partitioning at
distribution equilibrium represents the partitioning under physiologically- and
pharmacologically-relevant conditions (i.e., repeated administration). Therefore,
K brain 18 appropriately calculated from brain-to-blood concentration ratios when
those concentrations are measured either at distribution equilibrium or at system-
wide steady-state, which can only be achieved after distribution equilibrium has
been attained. This metric also can be based upon unbound, rather than total, drug
concentration, allowing evaluation of the substrate distribution across the blood—
brain barrier in the absence of impedance due to protein binding in blood. This
approach can support a mechanistic elaboration of distributional processes across
the blood—brain interface, although tissue exposure (relative to systemic exposure)
typically is based upon total substrate concentration.

Although very little discussion exists in the literature, it generally is assumed
that the partition coefficient increases monotonically from time zero through
the attainment of distribution equilibrium. A simulation study, which evaluated the
relationship between sampling time prior to distribution equilibrium and the
observed Cprain/Cpiasma Tatio in the presence vs. absence of BBB efflux transport,
indicated that in some cases Cppin/Cplasma T0S€ to an initial peak value, then
decreased to a value which remained constant with time [14]. This overshoot of the
plateau (Kp prain) value occurred when the distribution behavior of hypothetical

,brain*

For simplicity, we will
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compounds was simulated with a relatively large peripheral (non-brain) volume of
distribution.

This type of overshoot behavior has been observed for some compounds. One
relevant example is the branched-chain fatty acid anticonvulsant, valproic acid
(VPA) [15-18]. VPA undergoes enterohepatic recycling, which confers unique
peripheral distribution kinetics [19-21]. Because the majority of VPA entering this
enterohepatic loop eventually returns to the systemic circulation as parent drug,
recycling essentially functions as a peripheral pharmacokinetic compartment with a
large apparent volume of distribution [21].

The accuracy with which K, y.in €xpresses the true brain-to-blood partitioning of
a substrate depends upon identification of the plateau Cirain/Cplasma ratio. Thus, the
existence of a region of overshoot in the Cprain/Cplasma VS. time profile could
complicate assessment of brain partitioning, particularly if the peak partition ratio is
assumed to represent the ratio which would be observed at distribution equilibrium
(Ko brain)- Moreover, the existence of this currently-unexplained partition coefficient
overshoot reveals that there are fundamental aspects of brain-to-blood partitioning
kinetics which have not been appreciated.

Based upon the relationship observed in previous simulations [14] between
overshoot in the Cprain/Cplasma VS- time profile and the apparent volume of a
functional peripheral compartment, the present simulation study was undertaken to
investigate the influence of distribution into a peripheral pharmacokinetic
compartment on the Cprin/Cpiasma VS. time profile. Secondary objectives of this
study were to develop mathematical descriptors of the shape of the Chrain/Cpiasma VS.
time profile and to elucidate the relationship between these descriptors and relevant
pharmacokinetic parameters in a simple simulated system. Finally, examples of
brain partitioning for compounds undergoing various extents of enterohepatic
recycling were mined from the literature in order to demonstrate the relevance of
large apparent peripheral volumes to the overshoot in equilibrium brain partitioning
under actual experimental conditions.

Materials and methods
Definitions

To evaluate the effect of peripheral (non-brain) compartment distribution kinetics
on the Cipyin/Cplasma V8- time profile, it was necessary to establish terminology to
describe the shape of this profile (Fig. 1). Cprain/Cplasma ratios calculated under
pharmacologically-relevant conditions (i.e., at brain-to-blood distribution equilib-
rium) are generally termed K, prain. For the purposes of this study, K, prain refers to
the “plateau” Cprain/ Cplasma value, defined as the Cpyain/Cplasma ratio that remained
constant through the end of the simulated time domain (until numerical solutions to
the model became unstable as substrate mass in the system approached zero).
Overshoot (OS) was defined as a Cppain/ Cprasma ratio that exceeded plateau by >10%
(in practical terms, a degree of precision below which the measured value would be
indistinguishable from the eventual plateau value). Overshoot for each simulation
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Cbrain / Cplasma

Plateau (K ,..in)

Time

Fig. 1 Schematic of the time course of substrate partitioning between brain tissue and blood
demonstrating the overshoot phenomenon. Dashed lines represent the presumed uncertainty around the
brain-to-plasma concentration ratio at distribution equilibrium (K prain). TRP represents the time at which
the concentration ratio would have been considered to have returned to the plateau value under realistic
experimental conditions. The difference between the highest value of the concentration ratio in the profile
relative to the plateau value was defined as percent overshoot (%0S)

was quantified in terms of magnitude (peak Cprain/Cplasma ratio expressed as a
percentage of the plateau value; %OS) and duration. Duration of overshoot (as
time of return to plateau; TRP) was defined as the first time point at which the
Corain/ Cplasma value fell to within 10% of the plateau value.

Pharmacokinetic models

Figure 2 illustrates the structure of the pharmacokinetic model utilized in this
simulation study. This 3-compartment model, representing brain, plasma, and a
peripheral compartment, was constructed as the simplest system in which to
evaluate the influence of distribution into a peripheral pharmacokinetic compart-
ment on substrate partitioning between brain and plasma. Distributional clearances
between the systemic circulation (plasma) and brain (CLy,), and between plasma
and the peripheral compartment (CLy), were assumed to be bidirectional, first-order
processes. Systemic clearance (CL), mediated from the central compartment, was
assumed to be unidirectional and first-order. For simplicity, protein binding was
ignored. Input was modeled as a single i.v. bolus dose at + = 0. The relevant
differential equations are

dac rain
dbta = (Cplasma . CLbr - Cbrain . CLbr)/Vbr (1)
dC ripher:
%}1631 = (Cplasma : CLd - Cperipheral : CLd)/Vp (2)
dc,
% = (Cperipheral : CLd + Cbrain : CLbr - Cplasma : (CLd + CLbr + CL))/VC (3)

where Corain, Cperipheral, and Cplasma TEpPresent concentrations in brain tissue, the

peripheral pharmacokinetic compartment, and the central compartment, and V., V,,,
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Fig. 2 Structure of the Dose
3-compartment model used for
simulation studies. See text for
definition of model parameters — =
V, |CLy| V. |CLy| Vi
JoL

and V. represent the apparent volumes of the brain, peripheral, and central
compartments.

In order to characterize fundamental aspects of system behavior, relationships
between the various descriptive indices (e.g., %O0S, TRP) of the brain partitioning
vs. time profile and model parameters (e.g., V,,) were evaluated with empirical
models (structurally analogous to E,.x or sigmoidal E,,, models, as presented
below)

Enax - Vi

E — ( max p) (4)
Vo + V50
Enax - V!

E= Bmax - Vg) (5)

(Vs +V;50)

where E represents the descriptive parameter under consideration (%OS or TRP),
Enax represents the highest value achievable as V), approaches infinity, V/, 50 is the
volume of the peripheral compartment associated with half-maximal %OS or TRP,
and 7y is a shape factor.

All simulation and modeling was conducted using WinNonlin 5.0.1 (Pharsight,
Mountain View, CA).

Parameter selection

A default parameter space {P}p was established as both a starting point for initiation
of simulation experiments and as a template against which to compare the effects of
parameter manipulation. This parameter space consisted of the three clearance terms
(Fig. 2), each set at 2.5 ml/min/kg, brain and plasma volumes fixed at values
consistent with rat physiology (15 and 50 ml/kg), and a peripheral distribution
volume (V}) of zero. These parameter values were selected such that manipulation
of the V,, term upward from zero would elicit the appearance of a range of overshoot
behavior in the associated Cprain/Cplasma VS. time profiles. For the purposes of this
simulation study, V), values were varied from zero through 50 l/kg.

Three different parameter spaces (created by manipulating the V|, term within
{P}p) were selected to produce Cppain/Cplasma VS. time profiles representative of low,
intermediate, or high degrees of overshoot. These three representative parameter
spaces, termed {P};, {P},, and {P};, were used as reference points for evaluation of
the effect of manipulating various parameters (other than V) on overshoot behavior
in systems in which the degree of V-related overshoot was initially low,
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intermediate, or high. The effects of each parameter on the shape (%OS, TRP) of the
Corain/Cplasma V. time profile were investigated independently or in parallel by
perturbing each parameter value relative to its default { P/ value. Brain and plasma
volumes were varied up to 50-fold relative to the default values. Perturbation of
clearance values was constrained to an upper limit of 25 ml/min/kg.

Results
Peripheral compartment volume

In order to evaluate the influence of substrate distribution into a peripheral
compartment on the shape of the Cyrain/Cplasma VS. time profile, an initial simulation
experiment was conducted with the goals of exploring the range of system responses
and informing the design of subsequent simulation studies. Beginning with the
default parameter space ({P/p) where V, was zero, the disposition of several
different hypothetical compounds was simulated by manipulating the V,, parameter
alone. The resulting Cyrain/Cplasma VS. time relationships are illustrated in Fig. 3a.

Several trends were identified in association with the changes in the apparent
volume of the peripheral compartment. First, plateau values (K, prain) Clearly were
influenced by V,,, although to a somewhat modest extent (<33% relative change). As
V,, increased from 2 to 20 ml/kg, the plateau Cyrain/Cprasma value decreased from 1.3
to 1.2. Further increases in V, elicited progressively smaller decrements in the
plateau  Cprain/Cplasma value, to a minimum of 0.95 at the largest peripheral
compartment volume evaluated. Second, although the rate of the initial rapid
increase in Cprain/ Cplasma immediately post-dose appeared similar for all simulation
scenarios, when V, exceeded 20 ml/kg this early increase in Cpain/Cplasma Persisted
longer, and Cirain/ Cprasma €videnced overshoot relative to the eventual plateau value.
As V, increased from 0.1 to 50 I/kg, the maximum observed value of Cyrain/Cplasma
increased in both absolute and relative (to plateau value) terms, peaking at a Cy,in/
Cplasma 1atio of 1.7 (64%0S).

The relationship between overshoot magnitude and V,, is depicted in Fig. 3b. An
empirical sigmoidal model (Eq. 5) was fit to these data in order to identify the
fundamental parameters that are descriptive of this relationship (Table 1). The
model fit to the data generated an estimate of a theoretical maximum possible %0S
value of 64% that could be achieved by increasing V, within {P},. The V,
associated with a half-maximal overshoot (V,, 59) was 131 ml/kg. The gamma value,
describing the steepness of the sigmoidal relationship, was 1.24. The coefficients of
variation for parameter estimates recovered through this analysis were below 10%
for each parameter in the model.

V, was the parameter of primary interest in these simulations. Therefore, the
%0S vs. V, profile (Fig. 3b) resulting from manipulation of V,, within {P}p served
as a baseline against which to evaluate the effects of manipulating other (non-V,,)
system parameters. Essentially, to determine how non-V,, parameters might interact
with V,, to affect the Cppain/Cprasma vS. time profile, it was necessary to establish
“reference” parameter spaces in which, for example, both V,, and overshoot were
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Fig. 3 Influence of V, on the
kinetics of substrate partitioning
into brain (a). Default parameter
values were used, and V, was
increased from 2 ml/kg to

50 I/kg (profiles progressing
from light to dark). A sigmoidal
model (Eq. 5) was capable of

describing the relationship 0.0+ T T T T 1
between %OS and V,, resulting 0 50 100 150 200 250
from these simulations (b). The Time (min)
time required for the brain-to-
plasma concentration ratio to b
return to the plateau value, as 75 1
illustrated in Fig. 1, was a log- 60 -
linear function of V;, (¢). Arrows
indicate the %OS vs. V,, 8 45 4
relationship of three parameter i
. S~ 30
spaces selected for use in
subsequent simulations 15
({Ph, {P}> and {P}5) g
a T
100 100 10% 10° 104 10°
V,, (mL/kg)
¢ 160
T 120 1
E
o 80
o
F 40C
0 T T 1
102 100 10¢ 10°
V, (mL/kg)
Table 1 Results of fitting a
sigmoidal Ey,, model to %0S Emax (%) Vp.so (ml/kg) 4
s. V, data fi Fig. 3b
Ve Vp Cata Trom g Estimate 637 131 124
Standard error 1.68 11.3 0.124
CV% 2.64 8.60 9.95

“low”, or in which V;, and overshoot were “high”, when all other parameters were
identical between the systems. Based upon the fit of the sigmoidal model (solid line)
to the %OS vs. V,, profile illustrated in Fig. 3b, three such “reference” parameter
spaces ({P},, {P}, and {P};) were created as examples of conditions of “low”,
“intermediate” or “high” V-related overshoot. These parameter spaces were
generated by adjusting V}, within {P}p, to create Cppain/Cplasma VS. time profiles with
%O0S values that were 10%, 50%, or 90% of the maximum predicted %OS
achievable by adjusting V,, within the default parameter space (Fig. 3b). Since the
maximum %OS achievable by adjusting V|, within (P}, was 64%, the %OS values
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associated with (P}, {P}, and {P}; were 6.4%, 32%, and 58%. V,, for {P},, {P}, and
{P}; was set at 23.4, 140 and 833 ml/kg. All other parameters values were identical
between these three systems and {P}p. These three parameter spaces were used in
subsequent simulation studies as starting points for examination of the effect of
manipulating parameters other than V, on overshoot behavior in systems for which
the degree of V,-related overshoot was initially low, intermediate, or high.

Increasing V/, extended the amount of time required to achieve the final plateau
Corain/ Cplasma value (Fig. 3a). For scenarios in which V;, was smaller than 100 ml/
kg, the plateau Cppin/Cplasma Value was attained earliest, as no overshoot was
present. Although scenarios incorporating larger V,, values had slightly lower
plateau Cppain/ Cpiasma ratios, the time at which Cirain/Cprasma returned to within 10%
of its plateau value (7RP) increased in a log-linear manner with increases in V,
(Fig. 3c). As scenarios with the lowest V}, values evidenced no functionally-defined
overshoot (<10%0S), only four different simulation scenarios are represented in
Fig. 3c. The Cprain/Cplasma ratio associated with the largest V, (50 I/kg) did not
decrease to within 10% of its plateau value until approximately 160 min; in
contrast, return to 10% of the eventual plateau value occurred within 45 min when
V, was 100 ml/kg.

Relative mass in each compartment

To examine how V,, influences the disposition of substrate in brain and plasma, the
time course of substrate disposition in each compartment was evaluated under
conditions of both small and large V,,, producing low and high degrees of overshoot.
The two representative parameter spaces were selected (by altering V,, within {P/p,
as described above) to produce Cppgin/Cplasma V8. time profiles with %OS values that
were 10% and 90% of the maximum %OS achievable within {P}p ({P}, and {P}s;
Fig. 3b). For {P}, (Fig. 4a) and {P}; (Fig. 4b), the substrate mass in each
compartment was plotted vs. time. Based upon visual comparison, it is apparent that
manipulation of V|, alters the time course of substrate disposition in all three
compartments, as opposed to only within the peripheral and central compartments.

Within the small V,, ({P},; Fig. 4a) parameter space, the substrate mass in the
brain and peripheral compartments peaked relatively early (approximately 20 min),
with the mass in the peripheral compartment remaining lower than that in plasma,
but higher than that in brain. Mass in all three compartments began to decline at a
fixed ratio (indicating attainment of distribution equilibrium) by approximately
30 min, and decreased at a consistent rate in each compartment throughout the
remainder of the time domain.

Within the large V,, ({P}3; Fig. 4b) parameter space, a larger fraction of the mass
in the system accumulated in the peripheral compartment, where it was almost
completely retained over the relevant time domain. Accordingly, mass in the brain
and plasma compartments declined at a higher initial rate, with the rate of loss from
plasma exceeding the rate of loss from brain (i.e., producing overshoot in the ratio
Of Cprain/Cplasma). At approximately 60 min, a decrease in the rate of loss of
substrate from brain and plasma was observed, and the system attained distribution
equilibrium by approximately 125 min. At these late time points, mass in all three
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D

Fig. 4 Influence of V, on the 1089 -
time course of substrate
disposition (dotted, dashed and
solid lines indicate central, brain
tissue and peripheral
compartments). Representative
simulated mass vs. time
relationships are displayed for
parameter spaces {P}; (a) and
{P}3 (b) illustrating low and
high V|,-related overshoot

Substrate Mass

103 T T T 1
0 50 100 150

Time (min)

o

Substrate Mass

103 T T T T
0 50 100 150

Time (min)

compartments was declining more slowly, relative to conditions observed within
{P}; in which V,, was low.

Influence of absolute clearances

As the previous experiments demonstrated a clear influence of V, on overshoot
behavior within {P}p, the following simulation studies were conducted to determine
whether the effects of V,, could be modified by manipulation of the clearance terms.
The first of these simulations evaluated the effect of changing the absolute values of
the three clearance terms by perturbing CL, CL4 and CLy, in parallel (to retain the
relative relationship between the terms) 10-fold upward and 10-fold downward from
the {P}p values of 2.5 ml/min/kg.

Beginning with {P}p, six different parameter spaces were established by
incorporating V,, ranging from 2 ml/kg to 50 I/kg. Within each parameter space,
Corain/ Cplasma V8. time profiles were simulated, and %OS and TRP were determined
and plotted vs. V}, (Fig. 5a, b; gray symbols). As scenarios incorporating the lowest
V,, evidenced no functional overshoot, only four simulation conditions are illustrated
in Fig. 5b. Subsequently, all three clearance values were simultaneously (main-
taining their 1:1:1 ratio) either decreased to 0.25 ml/min/kg or increased to 25 ml/
min/kg within each of the six parameter spaces. The effects of decreased (open
symbols) or increased (black symbols) absolute clearance values on the V,, vs. %0S
and V,, vs. TRP relationships are illustrated in Fig. 5.

The sigmoidal relationship between %OS and V,, remained static regardless of the
absolute clearance values (Fig. 5a; open, gray and black symbols completely
overlap). The relationship between TRP and V, remained log-linear, with increasing
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Fig. 5 Influence of clearance a 8o
terms on magnitude (a) and o o
duration (b) of overshoot in 60 1
brain partitioning. Clearance w o
terms were maintained at a 1:1:1 Q 404
ratio, but increased from 0.25 s (@]
(open) to 2.5 (gray) to 25 (black) 204
ml/min/kg in separate sets of
simulations 0+0—0— T T 1
10° 10 109 107 10 108
V, (mL/kg)
1500
b (@]
T 1000 ©
= o
o
E 5001 o
o
lg— 8 8 o

102 10? 10¢ 108
V, (mL/kg)

V) associated with increased TRP (Fig. 5b). However, as clearances decreased from
2.5 to 0.25 ml/min/kg, the steepness of this relationship increased. Conversely, as
clearances increased from 2.5 to 25 ml/min/kg, the TRP vs. V,, relationship became
less steep, with consistent reductions in TRP. The magnitude of the rate change
decreased as TRP approached the lower boundaries of the time required to return to
plateau value for Cyrain/Cplasma-

Influence of relative clearances: varying CL

In order to investigate the ability of changes in relative clearance values to perturb
the overshoot vs. V;, relationship within {P/p, each of the three clearance terms was
manipulated independently within a given parameter space.

In the first set of simulations, substrate clearance out of the system from the
central compartment, CL, was manipulated relative to CLy and CLy,. Beginning with
{P}p (all clearances set to 2.5 ml/min/kg), six parameter spaces were established by
incorporating V), values ranging from 2 ml/kg to 50 1/kg. The resulting Cyrain/ Cpiasma
vs. time profiles, identical to those illustrated in Fig. 3a, are presented in Fig. 6aii,
for comparative purposes. The CL values in each of the six parameter spaces then
were decreased 10-fold (to 0.25 ml/min/kg) or increased 10-fold (to 25 ml/min/kg),
while the other two clearance terms were maintained unchanged. The resulting
profiles for Cypain/Cplasma VS. time are illustrated in Fig. 6ai and 6aiii. For each set
Of Cprain/ Cplasma VS. time profiles, %0OS and TRP were calculated and plotted vs.
Vp (Fig. 6b, c). Open, gray, and black-filled symbols indicate values calculated from
the Cirain/Cplasma VS. time profiles in Fig. 6ai, aii and aiii, which were simulated
from parameter spaces with CL values of 0.25, 2.5, and 25 ml/min/kg.
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Fig. 6 Influence of systemic clearance on overshoot in brain partitioning. Simulations with CL = 0.1
(ai), 1 (aii), or 10 (aiii) times that of CL4 and CLy,. Profiles progressing from light to dark indicate the
effect of increasing V,, from 2 ml/kg to 50 I/kg. For each scenario the resulting relationships between V,,
and %OS and between V,, and TRP are illustrated (b, ¢). Symbols indicate CL = 0.1- (open), 1- (gray) or
10-fold (black) relative to CLyq and CLy,. Lines (b) indicate fit of an empirical model (Eq. 4) to the data

Table 2 Results of fitting an E,,,x model to %OS vs. V,, data from Figs. 6b, 7b and 8b

Relative 0.1 1 10
value

Emux (%) Vp,SO (ml\kg) Emax (%) Vp,SO (ml\kg) Emax (%) Vp,SO (ml\kg)
CL 31.0 (1.95) 159 (40.7) 66.2 (2.49) 154 (29.9) 795 (40.2) 110 (23.9)
CLy 31.5(1.25)  13.6 (3.82) 736 (9.96) 5220 (264)
CLy, 1630 (25.1) 4330 (259) 4.82 (0.0978)  29.1 (3.67)

Data are reported as parameter estimate (SE)

Relative value is the fold-difference between a clearance term and the remaining clearance terms

As CL increased, %OS values associated with a given V, increased. The
relationship between %OS and V,, remained consistent, with increasing V,, resulting
in an increase in %OS up to a maximum value (Fig. 6b). An empirical model
(Eq. 4) was capable of describing all three %OS vs. V,, profiles (the fit of the model
to the data is represented by the line through each of the three relationships in
Fig. 6b). Based on the model fit, the maximum %OS achievable by increasing V
was 31.0, 66.2, and 795% for CL values of 0.25, 2.5, and 25 ml/min/kg. These
values, along with the predicted volumes associated with half-maximal %OS values
(Vp,50), are presented in Table 2.

As apparent in Fig. 6ai through iii, increasing CL relative to other clearance
terms also changed the plateau Cipqin/Cprasma Values. When CL was relatively small
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(Fig. 6ai), all hypothetical compounds reached nearly identical plateau Cippqin/
Cplasma values. When CL was relatively large (Fig. 6aiii), the plateau Cprain/Cpiasma
values ranged from approximately 1.3 to 7.9. The log-linear relationship between
TRP and V,, within {P] (Fig. 5b) was altered when CL was modulated relative to
the other two clearance terms. Although the V,-dependent increase in TRP was still
observed, this relationship became increasingly steep as CL decreased relative to
other clearance terms (Fig. 6¢).

Influence of relative clearances: varying CLy

A comparable set of simulations was performed to examine the impact of varying
the distributional clearance between the central and peripheral compartments on the
%OS vs. V,, relationship within {P}p. In this second set of simulations, the same six
parameter spaces, simulated by incorporating V,, values ranging from 2 ml/kg to
50 1/kg into the default parameter space, were used to generate representative
profiles for Cprain/Cplasma VS. time, illustrated again for reference in Fig. 7aii. The
CL4 values in each of the six parameter spaces then were decreased 10-fold or
increased 10-fold relative to the other two clearance terms, which were maintained
at the original {P}p values of 2.5 ml/min/kg. The Cprain/Cplasma VS. time profiles
resulting from decreasing and increasing CL, are illustrated in Fig. 7ai and aiii. The
corresponding %OS and TRP values calculated from each group of profiles are
plotted vs. V,, in Fig. 7b and c.
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Fig. 7 Influence of CL4 on overshoot in brain partitioning. Simulations with CLy = 0.1 (ai), 1 (aii), or
10 (aiii) times that of CL and CL,. Profiles progressing from light to dark indicate the effect of increasing
V, from 2 ml/kg to 50 Vkg. For each scenario the resulting relationships between V,, and %OS and
between V,, and TRP are illustrated (b, ¢). Symbols indicate CLy = 0.1- (open), 1- (gray) or 10-fold
(black) relative to CL and CLy,. Lines (b) indicate fit of an empirical model (Eq. 4) to the data
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When V,, values were low (100 ml/kg and below), as CLq4 increased the %OS
associated with low V, values became lower (Fig. 7b); a CL4 of 25 ml/min/kg
(black symbols) ablated the overshoot observed with V;, values of 20 and 100 ml/kg.
Interestingly, at high V,, values (between 0.1 and 50 I/kg) this relationship reversed,
with increasingly large %OS values associated with increases in CLy. These three
%0S vs. V;, relationships also were well-fit with an empirical model (Eq. 4). The
relevant parameters are presented in Table 2. Increasing the relative value of CLy
increased the maximum %OS predicted to be achievable by altering V;, within this
parameter space. Although these E,,,x values were similar to those observed with
altered CL, the V,, 59 values differed markedly (Table 2).

Although increasing CL relative to the other clearance terms resulted in
increasingly different V,-related plateau Cppain/Cprasma Values (Fig. 6aiii), and
decreasing the term caused all simulated systems to reach the same plateau value
(Fig. 6ai), the opposite relationship was observed when manipulating CLg4
(Fig. 7aiii, ai).

In all cases, increasing the relative value of CL4 reduced the TRP associated with
changes in V;, (Fig. 7¢). The positive relationship between V,, and TRP (apparently
log-linear when CLy was less than or equal to the other clearance terms; open and
gray symbols) reversed when CLy was relatively large (black symbols), causing a
decrease in TRP with increasing V/,.

Influence of relative clearances: varying CLy,

The third set of simulations investigating relative clearance effects involved
manipulation of the distributional clearance between brain and the central
compartment as compared to the other two clearance processes. These simulations
were conducted in a manner similar to the preceding two experiments. Figure 8ai
and aiii depict the Cprain/Cplasma VS- time relationships resulting from manipulation
of CL,,. 10-fold below and 10-fold above their {P} values (Fig. 8aii), within the six
parameter spaces described above. The original relationship, with all clearance
terms at equal values, is illustrated again for reference in Fig. 8aii. The %OS, and
TRP vs. V, relationships under each of the three relative CLy, conditions are
illustrated in Fig. 8b and c.

The basic relationship between %OS and V,, was not affected by manipulating the
relative value of CLy, (Fig. 8b). However, at a given V,,, increasing CLy, (black
symbols) resulted in a decrease, rather than an increase, in %OS. The fit of an
empirical model (Eq. 4) to the %OS vs. V,, relationships associated with the three
different relative Vi, values is illustrated with lines in Fig. 8b (parameters
summarized in Table 2).

As with increasing the relative value of CLy, increases in the relative value of
CLy, caused the simulated Cppain/Cplasma VS. time profiles to reach nearly equal
plateau values (Fig. 8aiii). TRP values remained virtually identical upon increasing
the relative value of CLy, (Fig. 8c; gray and black symbols overlap). However,
decreasing CLy, resulted in slightly shorter TRP when V,, was low, and substantially
longer TRP when V,, was 5 l/kg or larger (Fig. 8c; open symbols). In all cases,
increasing V), resulted in an increased TRP.
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Fig. 8 Influence of CL;, on overshoot in brain partitioning. Simulations with CL,, = 0.1 (ai), 1 (aii), or
10 (aiii) times that of CL and CLy. Profiles progressing from light to dark indicate the effect of increasing
V, from 2 ml/kg to 50 Vkg. For each scenario the resulting relationships between V,, and %OS and
between V, and TRP are illustrated (b, ¢). Symbols indicate CLy, = 0.1- (open), 1- (gray) or 10-fold
(black) relative to CL and CL4. Lines (b) indicate fit of an empirical model (Eq. 4) to the data

Influence of brain and plasma compartment volume

Manipulation of only the V,, term within {P/p, allowed an indirect evaluation of the
influence of the brain and plasma compartment volumes (relative to peripheral
compartment volume) on the shape of the Ciryin/Cprasma profile. The independent
influences of the brain and plasma compartment volumes on the Cirain/Cplasma VS.
time profile were assessed in the following set of simulations. As described above,
based upon the fit of a sigmoidal model to the V}, vs. %OS relationship within {P}p
(in which a maximum possible %OS of 64% could be achieved; Fig. 3b), three
model parameter spaces representing low, intermediate, and high degrees of
overshoot behavior ({P},, {P}, and {P}3) were created by altering V|, within {P}p.
Beginning with these three parameter spaces, values of Vi, or V. were increased
independently over a 50-fold range, relative to the initial values (15 and 50 ml/kg).

Figure 9a illustrates the relationship between %OS and Vi, under conditions of
low (open symbols), intermediate (gray symbols), and high (black symbols) degrees
of V,-related overshoot, simulated from {P},, {P}, and {P};. When V,, was low
({P}y; open symbols), increasing V. from the default value of 15 ml/kg to 750 ml/
kg caused loss of the already minimal overshoot. When V,, was intermediate ({P/,;
gray symbols), increasing Vj, from 15 to 30 ml/kg caused an initial increase in
%0S; however, when V. increased above 30 ml/kg, overshoot behavior decreased,
then disappeared. When V,, was large ({P/s; black symbols), such that further
increases in V, would have saturated the overshoot magnitude within {P]p,
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Fig. 9 Influence of Vy, (a) and a 1204
V. (b) on overshoot in brain
partitioning. Beginning with
parameter spaces {P}; (open), 801
{P}> (gray) or {P}3 (black), Vi, 8
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increasing Vi, from 15 to 75 ml/kg caused overshoot to increase up to a maximum
of 107%0S, which was higher than the maximum %OS value observable by
changing only V|, within {P}p.

The relationship between overshoot and V., evaluated by altering the V. value
alone, was investigated beginning with the same three representative parameter
spaces, {P},, {P}, and {P}; (Fig. 9b). In all cases, increasing V. decreased %OS.
The relationships between low %0OS and low V,, (open symbols), and between high
%0S and high V,, (black symbols) were preserved; however, when V, was increased
to 2.5 I/kg, overshoot was completely ablated, regardless of V,.

Discussion
Principal interpretations

The present study demonstrated the influence of substrate distribution into a
peripheral compartment on the tendency of the brain-to-blood partition ratio to
substantially overshoot its plateau (equilibrium) value. The relationship between
overshoot magnitude (%0S) and V,, was capacity-limited; however, the relationship
between the duration of the overshoot phenomenon (7RP) and V,, was essentially
log-linear. The relationship between either %OS or TRP and V,, was modifiable by
perturbing any of the clearance terms within the system, as well as the apparent
distributional volumes of the other (non-brain) system compartments. Overall, this
simulation effort provides a robust framework from which to evaluate the various
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system aspects that might lead to overshoot of the equilibrium value of the tissue-to-
blood partition coefficient.

Although this effort was predicated on consideration of partitioning into brain,
the principles developed herein are transferable to any tissue space in equilibrium
with blood (i.e., for distributional processes that may be modeled with a
mammillary structure), and are not dependent on the existence of a specialized
barrier, such as the BBB, between that tissue space and the systemic circulation.
Indeed, the simulations utilized to explore the overshoot in partitioning were based
on the assumption of simple bidirectional, first-order distribution clearances.
Therefore, there is no need to invoke more complex distributional processes (such
as protein-mediated flux, biotransformation within the distributional compartment,
or saturable protein binding in one or more compartments) between a tissue space
and blood to explain overshoot in the eventual tissue-to-blood partition coefficient.
In addition, overshoot in partitioning is consistent with substrate distribution in
simple (linear, three-compartment) pharmacokinetic systems, although similar
arguments may be made for more complex model structures (i.e., mammillary
systems composed of more than three compartments). This phenomenon will be
apparent when a deep peripheral pharmacokinetic compartment is present that does
not contain the tissue space of interest. As long as the simulated distributional
clearance rates between this organ and the systemic circulation were within the
range of physiologic blood flow values, the simulation results would be applicable
to any such organ.

Implications for brain partitioning behavior

The influence of peripheral compartment “depth” upon the time-dependent brain
partitioning of a substrate has not, to the authors’ knowledge, been commented on
previously in the literature. Although not specifically stated, a general assumption,
borne out by an abundance of examples, is that the tissue-to-blood partition
coefficient always increases monotonically from a value of zero at the time of
systemic administration to a plateau value reflecting tissue-to-blood distribution
equilibrium [13]. The illustration of the effect of V,, on substrate mass in each
compartment (Fig. 4) indicates that when V, is very large, the initial rapid flux of
substrate into the peripheral compartment persists longer; in addition, the larger
peripheral space will retain substrate for a longer period of time (increased
residence time in the peripheral compartment). The substantial diversion of
substrate into the peripheral compartment initially draws substrate out of the central
compartment more rapidly than out of the brain compartment, resulting in an
overshoot of the plateau value for Cppain/Cplasma- As net uptake into the peripheral
compartment crests and re-input of mass from this compartment begins to slowly
replenish substrate in the systemic circulation (central compartment), the brain and
blood compartments begin to equilibrate, resulting in the attainment of distribution
equilibrium.

Relative retention of substrate within a peripheral compartment, which is
required for overshoot in partitioning in an alternative compartment, may be
influenced by the ratio of the distributional clearance between the peripheral and
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central compartments to irreversible clearance from the central compartment. The
influence of the relative values of CL and CL4q on substrate overshoot is
demonstrated in Fig. 6. As CL increases relative to CL4, the overshoot phenomenon
becomes increasingly pronounced. Thus, both the apparent volume of the peripheral
compartment and the distributional clearance associated with the peripheral
compartment relative to systemic clearance are important determinants of substrate
overshoot in the alternative (brain tissue) compartment.

In the absence of appreciation of this relatively simple kinetic explanation for
overshoot and a time-dependent decrease in the brain-to-blood partition ratio, more
complicated explanations for this behavior could be, and indeed have been,
proposed [15, 22]. Potential alternative explanations for this type of behavior might
reasonably include concentration-dependent uptake into brain from blood (e.g.,
saturable uptake), the existence of a capacity-limited process that clears substrate
out of the brain rapidly (e.g., an efflux system at the blood-brain barrier), or
saturable protein binding in blood and/or brain tissue. Experimental approaches for
investigating this behavior could thus be streamlined based upon the consideration
of the relationships identified by the current simulations, which is consistent with
the contemporary philosophy espoused by quantitative systems pharmacology [23].

One caveat pertaining to the extrapolation of this influence of V,, on tissue
partitioning kinetics is that, as noted previously [14], the appearance of this
overshoot is administration mode-dependent. In a simulated system with overshoot
in the Cyrain/Cprasma V8. time profile, the appearance of overshoot can be abolished
completely by changing the mode of input from an instantaneous bolus to a
continuous constant-rate infusion. It appears, based on the above-referenced
simulation study, that continuous input into the system is capable of masking the
distributional kinetics between brain and blood in the presence of a “deep”
peripheral compartment. This is, of course, analogous to slow absorption of
substrate from the gastrointestinal tract masking substrate distribution between the
systemic circulation and a peripheral space, leading to the appearance of only a
single compartment after oral administration as opposed to two or more
compartments after an intravenous bolus dose, as has been recognized for many
years [24].

Study strengths and weaknesses

The relationship between overshoot and V|, has been demonstrated to be relatively
robust within the simulated system developed here. In the present study, all system
parameters were perturbed, either independently or in parallel. In most cases, the
presence of overshoot was persistent over at least an order of magnitude for each
parameter evaluated. The appearance of overshoot in the Cirain/Cpiasma VS. time
profile also was not limited to simulated systems with the same model structure; in
the study described previously by the authors [14], the simulated system included an
additional compartment (endothelial cells interfacing the brain and systemic
compartments), as well as a unidirectional rate constant representing active efflux
from endothelial cells to the central compartment. Overshoot was observed
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consistently in this system when peripheral distribution volumes were large,
regardless of the presence of efflux transport.

Despite the apparent reproducibility of the overshoot effect in simulated systems,
several limitations of the current simulation study are acknowledged. Firstly, this
study incorporated no uncontrolled error. Biologic variability, experimental assay
sensitivity, and general experimental error could potentially obscure some of the
relationships detected through mathematical simulations. In particular, the ability to
determine the time at which a system reaches a plateau Cyain/Cplasma Value would be
affected by experimental error. For the purposes of this study, as no variability was
present, no statistical definition of the attainment of the plateau Cirain/Cplasma Value
could be implemented. For this reason, the time at which the plateau Cirqin/Cprasma
value occurred was functionally defined as 10% of the final (plateau) Cprain/Cplasma
value, although the variability in experimental measurement might reasonably
exceed 10%. Nevertheless, this approach illustrates how data generated in the
laboratory would need to be interpreted. Secondly, although simulated clearance
rates were constrained to an upper limit below cardiac output in the rat, the range
within which parameter values were manipulated in some cases spanned several
orders of magnitude (i.e., representing a range of hypothetical compounds with
differing pharmacokinetic behavior). Thus, the range of the parameter values
simulated in these studies may not reflect conditions which would be observed
commonly in in vivo pharmacokinetic systems. The evaluation of a wide range of
parameter values was intended to clarify relationships which might exhibit low
sensitivity in rate of change relative to another parameter of interest, rather than to
mimic physiologic reality in all cases. Thirdly, the simulated system utilized in this
study is substantially, although intentionally, simplistic. Protein binding in brain and
plasma, physical and biochemical barriers to uptake or efflux (e.g., the BBB),
metabolism, capacity-limited distribution phenomena, and other factors can
influence the distribution of substrate in a physiologic system [25]. This study
was intended to evaluate overshoot behavior under the simplest relevant conditions
for the purposes of providing a generalized description of the fundamental behavior
of the system, in the absence of any other potentially confounding factors. Based
upon understanding of the behavior of this simple system, further experiments could
be designed to probe the additional complexity contributed by each of these factors.

Published data supporting simulation conclusions

Although the current study, simulation-related caveats aside, has clearly and
consistently demonstrated that overshoot can occur in the Cprain/Cplasma VS time
profile, it is important to recognize that this phenomenon also has been observed
experimentally, with several relevant reports in the literature. For example, the
antiepileptic agent valproic acid (VPA) exhibits an unusual decline in brain-to-
blood partitioning with time. This pattern of time-dependent decrease in partitioning
after bolus-dose administration has been observed in a variety of preclinical, in vivo
experimental systems, including brain-to-blood partitioning in the cat [15], mouse
[17], and rat [16, 26], and CSF-to-blood partitioning in rats [22] and in non-human
primates [18]. Interestingly, VPA undergoes extensive enterohepatic recycling
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(ER), wherein parent drug is conjugated in the liver, excreted into bile,
and subsequently re-converted to parent drug within the intestine by intestinal
p-glucuronidase and re-absorbed into the systemic circulation. This recycling loop,
which retains parent compound prior to re-release into the systemic circulation,
essentially functions as a large peripheral pharmacokinetic compartment [21]. A
relevant issue, in the context of the current simulation study, is whether the
overshoot in equilibrium brain-to-blood partitioning occurs for VPA simply because
this compound recycles so extensively. A corollary question is, if recycling of VPA
was ablated, would the partitioning overshoot phenomenon disappear?

As a post-hoc confirmation of the results of this simulation study, a thorough
literature search on VPA brain partitioning was conducted. Examples of VPA
overshoot are provided in Fig. 10 (data from [15]) and Fig. 11 (data from [22]). The
ability of constant-rate infusion administration to abolish this overshoot behavior in
mathematical simulations [14] also is supported by the lack of overshoot behavior in
studies which utilized continuous infusion administration modes [26]. Thus, this
data-mining exercise in the presence of intact VPA recycling is consistent with the
current series of simulations.

Fig. 10 The kinetics of brain- 1
to-plasma partitioning of VPA in
cats after a 3-min infusion into
the inferior vena cava. Data
were obtained from Hammond
et al. [15]. Cerebral cortex and
plasma were collected at timed
intervals post-infusion, and VPA
was determined by gas—liquid
chromatography _
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Fig. 11 The kinetics of CSF-to- 0.5
serum partitioning of VPA

in rats after administration by
intravenous bolus plus
continuous infusion. VPA

was determined in CSF
microdialysate. Serum
concentrations were converted
to estimated unbound
concentrations based on separate
protein binding experiments.
Data were obtained from Golden
et al. [22]
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The relationship between overshoot in the brain-to-blood partition ratio and V;, is
supported by at least two types of experimental evidence for VPA. In the current
analysis of the literature data, the degree of recycling (fraction of the administered
dose undergoing ER) is assumed to correspond with the apparent volume of a
distributional compartment, as demonstrated previously [21]. First, a study
conducted by Liu and Pollack [27] evaluated the systemic and brain disposition
of VPA and two structural analogs, cyclohexanecarboxylic acid (CCA) and
1-methyl-1-cyclohexanecarboxylic acid (MCCA). These compounds differ in
degree of ER as follows: VPA > MCCA > CCA. The rank order of degree of
ER among these compounds (Fig. 12a—c) corresponds to the degree of overshoot
behavior (observed as a time-dependent decrease in Cppain/Cserum) for each
compound (Fig. 12d—f). A second line of evidence pertains to the ontological
development of ER capacity in the rat. Young rats, (20 days postpartum and
younger), do not to exhibit intact ER (Fig. 13) [28]. The corresponding brain-to-
serum partition coefficients (unpublished data; Fig. 13e-h) indicate that age-
dependent appearance of ER behavior corresponds to the age-dependent appearance
of overshoot in the brain partitioning profile.

While comparisons of model simulations to historical data provide an intriguing
level of wvalidation, they fall short of the mark established by prospective
experimentation. VPA represents an interesting compound with which to evaluate
the relationship between overshoot and V,, because there are several potential
approaches to experimentally interrupt ER. These approaches include exterioriza-
tion of bile flow through bile duct cannulation [29], inhibition of S-glucuronidase
activity at the level of the gut to prevent re-release of parent VPA [30], oral
administration of active charcoal to decrease substrate reabsorption from the gut,
and inhibition of VPA-glucuronide elimination into bile by inhibiting the activity
of the canalicular efflux transporter Mrp2 [31]. These all represent potential
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Fig. 12 Serum concentrations (a—c) and brain-to-serum concentration ratios (d—f) following i.v. bolus
administration of VPA or analogs to rats. Lines (dotted, dashed, solid) represent doses (75, 175, or
350 mg/kg) of VPA (a), MCCA (b) and CCA (c). Brain-to-serum concentration ratios were determined
after administration of 0.5 mmol/kg of VPA, MCCA and CCA (d-f). Data were obtained from [27]
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Fig. 13 Disposition of unbound VPA in serum (a—d; obtained from [28]) and brain partitioning of VPA
(e-h; unpublished data) during postnatal development in rats. Ages were 5 (a, e), 10 (b, f), 20 (¢, g) and
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experimental approaches to perturb the apparent volume of a distributional
compartment, something that would be required for prospective evaluation of this
system but extraordinarily difficult to achieve with typical distributional behavior.

Implications for accurate use of the Kj, prin metric

The current simulation study emphasizes several caveats relevant to the use of
Ky brain s a metric for brain exposure. Firstly, it suggests that compounds
undergoing ER, or with otherwise unusually large apparent peripheral volumes of
distribution (e.g., due to significant tissue binding), might be subject to the
appearance of overshoot in the brain-to-blood partition coefficient vs. time profiles.
Potentially, extra measures such as longer sampling time to ensure attainment of
distribution equilibrium might be prudent for such compounds.

Secondly, the utility of Kppmnin as a metric for relatively high-throughput
screening of brain partitioning behavior (e.g., as a part of a pharmaceutical lead
optimization strategy) is cautioned. Particularly when sampling time is limited by
constraints related to the large number of samples to be processed, it is important to
avoid the assumption that the peak Ciprain/Cprasma Value measured necessarily
constitutes the true, or physiologically-relevant, K, prin value. As illustrated in
Fig. 7ai, when CL, is the lowest clearance in the system the peak overshoot value
persists for a relatively long time before returning to the plateau (K, prin) value.
Misinterpretation of a persistent overshoot peak as the true K, prain value may result
in the erroneous pursuit of a CNS-targeted compound which only appears to
partition significantly into the brain.

Lastly, other types of experimental observations dependent upon calculation of
brain partitioning behavior could be impacted by the erroneous acceptance of an
overshoot phase as a plateau value. For example, evaluation of the influence of
barrier functions on brain exposure could be impacted significantly by an erroneous
assumption of brain-to-blood distribution equilibrium prior to its true attainment.
Compounds which exhibit efflux activity in the brain-to-blood direction reach
distribution equilibrium more rapidly than in the absence of efflux [14]. Thus,
evaluation of the effect of a barrier on brain exposure prior to attaining distribution
equilibrium could reflect the period of time in which one system has attained
distribution equilibrium, while the other would still be in flux. The net result would
be an erroneous interpretation of the difference between partitioning behavior in the
two systems reflecting only the effect of a barrier function at the BBB.

Conclusions

The current study demonstrates the appearance of overshoot in the brain-to-blood
partition coefficient vs. time profile. This unexpected phenomenon may be
interpreted, in many cases erroneously, as being indicative of complex distributional
behavior. In fact, a simple pharmacokinetic system consisting of an isolated
pharmacokinetic compartment (brain tissue), the systemic circulation, and a
peripheral distributional compartment of relatively large apparent volume can
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reproduce this behavior. Based upon the data mining exercises described above, the
relationship between overshoot in tissue partitioning and V,, demonstrated in the
simulated system is likely to exist in physiologic systems as well, and may explain
heretofore anomalous kinetics of brain partitioning. Prospective validation studies
clearly are necessary, however, to explore the degree to which these model
predictions are recapitulated in vivo.
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