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17.1 INTRODUCTION

The central nervous system (CNS) is one of the most challenging therapeutic areas
and many brain diseases still do not have adequate treatments. The major hurdles of
discovering new CNS drugs, particularly in the area of neurodegeneration, are that
there are few animal disease models and drugs must cross the blood—brain barrier
(BBB) to reach the therapeutic targets.

The brain is highly protected anatomically to physical injury by the skull and to
chemical insult by two major barriers, namely the BBB and the blood—cerebrospinal
fluid barrier (BCSFB). The BBB is formed by the endothelium lining of the cerebral
capillaries, while the BCSFB is formed by the epithelium of the choroid plexus (CP)
[1]. CP consists of many capillaries, separated from the ventricles by choroid epithelial
cells. The BBB and BCSFB represent physical and biological barriers that restrict and
regulate the penetration of compounds from blood into and out of the brain intracellular
fluid (ICF), interstitial fluid (ISF), and cerebrospinal fluid (CSF), respectively, and
maintain the homeostasis of the brain and CSF microenvironments. Therefore, unlike
in systemic circulation, the pharmacokinetics (PK) of a drug in brain is complicated by
multiple compartments created by the BBB and the BCSFB. A great amount of research
went into understanding the properties of BBB and BCSFB. The relationship between
drug concentrations in blood, ISF, and CSF can be delineated into a three-compartment
model (Fig. 17.1).
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Figure 17.1 A three-compartment model illustrating unbound drug transfer between plasma,
brain (ISF and ICF), and CSF. BBB, blood—brain barrier; BCSFB, blood—cerebrospinal fluid
barrier; C,, y, plasma unbound drug concentration; Cy y, brain unbound drug concentration; Ccsr,
CSF drug concentration.

For many physiological membranes, the unbound drug concentrations are equal on
both sides at steady state. However, at the BBB and BCSFB, the contributions of active
influx transporters, efflux transporters, and tight junctions between brain endothelial
cells can cause, for some compounds, the unbound drug concentrations to be unequal
across the BBB or the BCSFB. Metabolism within the CNS (very rare) and transport
to CSF via ISF bulk flow may also contribute to disequilibrium of unbound drug
concentrations in the blood, brain (ISF and ICF), and CSF compartments.

From a PK and pharmacodynamic (PD) perspective, the purpose of assessing brain
penetration of a drug is to understand drug exposure at the target cellular locale.
According to the free drug hypothesis, only unbound drug at the target cellular locale
is available for the pharmacologic interaction [2]. The relative importance of unbound
drug concentrations in different brain compartments depends on where the relevant
target receptors are situated. If the drug is actively transported across the cell membrane,
ICF concentrations could be expected to differ from brain ISF concentrations.

In this chapter, we discuss the critical elements for brain penetration and method-
ologies in assessing brain exposure. Retroanalysis on the prediction success for brain
penetration of Pfizer CNS drug candidates and lessons learned, as well as screening
strategies and future prospects in the BBB will be highlighted.

17.2  IMPORTANT PARAMETERS GOVERN BRAIN PENETRATION

The fact that CNS-targeted drugs require good brain penetration is unequivocal. How-
ever, what is unclear is which parameters should be used to define “good” brain
penetration. Ultimately, it is the free drug concentration at the site of action in the
brain that exerts pharmacological activity in vivo [2]. There are three important param-
eters that characterize brain penetration: rate, extent, and brain tissue binding [1]. Rate
is how fast compound molecules enter the brain, extent is how many in the brain at
steady state, and brain tissue binding is how many molecules are bound to brain tissue
compared with unbound in solution [3].
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For the extent of brain penetration, the total brain concentration-to-total plasma
concentration ratio (also known as total B/P or K) is a common parameter used to
describe and evaluate brain penetration. A compound is deemed “brain penetrant” if its
total B/P is >0.04, because the cerebral blood volume is approximately 4% of the total
brain volume. However, a ratio significantly >1.0 is often observed [4]. Does this indi-
cate that drug molecules are being actively taken up into the brain? No, active uptake is
not the case for a majority of drugs. Instead, the higher total B/P ratio is often owing
to a significantly higher nonspecific binding of drug molecules to brain tissue than
to plasma protein. An experiment conducted by Maurer et al. [5] explicitly revealed
how nonspecific bindings can confound brain penetration assessment if it is based on
the total B/P ratio. In the study, 32 structurally diverse CNS drugs were used. Their
total B/P ratios were found to range from 0.06 to 24 after subcutaneous administration
in mice [6]. Their nonspecific bindings in mouse plasma and brain homogenate were
determined using equilibrium dialysis methodology, and not surprisingly, after cor-
rected with binding factors, their free brain concentration-to-free plasma concentration
ratios (also known as free B/P or Cyy/Cpy 0r Kp wy) were significantly lower, ranging
from 0.06 to 3.4. This indicated that nonspecific binding is a significant component of
the total B/P parameter.

A high value of total B/P may mislead CNS researchers into the believing that a
drug is being actively taken up into the brain and reaching high brain exposure levels,
while, in reality, total B/P is merely driven by the different binding in plasma and
brain, as indicated by fraction unbound in plasma ( fy plasma) and fraction unbound in
brain (fy brain)-

Theoretically, free B/P would not exceed 1.0 when no active influx transporters
are involved. Therefore, in CNS drug discovery, it is prudent to use the free B/P as
the parameter to assess the extent of brain penetration, to avoid driving medicinal
chemistry efforts down fruitless path of changing nonspecific binding. The free B/P
represents the net extent of drug penetration across the BBB, which includes the effects
of transporters, without being confounded by unspecific binding [1]. Therefore, free
B/P is a better parameter to measure the extent of brain penetration compared with
total B/P.

The rate of brain penetration is important for CNS drugs that require rapid onset. It
is important to recognize that the rate of drug entering the brain across the BBB is not
equal to the extent of transport/distribution to the brain, as the rate determines how fast
the drug enters brain, not how much has entered at steady state. Rate across BBB affects
whether distribution equilibrium among the various compartments can be established
quickly. Rate is determined by permeability of the BBB, which is the composite of
passive diffusion, efflux transport, and influx transport. The more permeable the BBB
is to the drug, the quicker the drug will reach the brain tissue, but it is not permeability
alone that is important regarding drug delivery to the brain. The brain PK of a centrally
acting drug, and thereby its associated PD, are the result of a combination of influx
and efflux processes and the extent of distribution of the drug within the brain tissue.

Another important parameter is unbound volume of brain (Vy prain)- Vu,brain describes
the relationship between the total drug concentration in the brain and the unbound
drug concentration in brain ISF. It is a useful measure of drug distribution in the
brain parenchyma. V, prin is the ratio of total drug concentration in the brain and
the unbound drug concentration in brain ISF. Since brain ISF concentration is often
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converted from total brain concentration and fraction unbound of brain tissue ( fy brain)-
F\ brain 1s inversely proportional to Vy prain [1].

17.3 METHODOLOGIES IN ASSESSING BRAIN PENETRATION

17.3.1 In Vivo Approaches

17.3.1.1 Preclinical Neuro PK Studies. On the basis of the understanding of multi-
ple brain compartments, as discussed above, and the importance of nonspecific binding
in the brain, efficient in vivo neuroPK (neuropharmacokinetics) (i.e., brain PK) stud-
ies are conducted in animals as part of CNS drug discovery [4,7]. NeuroPK helps
define the relationships between drug concentrations in the CNS compartments and
understand the mechanism-based pharmacology, the exposure (PK) and response (PD)
relationships. The species selected for neuroPK is based on the species used for efficacy
and toxicology studies. Plasma, brain, and CSF are collected to assess drug distribu-
tion in the various compartments. The neuroPK information provides temporal brain
intercompartmental compound concentrations to guide dose and time point selection
for pharmacology studies in preclinical species. Even though neuroPK studies may
employ any dosing route, subcutaneous administration is the most preferred approach
since it bypasses first-pass liver metabolism and has low experimental variability.
Occasionally, for compounds with intrinsically low rates of CNS penetration, signifi-
cant delay in reaching distribution steady state may be of concern, in which case an
intravenous infusion regimen can be applied [8]. In a typical rodent neuroPK study,
animals (N = 3/time point, preferably at least two dose levels, for example, 1 and 10
mg/kg) are euthanized at specific time points post dose, and plasma, CSF, and brain
are collected for exposure analysis. Time-concentration profiles of the compound in
plasma, CSF, and brain are generated.

These data reveal important PK parameters providing insight into the extent of
compound CNS penetration and rate of elimination from each compartment. Knowing
matrix-specific diffusion and elimination rates is important as compounds may have
intercompartmental concentration-related delays and/or much longer half-lives in brain
versus CSF or plasma. Such phenomena are key to understand the mechanism of
hysteresis observed in exposure-PD response. Furthermore, free drug exposures in
each of the compartment, plasma, CSF, and brain, can be calculated by combining area
under the curve (AUC)-derived exposures for each neuromatrix and compound-specific
Su,plasma and fu prain values, determined by equilibrium dialysis studies using plasma
and brain homogenate, respectively (Egs. 17.1 and 17.2). Under normal physiological
condition, CSF is low in protein. Therefore, the concentration measured in CSF is, in
general, considered approximately free drug concentration:

Free drug exposures in plasma: AUpru = AUGC, - fu,plasma (17.1)
Free drug exposure in brain: AUCb’u = AUGy, - f.brain (17.2)

Ratios between AUC,;,, AUCcsr, and AUC,, provide important insights into
the extent of compound distribution among these brain compartments. The ratio of
AUGCy, y:AUC, y, presuming Cpy and Cisg are equivalent, provides the concentration
relationship across the BBB. The ratio of AUCcsg:AUC,, , on the other hand, gives an
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TABLE 17.1 Methodologies in Predicting Free Human Brain Concentration

Methods Description Comments

Human receptor RO = Cpy/(Cpu + K;) Human RO can be obtained from
occupancy (RO) imaging studies (e.g., PET)

Human CSF Sampling CSF in human  CSF can overpredict free brain

concentration for efflux
transporter substrates

Animal neuroPK and Cou = [Cou/Cpulrat X Cpu Cou/ Cpu is often preserved across
human unbound plasma species, except for sheep
Human unbound plasma Cpu = Cp X fup When distribution equilibrium is

established, typically for high
permeable compounds that are
not efflux transporter substrates

idea of the extent of partitioning at the BCSFB. These two parameters are important
in defining whether there is distribution equilibrium among these neurocompartments,
which is critical in understanding preclinical efficacy and safety and in predicting brain
penetration in human. Whereas, the ratio of AUC,, ,:AUCcsr defines the compound
concentration relationship between ISF and CSF. This ratio is very important, particu-
larly for a compound that demonstrated distribution disequilibrium at the BBB and/or
at the BCSFB, because, for these compounds, plasma will overestimate drug exposure
in brain ISF. If CSF exposure is determined in the clinic, human brain ISF exposure
may be estimated from this using the rodent-derived relationship assuming an iden-
tical ratio across species (Table 17.1). For CNS compounds, careful characterization
of these three exposure ratios increases the chances of adequate compound delivery
to the pharmacologic target site and understanding cross-species exposure-response
relationships.

17.3.1.2 CSF as a Surrogate for Brain Exposure. The use of CSF concentration
as a surrogate marker for the unbound drug concentration in the CNS has become a
more common practice for assessing CNS exposure. This is because there is a close
relationship between the brain ISF and CSF, and CSF sampling is relatively simple
and straightforward both in preclinical experiments and clinical settings. However, it
is important to recognize, as aforementioned, that the brain consists of multiple com-
partments created by two distinct barriers (BBB and BCSFB) and that many factors
are involved in the transport of drugs from plasma into the brain and the distribution
within the brain. Systemically administered drugs can reach CSF either directly via
passage across the BCSFB or indirectly by passage across the BBB followed by diffu-
sion/convection transport from the ISF to CSF. Therefore, the usefulness of CSF as a
surrogate for measurement of unbound drug concentration in the brain has been criti-
cally questioned [9]. From the PK/PD perspective, to determine whether CSF can serve
as a surrogate for assessing the drug exposure at the pharmacological target site within
the CNS and the dynamics of drug concentration—effect relationship, the critical issue
is whether CSF concentration is in equilibrium with the target biophase concentration.

CSF, an essentially aqueous fluid free of drug binding proteins, circulates throughout
the ventricles within the brain and the subarachnoid space surrounding the brain and



6 INTEGRATED APPROACHES TO BLOOD-BRAIN BARRIER

spinal cord. Because of its physically close proximity to the brain, drug concentration
in the CSF is sometimes used as a surrogate of free drug concentration in the brain
[10]. However, there are several important aspects of CSF worth special consideration
when interpreting drug concentration in CSF as a surrogate exposure at the CNS target
site.

First, drug distribution in CSF may be uneven, because CSF is not a well-stirred
compartment. Unlike systemic circulation, where it takes <I min to circulate blood
throughout the body, the movement of CSF is much slower. The turnover rate of CSF
is about 5-7h. Drug concentration in CSF is expected to be significantly different
depending on the site of CSF sampling and the route of administration. Remarkable
differences (approximately 10-fold) in drug concentrations between ventricular and
spinal CSF have been reported after intraventricular or lumbar injection [10]. The
apparent differences in CSF drug kinetics between the ventricular and lumbar sites
is not a surprise when one considers that the flow through the subarachnoid space
receives only a fraction of the CSF flow originating from the ventricles. Furthermore,
exchange of drug between CSF and the cord tissue bordering the descending spinal
subarachnoid space probably exerts influence on the composition of the spinal CSF.
These considerations definitely raise a serious question as to the usefulness of lumbar
CSF as an indicator of drug availability and disposition in the brain.

Second, drug concentration in CSF is influenced by BCSFB at CP as well as drug
concentration in ISF. The total volume of the CSF in adult humans is approximately
150-200mL [11]. Various studies have suggested that about two-thirds of CSF is
formed at the CP, and one-third of CSF enters the macroscopic spaces from brain
ISF [12]. The BCSFB, separating blood from CSF, is formed by the epithelial cells
of CP and their tight junctions. Unlike the BBB, the capillaries supplying the CP
are fenestrated. Similar to the BBB, a number of influx and efflux transporters have
been identified at the BCSFB. However, their locations and functions are somewhat
different than those at BBB [13]. It has been reported that P-gp (MDR1 and ABCB1)
localizes subapically at the CP epithelium, with drug transport in the direction from
blood to CSF. In contrast, at the BBB, P-gp localizes at the luminal membrane of brain
endothelial cells and pumps drugs out of brain. At BCSFB, other efflux transporters
localize and function differently as well. Several groups of researchers showed MRP1
(ABCC1) localized basolaterally, conferring an opposing basolateral-to-apical drug-
transport barrier. The localization of MRP1 suggests that MRP1 is an efflux transporter
pumping drugs out of the CP, which is functionally different from P-gp at BCSFB.
Understanding of the role of the BCSFB in transporting drugs into the brain is emerging
and has been gradually gaining more attention over the years.

Despite the complexity of CSF physiology and PK, CSF sampling remains an
important part of neuroPK study, which is a valuable tool for assessing drug CNS
penetration in preclinical studies, and more importantly, projecting human CNS pen-
etration (Table 17.1). Since CSF is not a homogeneous fluid, it is recommended that,
in animal studies, CSF sampling be performed through a catheter inserted into the cis-
terna magna (in close proximity to the brain). In addition, drug distribution into CSF
may be delayed from plasma due to low membrane permeability. Comparison of CSF
and corresponding plasma unbound drug concentration based only on a single time
point could be misleading. Therefore, it is highly desirable to assess CNS exposure in
animals by comparing the AUCs of unbound drug concentration in CSF, brain, and
plasma. As mentioned in the previous section, a well-conducted preclinical neuroPK
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study will define drug distribution kinetics among CNS compartments and provide
insights in designing a clinical study to assess human brain exposure. For compounds
that exhibited distribution equilibrium among neurocompartments, free drug concentra-
tion in plasma can be used as a surrogate for brain exposure. For those that exhibited
impaired brain penetration, CSF can be used as surrogate of drug brain concentration,
as plasma will overestimate free drug exposures in brain. However, it is prudent to
assess unbound drug concentration in the brain and use the ratio of AUC,, ,:AUCcsF
to define the relationship between ISF and CSF, as equilibrium may not always be
established between these neurocompartments.

In summary, CSF drug concentration can be used as a useful surrogate for assessing
unbound drug concentration at the target site within the brain. However, CSF drug
concentration is not always an accurate surrogate for all drugs, especially for transporter
substrates. Preclinical neuroPK can be used to design clinical studies to assess CNS
target exposure in humans (Table 17.1).

17.3.1.3 Microdialysis. According to the free drug hypothesis, unbound drug in
brain ISF is in direct contact or in equilibrium with that at the site of action [2].
In vivo intracerebral microdialysis is a valuable technique to determine biophase free
drug concentrations and distribution in the brain as a function of time. The technique
involves implantation of a thin dialysis probe into a selected area of the brain. The probe
consists of an inlet tube, a semipermeable membrane, and an outlet tube. To mimic the
function of a capillary blood vessel, the thin dialysis probe is continuously perfused
with an artificial physiological solution. Drug molecules diffuse across the membrane
along the concentration gradient (in the direction of the lower concentration) into or
out of the selected tissue. A basic principle of microdialysis is that only unbound
drug can freely diffuse through the semipermeable membrane [14]. Depending on the
physicochemical properties of the drug, the concentration measured with the probe
may not reflect the concentration in the ISF but is a function of the probe perfusion
rate, blood flow, and diffusion in the tissue surrounding the probe. Therefore, in vivo
recovery of the probe for a specific compound will need to be incorporated to translate
the concentration measured in the dialysate to the unbound drug concentration in the
tissue [15].

Microdialysis has been used to monitor biophase concentrations of antiepileptic
drugs in animals and humans. Walker et al. [16] investigated the rate of lamotrig-
ine penetration into plasma, CSF, and hippocampal and frontal cortex extracellular
fluid compartments following systemic administration in nonepileptic rats. Follow-
ing intraperitoneal injection, the ISF AUC of lamotrigine to total serum AUC ratio
(0.4 4+ 0.01) was similar to the free serum AUC to total serum AUC ratio (0.39 £ 0.01),
and did not differ between hippocampus and frontal cortex. On the other hand, the CSF
AUC to total serum concentration AUC ratio was 0.6 &= 0.05. Overall, the unbound
concentrations of lamotrigine in three different compartments, serum, CSF, and ISF,
were in a reasonably good agreement, supporting the concept of free drug hypothe-
sis. In human, an intracerebral microdialysis study was also conducted during surgery
by Scheyer et al. [17], who collected dialysate from the hippocampus of refractory
epilepsy patients and determined phenytoin level in the dialysate. The steady-state
extracellular phenytoin concentrations corresponded closely to the unbound plasma
concentration, indicating free drug distribution equilibrium between brain ISF and
plasma.
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Although the microdialysis technique was developed more than two decades ago, it
is primarily used for determination of neurotransmitters and not drug concentrations in
the brain in the pharmaceutical industry. The main limitations of this technique include
high resource requirements, low throughput, and special surgical skills to set up the
experiment. In addition, many compounds in the discovery stage are very lipophilic,
and it is difficult to apply microdialysis technique to study these compounds because of
high nonspecific binding to the dialysis devices and tubing. Importantly, this method
cannot be used routinely to measure the ISF concentration in the clinic for ethical
reasons. Because of these constraints, alternative methods, such as CSF sampling and
neuroPK studies combined with brain homogenate binding, have been used to estimate
brain ISF exposure. The accuracy of using unbound brain concentration determined
by a neuroPK/brain homogenate binding method and CSF exposure as a surrogate for
brain ISF concentration was compared with those obtained by microdialysis in rat brain
[8]. The results supported the use of neuroPK/brain homogenate approach or CSF as
a surrogate for the ISF free drug concentration in drug discovery and also confirmed
the distribution disequilibrium between brain, CSF, and plasma for efflux transporter
substrates and low permeability drugs.

17.3.1.4 PET Imaging. Imaging is an attractive technique to obtain information on
brain drug uptake in humans due to the noninvasive nature of the approach. There
are a number of methods for imaging compounds in the brain, including positron
emission tomography (PET), single photon emission computed tomography (SPECT),
and magnetic resonance imaging (MRI). Before PET and SPECT, MRI was used to
obtain PK information of drug in brain [18]. It suffered from low spatial resolution;
therefore, its value for quantitative assessment was limited. PET and SPECT both use
radioactive tracer materials and detect y-rays. However, the tracer used in SPECT emits
y-radiation that is measured directly, whereas PET tracer emits positrons that annihilate
with electrons up to a few millimeters away, causing two y-photons to be emitted in
opposite directions. A PET scanner detects these emissions “coincident” in time, which
provides more localized information of radiation events and higher resolution images
than SPECT. Therefore, PET is a better quantitative method for assessing drug brain
distribution. SPECT scans, however, are significantly less expensive than PET scans, in
part because they are able to use longer lived more easily obtained radioisotopes than
PET. PET is a nuclear medicine imaging technique that produces a three-dimensional
image or picture of functional processes in the body. The system detects pairs of y-
rays emitted indirectly by a positron-emitting isotopes ('!C, 13N, 130, or '®F), which is
incorporated into the drug of interest. Typically, the isotopes are made in a cyclotron,
and because of their short half-lives, they need to be rapidly incorporated into drug
immediately before administration. Once administered to a patient, the label can be
imaged noninvasively using a PET scanner. To study drug brain distribution, there
are two main approaches using PET. The first is the direct approach, where the drug
itself is labeled. The second is the indirect approach, where a labeled receptor ligand
is administered and then unlabeled drug of interest is administered. The time course
of receptor occupancy will be measured using the PET scanner as the drug displaces
the ligand from the receptor.

Verapamil, a calcium channel blocker, has been used as a PET tracer to assess P-gp-
mediated transport at the BBB in human, since it is a P-gp substrate and can also be
straightforwardly labeled with 'C. A human volunteer study utilizing [!'C]-verapamil
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as a model P-gp substrate and cyclosporine A (CsA) as a P-gp inhibitor was conducted
by Sasongko et al. [19]. Results showed that the inhibition of P-gp activity at the human
BBB was modest, with ~90% increase in ['!C]-verapamil distribution into the brain
in the presence of ~2.9 WM steady-state blood CsA concentration. These results are
dramatically different from those obtained in the P-gp knockout (KO) or chemical KO
mouse or in rats administered with a high dose (e.g., 50 mg/kg) of CsA, where ~10-fold
increase in [!!C]-verapamil distribution into the brain was observed when compared
with the wild-type mouse [20]. The observed discrepancy in the verapamil—-CsA inter-
action at the BBB between rodents and human is likely due to differences in blood
CsA concentrations. The PET imaging study provided evidence for the first time that
P-gp activity at the human BBB is measurable and that it is only modestly inhibited by
one of the most potent and Food and Drug Administration-approved P-gp inhibitors,
cyclosporine. Kinetics of drug brain uptake must be interpreted with reference to con-
current blood drug concentrations and it is difficult to define the blood kinetics of a
compound using PET alone. Solid-phase extraction (SPE) and high performance liquid
chromatography (HPLC) analysis was used to determined the amount of radioactive
verapamil and its metabolites in the plasma [19]. However, for a drug such as a ver-
apamil, which has a 1, in the range of 6-8h, the plasma concentration—time profile
of ''C-labeled parent tracer would fail to predict the drug’s PK parameters as the
drug’s elimination phase cannot be captured during the short time course of the PET
experiment. For such drugs, a combination of PET imaging for assessment of drug
tissue distribution with accelerator mass spectrometry (AMS) for plasma PK analy-
sis can be particularly powerful. Verapamil brain distribution kinetics was determined
in human in a microdosing study combined with PK profiling in plasma using AMS
after administration of a mixture of (R)-['!C]verapamil and (R/S)-['*C]verapamil [21].
Each subject underwent PET scan of 60-min duration after receiving a microdose of
labeled verapamil. The time—concentration profile of (R)-verapamil in human brain
was demonstrated by reconstruction of the PET data, while concentration in plasma
was profiled using HPLC with a radiometric detector, chromatographically separating
parent drug and metabolites.

PET imaging also provided the opportunity to study species difference of P-gp
transporter at the BBB by measuring brain concentrations and brain-to-plasma ratio
of three labeled P-gp substrates, [“C]Verapamil, [11CIJGR205171, and ['®F]altanserin
in rats, guinea pigs, monkeys, and humans [22]. Pronounced species differences were
found in the brain and brain-to-plasma concentrations of these P-gp substrates, with
higher brain distribution in humans, monkeys, and minipigs than in rats and guinea pigs.
The brain-to-plasma ratio of [!'C]JGR205171 was almost ninefold higher in humans
compared with rats. These finding suggested species differences should be considered
when extrapolating data obtained in animals to humans. Compounds found to be P-gp
substrates in rodents are likely to be substrates in higher species as well, but the ratio of
brain penetration, even corrected with binding factors, may not be reliably extrapolated
from animals to humans. Despite these reported species differences, an in-depth study
has revealed that the rodent is a suitable model for CNS penetration (Section 17.4.1).

The advantages of PET are obvious as it is not only noninvasive, which makes it
attractive for clinical applications, but it also allows drug concentrations and/or receptor
occupancy to be followed with high spatial (several millimeters) and time resolution.
Thus, it is possible to monitor drug concentrations or effects in discrete structures in the
brain. However, on a practical level, a disadvantage of PET is that it requires expensive
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infrastructure (i.e., both a cyclotron and PET scanner in close proximity). PET also
requires clever chemistry (i.e., dedicated personnel) to incorporate labels rapidly into
compounds of interest before the label has decayed excessively. The other limitation of
PET is that, in general, it is unable to discriminate between bound and unbound drug
or parent compound and metabolites. Because of these reasons, there has been less use
of PET for animal studies during the discovery stage, but there is now a growing trend
for its use in drug development with the availability of commercial small animal PET
scanners [23].

17.3.2 In vitro Methods

17.3.2.1 BBB Permeability. Passive permeability is an important parameter for
assessing the rate of CNS penetration, since most small molecules enter the brain
by transcellular passive diffusion. The rate of brain penetration plays a critical role for
drug candidates that require rapid onset of pharmacological effects (e.g., anesthesia).
It is also pivotal in terms of time necessary to achieve distribution equilibrium among
the various neurocompartments (e.g., brain, CSF, and plasma).

In situ brain perfusion is the gold standard method for measuring BBB permeability
in vivo [24,25], since it is quite reliable to determine the rate of brain penetration.
In the brain perfusion studies, animals were anesthetized. The test compounds were
infused in a perfusate to the external carotid artery for about 30 s [26]. At the end of
the experiment, animals were sacrificed and the brains were homogenized and analyzed
with liquid chromatography—mass spectrometry (LC-MS). Although it is useful, the
in situ brain perfusion assay is not commonly applied in the pharmaceutical indus-
try, because it does not provide the free drug concentration in the brain directly,
which is most important for pharmacological activity. Instead, in vitro BBB perme-
ability assays or calculated properties are more frequently employed to estimate the
rate of brain penetration. There are two major in vitro BBB permeability methods:
(i) parallel artificial membrane permeability assays (PAMPA-BBB) and (b) cell-based
monolayer permeability assays [e.g., MDCK apparent permeability (P,p,) from apical
to basolateral].

PAMPA is a high throughput assay for passive diffusion originally developed to
mimic intestinal membrane permeation and predict oral absorption [27-29]. The assay
was further expanded to predict BBB permeability (PAMPA-BBB) using brain lipids as
the artificial membrane [30,31]. PAMPA-BBB permeability values correlated well with
in situ BBB permeation values obtained from brain perfusion experiments in rodents
[32,33]. Because PAMPA-BBB has good predictability of the rate of brain penetration
and is high throughput with low cost, it is a valuable tool as first-tier screening in drug
discovery for BBB permeability.

Cell monolayer transport assays with primary cells or cell lines are also com-
monly used as models to assess BBB permeability, such as MDCK, LLC-PK1, Caco-2,
and brain microendothelial cell (BMEC) [34]. Among the various cell-based in vitro
assays, MDCK cells are most commonly used [26,34—36] to predict BBB permeability.
Although MDCK cells are not of cerebral origin, the MDCK permeability assay has
clear advantages over other cell types: easy cell culture, low maintenance, tight cellu-
lar junctions, low endogenous transporters, and low metabolizing enzymes. Recently, a
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MDCK-LE (low efflux) cell line has been developed to further minimize the potential
interferences from endogenous transporters on passive permeability measurement [37].

A comparison study on PAMPA and MDCK was conducted using 31 structurally
diverse marketed CNS-active drugs, one active metabolite, and seven non-CNS-active
compounds [38]. In general, the two assays gave a good correlation. Compounds
with Pypp > 5 X 107® c¢m/s in PAMPA or MDCK had a good BBB permeability in
vivo. Importantly, most successful marketed CNS drugs have moderate to high passive
permeability. Additionally, in silico models have been quite successful in predicting
passive permeability across the BBB based on molecular properties and they can be
applied effectively in early drug discovery [39,40].

17.3.2.2 Brain Tissue Binding. As discussed above, free drug concentration at
the site of action is the species that exerts pharmacological activity and the free
brain/plasma ratio (Cypy/Cp,y) is an important parameter to evaluate the brain pene-
tration potential of drug candidates. Several methods have been developed to measure
free brain concentration, including microdialysis, CSF sampling, and a combination
of neuroPK and brain tissue binding (Section 17.3.1). In drug discovery and devel-
opment, it is a common approach to obtain free drug concentration in the brain by
a combination of neuroPK and brain tissue binding studies, and the free Cp,x and
AUC are obtained using Equation 17.2. The approach has been shown to have a good
correlation with direct microdialysis and indirect CSF measurements in determining
free drug concentration in the brain in vivo [5,41,42].

There are two methods that are commonly used for brain tissue binding measure-
ments, which use (i) brain slice [41,43—45] or (ii) brain homogenate [46—49]. Brain
slices preserve the cellular structures (cell membrane, influx and efflux transporters,
and ICFs) and are considered physiologically more relevant. However, even with the
difference between brain slice and brain homogenate, the two methods have a good
correlation in measuring f, values, especially when cytosolic pH partition is corrected
for basic compounds [44,50]. It appears that the nonspecific binding to lipophilic com-
ponents in the brain is the dominant mechanism for brain tissue binding, and that
the presence of intact structural elements plays a less significant role in determining
brain binding. One advantage of using brain homogenates over brain slices is that
they are readily available from vendors and can be stored frozen and thawed right
before experiments. High throughput 96-well format dialysis devices have been devel-
oped and can be used to determine f, using brain homogenates (e.g., HTD 96 from
HTDialysis [51] and RED from Thermo [52]). The devices are engineered to mini-
mize nonspecific binding to the plastic wells and dialysis membranes to shorten the
time required for compounds to reach equilibrium. The advantage of the equilibrium
dialysis device is that nonspecific binding does not affect f, determination, which is
particularly important for highly lipophilic compounds. The good predictability of in
vivo free drug concentration and the ease of use make brain homogenate binding one
of the most widely employed methods for determining fraction unbound in brain tis-
sue. While plasma protein binding is often species dependent, brain tissue binding has
been shown to be species independent [53]. One can use a single species (e.g., rat) to
estimate brain binding of all other species, including human in drug discovery. This
greatly increases efficiency and reduces cost. Brain tissue binding has been shown to be
independent of regional brain tissues [54], and the brain regions in the study included
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CP, striatum, hippocampus, motor cortex, cerebellum, and thalamus [54], suggesting
that no regional brain binding studies are necessary.

There are many misconceptions among drug discovery project teams regarding drug
binding in vivo, including the perceived value of increasing fraction unbound through
structure modification [2]. The rational of this misconception is to increase the free drug
concentration at the site of action by manipulating fraction unbound. This approach is
scientifically unsound. Changing fraction unbound will not affect free drug concentra-
tion in vivo for orally administrated drugs. Project teams should not attempt to increase
fraction unbound to improve free drug exposure at the target or use fraction unbound
to rank order compounds. Fraction unbound should only be used to calculate the free
drug concentration by multiplying it to the total drug concentration obtained from in
vivo neuroPK studies. For this reason, f,, data alone can be misleading and one does
not need to measure fy, unless in vivo total drug concentration or AUC exposure data
has been measured.

17.3.2.3 Transporters. Measurement of the interaction of drugs with BBB trans-
porters is critical in predicting the brain penetration potential of drug candidates. Many
influx (solute carrier) and efflux (ATP-binding cassette, ABC) drug transporters in the
BBB (Fig. 17.2) and the BCSFB have been reported [55]. More than 200 drug trans-
porters in human BMECs were profiled using real-time polymerase chain reaction
(PCR) [56]. The expression of human P-gp (MDR1, ABCB1) and breast cancer resis-
tance protein (BCRP, ABCG?2) are the highest in human BBB based on mRNA level
[56]. Recently, 114 drug transporter protein levels were quantitatively determined in
human brain microvessels using proteomics approaches with LC-MS/MS. The results
showed that human P-gp and BCRP are the most abundant transporter proteins at the
BBB, which is consistent with the mRNA levels [57]. On the basis of the protein
level, human BCRP is slightly higher than P-gp in brain microvessels in the ratio of
about 4:3. The human BCRP protein level is higher than mouse Bcrp, while human
P-gp is lower than mouse P-gp in the BBB [57]. Transporter protein levels have also
been reported for monkey with P-gp and Berp being the two major transporters in
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Figure 17.2 Drug transporters expressed at human blood—brain barrier.
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the BBB. Monkey has slightly higher amounts of Bcrp compared with human [58].
Though human BBB BCRP has a slightly higher amount than P-gp, P-gp has been
the dominant efflux transporter at the BBB to reduce compounds from entering the
brain. P-gp and BCRP have a large substrate overlap and many BCRP substrates are
P-gp substrates, and only a small number of compounds are BCRP-specific substrates.
This may account for why P-gp seems to play a more important role than BCRP in
limiting brain penetration of drugs in vivo. P-gp and BCRP transporters have a syn-
ergistic effect in restricting their dual substrates from entry into the brain, which is
expected based on individual kinetic contribution to BBB efflux [59-62]. This has
been applied in designing drugs that target peripheral tissues, where brain penetration
can cause unwanted side effects. Besides P-gp and BCRP, other efflux transporters,
such as MRP4, can pump certain compounds out of brain. However, the in vivo signif-
icance of other efflux transporters in the BBB is not well defined. Uptake transporters
at the BBB, such as OATP1A2, OATP2B1, LAT1, and MCT1, can enhance transport
of some drugs into the brain. L-DOPA, gabapentin, and pregabalin are examples of
drugs that are active influxed into the brain by the LAT1 transporter [63]. It has been
reported recently that OATP1A?2 is a potential transporter to increase active uptake of
certain drug candidates into the brain [64]. A positively charged amine atom is required
for efficient OATP1A2-mediated uptake, and the uptake rate is in the order of tertiary
> secondary > primary amines [64]. Uptake rate also improved with increased van
der Waals volume, but not with Clog P [64]. The in vivo relevance of OATP1A2 in
enhancing the CNS penetration has yet to be demonstrated.

Several in vitro BBB models with primary brain endothelial cells or immortalized
brain endothelial cells have been developed. These models tend to have leaky junctions
between the cells and downregulation of BBB transporters. Although they are of brain
endothelial cell origin, the leaky junctions, low transporter expression, and high cost
make them unsuitable for use on regular bases to support of drug discovery programs.
Instead, the most common approach to assess transporter substrates and inhibitors is
to use transfected cell lines that express selected transporters, for example, MDR1-
MDCK, BCRP-MDCK, OATP1A2-HEK, and others. Cutoff values are established
to differentiate substrates from nonsubstrates, typically based on empirical evaluation
of compounds with known substrate properties. In vitro transporter data based on cell
monolayer transport studies have a good correlation with in vivo results from transgenic
animals. A study on P-gp efflux for a set of structurally diverse drugs showed that
MDRI-MDCK data had a good correlation with in vivo efflux ratio obtained from
P-gp KO mice versus wild type [6,38]. P-gp efflux activity is usually conserved across
various species due to a high sequence homology of the protein (80-96%, rat, mouse,
dog, and monkey). More than 3000 compounds were tested at both human MDRI1-
MDCK and mouse Mdrla-MDCK transwell assays in vitro, and a good correlation
(R? = 0.92) of efflux ratios was observed [38]. However, for certain structural classes,
species difference in P-gp efflux has been demonstrated [65]. Cell lines transfected with
transporters (e.g., P-gp and BCRP) from various animal species can be used to evaluate
the different transporter activities from the different species. Human MDR1-MDCK
showed to have a better prediction of human P-gp effect on BBB penetration than using
P-gp KO mice, due to its human origin and high sensitivity without added complexity
from various in vivo factors. Though the value of P-gp KO is to understand whether
P-gp plays a major role in limiting brain penetration in mouse has been demonstrated,
its predictive value to human P-gp interaction is limited compared with transfected
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cell lines with human origin. Transporter information is widely used by project teams
to guide structural modification, develop SAR (Structure-Activity Relationship), select
compounds for in vivo studies, and diagnose in vivo observation.

P-gp found at the BBB reduces entry of toxic materials into the brain. Impaired P-gp
function due to generic polymorphism, disease state, or aging may raise the levels of
toxic compounds in the brain and increase the risk of developing certain neurodegen-
erative diseases. For example, decreased expression of P-gp in the BBB vasculature
has been found in patients with advanced Parkinson’s disease [66], Alzheimer’s dis-
ease [67], and Creutzfeldt—Jakob disease [68]. In AD, P-gp upregulation in early
pathogenesis was suggested as a compensatory mechanism to increase the capacity
of detoxification, while at later disease stages, P-gp expression was lost due to brain
cell degeneration [67]. Decreased BBB P-gp function seems to be a late event in neu-
rodegenerative disorders and could enhance continuous neurodegeneration [66]. On the
other hand, P-gp activity was found to increase in patients with chronic schizophre-
nia under treatment with antipsychotic drugs. The increased P-gp activity might be a
factor for drug resistance in schizophrenia, induced by the use of antipsychotic agents
[69]. Additionally, P-gp activity at certain BBB regions decreased during aging, which
increased the risk of developing brain diseases [70,71].

17.3.3 In Silico Predictions and Simulations

17.3.3.1 Computational Models. A number of CNS models have been developed
to predict brain penetration and they are most useful for library design and prediction
before synthesis [72,73]. Models predicting passive permeability across the BBB have
been developed using molecular descriptors related to lipophilicity, hydrogen bonding
capacity, charge, and molecular weight (MW) [74], as well as descriptors [39], such as
log D, van der Waals surface area of basic atoms, and polar surface area (PSA). Models
for active or facilitative transporter processes are less mature owing to insufficient
quality data necessary for model development. The rules for good CNS penetration are
PSA < 60-70A2, log D between 1 and 3, and MW < 450, and rules for non-Pgp
substrates are N + O <4, MW < 400, and base pK, < 8 [75-77].

17.3.3.2 CNS Multiparameter Optimization. To increase the survivability of CNS
drug candidates, multiparameter optimization (MPO) was developed to shift the neu-
roscience medicinal chemistry to a design space with a higher probability of success
[78]. Six calculated parameters were utilized to understand the interplay among the
different physicochemical properties and to create a design tool focusing on align-
ing the CNS drug-like attributes. The six parameters in CNS MPO are lipophilicity
(Clog P), distribution coefficient at pH 7.4 (Clog D), MW, topological polar sur-
face area (TPSA), number of hydrogen bond donors (HBD), and basicity of the most
basic center (pK,) [79]. The CNS MPO scoring function offers great advantages
over simple hard cutoff rules or using single parameter for optimization. The CNS
MPO enables exploring medicinal chemistry design space through a holistic assess-
ment approach to accelerate the identification of compounds with increased probability
of success [80].
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17.3.3.3 PBPK Models for BBB. Physiologically based pharmacokinetic (PBPK)
models for BBB are based on the anatomical and physiological structure of the body
and certain biochemistry. They are powerful tools to quantitatively predict brain expo-
sure time course, brain-to-plasma ratio, and other important PK parameters in vivo [81].
Commercial BBB PBPK software is recently made available [82]. One of the chal-
lenges facing BBB PBPK models is to integrate transporter activity into the prediction.
Several human BBB transporter proteins have been quantified using LC-MS [57]. The
information, in conjunction with the level of transporter proteins in transfected cell
lines, can provide a scaling factor to predict CNS penetration effectively.

Recently, in vivo disposition of 11 P-gp substrates in mouse brain was predicted
using a PBPK model that incorporated the P-gp protein level in mouse brain capil-
laries and in transfected cells, P-gp in vitro activity, and drug unbound fractions in
mouse plasma and brain [83]. For most of the compounds, the predicted brain-to-
plasma concentration ratios and unbound brain-to-plasma concentration ratios were
within three-fold of the observed in vivo values. With the progress in transporter pro-
teomics in human BBB, the brain distributions of P-gp substrates in human would
be predicted from the P-gp protein levels, in vitro activity, and drug unbound frac-
tions as well. However, it is a challenge to validate the accuracy of the model in
predicting human brain disposition, since the unbound human brain concentration is
often unknown, and CSF and CNS pharmacology activity is unlikely to be in equilib-
rium with the free brain concentrations due to transporter interactions. The advances in
imaging technology (e.g., PET) will be very helpful to validate the BBB PBPK models
in humans.

17.4 RETROANALYSIS FOR PFIZER CLINICAL CANDIDATES

For drugs that have a site of action within the CNS, brain penetration is essential
in accessing the site of action to deliver their pharmacological benefits and having
a balanced efficacy and safety profiles. Even though all drugs do penetrate brain to
some extent, drugs that have impaired brain penetration will have reduced exposures
in brain and require proportionally higher doses to achieve therapeutic exposure at the
CNS target site. Therefore, within CNS drug discovery, it has been recognized that
having “good” CNS penetration is an added requirement for selecting promising drug
candidates. However, in contrast to the established approaches of predicting systemic
human PK parameters [84], it is not so obvious how to predict whether a compound
will exhibit good CNS penetration in human.

Multiple factors contribute to the uncertainty around predicting human CNS pene-
tration. First, how to measure brain penetration in human has always been a challenge.
The easily accessible measurement site, blood, does not always reflect brain expo-
sure. Despite close proximity of CSF to the brain, the value of CSF can be limited
in predicting the drug concentration at the target site biophase in the CNS [12] (see
above discussions). Intracerebral microdialysis and PET imaging are much improved
techniques; however, their applications in CNS drug discovery and development are
limited as intracerebral microdialysis is highly invasive, while suitable radiolabeled
PET ligand may not be readily available for the novel drug targets being pursued. Fur-
thermore, the limited human CNS exposure data have greatly hindered the progression
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of predicting human CNS penetration, because multiple iterations of prediction refine-
ment is the only way to advance predictive ADME science, as evidenced by success
in the area of human PK prediction [85].

Nevertheless, the pharmaceutical industry has invested a significant amount of
research in understanding factors influencing CNS drug disposition and, subsequently,
in developing comprehensive tools to select candidates that have the best potential
of being developed as successful CNS drugs. The preclinical tool box encompasses
in vitro assays (e.g., membrane permeability, P-gp efflux transporter using MDRI-
MDCK, and many others are being developed) and in vivo assays (e.g., neuroPK in
rats, dog model for CSF sampling, and P-gp KO mouse). These are routinely used for
CNS drug candidate selection. Questions have been raised regarding the predictability
of these assays and confidence in using preclinical information in prediction of CNS
penetration in humans. A retrospective analysis was conducted using 32 Pfizer pro-
prietary clinical candidates, mostly with CNS indications, to address these important
questions.

17.4.1 Preclinical and Clinical Data Used for Retrospective Analysis

To enable retrospective analysis, 32 Pfizer clinical candidates were selected that had
either (i) CSF drug concentrations measured in humans or (ii) free drug concentrations
in brain derived using receptor occupancy (from humans who had undergone clinical
PET imaging studies), as well as in vitro receptor binding affinity, K;. These 32 clinical
candidates covered a wide range of CNS targets, including transmembrane G-protein-
coupled receptors (GPCR), neurotransmitter gated channels, and ion channels. Their
preclinical in vitro and in vivo data packages were collected, which included mainly
membrane permeability, P-gp efflux, and brain penetration information from studies
conducted in animals, mostly rats and mice, and a few guinea pigs or dogs. Compounds,
which were shown as P-gp efflux substrates in vitro and/or exhibited brain penetration
impairment in vivo, were also subjected to brain penetration studies in P-gp KO mice
versus wild-type mice to confirm the role of P-gp in limiting their brain penetration [6].

These compounds were put into three groups (Fig. 17.3) based on their preclini-
cal information by asking two questions: (i) Does the compound have a P-gp efflux
liability and have low membrane permeability? (ii) Does the compound have good
CNS penetration in animals? Since compounds in the data set are optimized clinical
candidates, most of them have reasonably good membrane permeability. Therefore, the
answer to the first question was essentially based on P-gp efflux liability. For the sec-
ond question, free drug-based neuroPK methodology (see above) was applied to assess
CNS penetration in animals. Compounds were considered as exhibiting interneurocom-
partmental distribution equilibrium when free drug exposures, in terms of AUC, were
within 2.5-fold among plasma, CSF, and brain [5]. Compounds that showed both good
in vitro and in vivo CNS penetration properties, meaning not having P-gp efflux liabil-
ity and demonstrating good CNS penetration in animals, were categorized as group I
compounds, also called well-behaved CNS compounds. On the other hand, compounds
identified as having P-gp efflux liability and also preclinically showing impaired brain
penetration were categorized as group III compounds. The remaining were put together
as group II compounds, which had conflicting in vitro and in vivo findings, being either
a P-gp efflux substrate or not showing distribution equilibrium among plasma, CSF,
and brain compartments in preclinical species.
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Figure 17.3 Road map of categorizing Pfizer proprietary clinical candidates (n = 32) into
three groups based on their preclinical information. Group I (“well-behaved” CNS compounds):
consistent in vitro and in vivo preclinical data suggesting good CNS penetration; group II:
conflicting in vitro and in vivo preclinical CNS penetration data; and group III: consistent in
vitro and in vivo preclinical indication impaired CNS penetration.

17.4.2 Human CNS Penetration Predicted from Preclinical Data

Human CNS penetration of these compounds revealed predictability of preclinical
information (Fig. 17.4). For group I, or “well-behaved” CNS compounds, all of them
exhibited good CNS penetration in human based on distribution equilibrium between
CSF exposure and plasma or the fact that observed receptor occupancy could be pre-
dicted from unbound plasma in human and in vitro binding affinity. Furthermore, when
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Figure 17.4 Correlation of preclinical and clinical CNS penetration of 32 Pfizer proprietary
clinical candidates. Grouping was based on preclinical information (Fig. 17.3). Human CNS
penetration assessment was based on human CSF/unbound plasma ratio using a cutoff of 2.5,
human receptor occupancy data or efficacy outcome.
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Figure 17.5 Correlation between fy plasma and CSF/plasma ratio for group I compounds across
multiple species. For compounds that exhibit free drug distribution equilibrium between CSF and
plasma, unity line correlation is expected. The plot shows that majority of group I compounds
are within 2.5 boundary of the unity line, indicating distribution equilibrium between CSF and
plasma compartments.

plotting fu plasma against the CSF/plasma ratio, essentially comparing CSF concentra-
tion with unbound plasma concentration, a majority of group I compound’s data, across
multiple species, are within the 2.5-fold boundary of the unity line (Fig. 17.5), indi-
cating that for group I compounds, human CSF concentration data does not provide
extra value over plasma free drug concentration data as a surrogate for CNS target
exposure. This has a significant implication for CNS drug development, as this means
for “well-behaved” CNS compounds, unbound plasma concentration is as good as CSF
concentration in assessing PK/PD relationships at the CNS target site. Moreover, CSF
sampling can be avoided, meaning significant clinical development cost saving and
reducing unnecessary safety risk for clinical trial participants.

Group III compounds also had consistent in vitro data and in vivo preclinical CNS
penetration data, with both data sets projecting unfavorable human CNS penetration.
As expected, for these compounds, clinical data based on human CSF or receptor
occupancy was consistent with preclinical prediction, all the group III compounds had
impaired CNS penetration in human (Fig. 17.4). Furthermore, cross-species comparison
of the CSF/unbound plasma concentration ratio indicated that a magnitude of disequi-
librium between CSF and plasma compartments (i.e., CSF/unbound plasma ratio) is
not consistent across species even when differences in plasma protein binding were
accounted for. Though these compounds still penetrate brain, what makes their clinical
development difficult is that it is very hard to get an accurate estimate of the actual
concentration at the target biophase. As an example, one of the group III compounds,
CP-615003, a potent subtype-selective GABA 4 partial agonist, was once brought into
clinical development as a psychotherapy, but discontinued due to lack of efficacy [86].
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The compound was known to have P-gp efflux liability, and preclinical CNS penetra-
tion studies also indicated impaired brain penetration. Nevertheless, the compound was
brought forward into clinical development, because it was believed that sufficient target
receptor occupancy could still be achieved based on projected CSF exposure in human.
However, clinical PET imaging clearly demonstrated an underachieved receptor occu-
pancy in human. Intracerebral microdialysis in rats conducted afterward revealed that
this is due to a further distribution gradient from CSF to ISF. For the mechanism of
the drug, exposure in the ISF drove the downstream pharmacological effect. It was
shown that there was a 43-fold difference in unbound drug exposure between ISF and
plasma, compared with only an 8-fold difference between CSF and plasma.

Similar to the preclinical observations, human CNS penetration of group II com-
pounds has mixed results (Fig. 17.4). The large percentage of compounds in group II
in the data set (~44%) reflects the difficulty of evaluating and predicting CNS pene-
tration. It was noted that possible species difference in P-gp efflux contributed to the
different outcomes between preclinical and clinical CNS penetration [65]. Also, trans-
porters, other than P-gp, were found to play a role in uptake or efflux of compounds
into or out of brain, respectively (e.g., BCRP [55,57]). From a technical perspec-
tive, accuracy in determining extremely high nonspecific binding (>99.9%) may also
confound result interpretation from preclinical neuroPK studies. On the clinical side,
for compounds that exhibit delayed distribution kinetics among neurocompartments,
single time point CSF sampling may not represent steady-state CNS penetration in
human. These findings underscore the necessity of further research in the area of CNS
drug disposition. Furthermore, it is important to understand the time course of drug
disposition in CSF, and its relevance to target biophase, when designing clinical tri-
als incorporating a CSF sampling end point for assessing CNS target exposure in
human.

17.4.3 Predictability of Physicochemical Properties and Preclinical In Vitro and
In Vivo Studies

The predictability of the four most commonly used preclinical assays, namely in vitro
human P-gp, rat neuroPK, dog CSF PK, and P-gp KO mice studies, were evalu-
ated, based on their correlation with human CNS penetration observed in the clinic
(Fig. 17.7). Results indicated that all the human P-gp substrates from the analysis
had impaired CNS penetration in human, confirming the critical role of P-gp efflux
in drug CNS disposition. In contrast to the expectation that the dog CSF model is
a better predictor for human CNS penetration than rat neuroPK, comparable human
predictability was observed between the two models, suggesting rat neuroPK as the
choice for efficient preclinical evaluation. Interestingly, P-gp KO mice had some “false
positive” and some “false negative” prediction for human CNS penetration. These were
found to be due mostly to species differences in P-gp efflux between human and mouse
and to involvement of other efflux transporters, such as MRP4. Nevertheless, the P-gp
KO mice study is still a useful tool to identify whether observed brain distribution
impairment in rodents is primarily driven by P-gp.

Brain-penetrant CNS drugs are known to have certain physicochemical attributes
[7]. Physicochemical properties of the 32 drug candidates were profiled and their
correlations with human CNS penetration were sought (Fig. 17.6). Results confirmed
that physicochemical properties, such as MW, lipophilicity (log P and log D), and PSA,
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Figure 17.6 The roles of physicochemical properties and in vitro properties in predicting
human CNS penetration. Clog P, Clog D, and PSA (polar surface area) were calculated using
ACD Lab software (www.acdlabs.com). Passive permeability was assessed using a variant of
MDCK cell line that does not express P-gp. MDR1 efflux ratio was obtained from transwell
assay using MDR1-MDCK cell line.

are important determinants of CNS penetration. However, none of these should be used
alone or as hard criteria when selecting CNS-penetrant compound (Section 17.3.3.2).
One interesting observation is that the human P-gp assay appears to be the best assay
to identify compounds that will have brain distribution impairment in human, as all
the P-gp substrates in the data set exhibited distribution disequilibrium between plasma
and brain/CSF ratios in human. However, the opposite is not true, as not being a P-
gp substrate did not guarantee good CNS penetration in human (due to possible low
passive permeability or efflux by other transporters).

17.4.4 Summary of Retroanalysis Results of Pfizer Proprietary Clinical
Candidates

The outcome of retrospective analysis, wherein the predictability of preclinical
assays for human CNS penetration was evaluated using 32 Pfizer proprietary clinical
candidates, was encouraging (Fig. 17.7). When the human P-gp assay and rat neuroPK
characterization (free drug partitioning between plasma, brain, and CSF) show
consistent results, the two preclinical assays are effective in prediction of human
CNS penetration with high confidence. When there is no human P-gp liability and
good CNS penetration in rats (equilibrium of free drug partitioning between plasma,
brain, and CSF), good CNS penetration in humans is predicted. More importantly, for
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Figure 17.7 Predictability of preclinical assays to human CNS penetration, assessed by corre-
lating results from human P-gp (MDR1/MDCK), P-gp KO mice model, rat neuroPK, and dog
CSF model, respectively, to outcome of human CNS penetration observed in clinical trials by
either human CSF exposure or receptor occupancy by PET. (a) Correlation of human P-gp and
human CNS penetration, (b) correlation of KO mice and human CNS penetration, (c) correlation
of rat and human CNS penetration, and (d) correlation of dog and human CNS penetration.

these compounds, the free drug exposure in plasma reflects the CNS target exposure
in human. On the other hand, when there is human P-gp liability and impaired CNS
penetration in rats (impaired drug partitioning between plasma, brain, and CSF),
poor CNS penetration in humans is predicted. For these compounds, the free drug
exposure in plasma will overestimate the CNS target exposure. In addition, the
results of this retrospective analysis clearly underscore the need for further research
in areas, such as transporters and brain PBPK, to better understand the physiological
and molecular mechanisms influencing brain penetration and to predict human
CNS penetration for compounds that exhibit less than favorable CNS penetration
properties.

17.5 CONCLUSIONS

Integrated in silico, in vitro, and in vivo approaches have been developed to predict
brain penetration of drug candidates. A BBB screening strategy is shown in Fig. 17.8
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Figure 17.8 BBB screening paradigm in CNS drug discovery. Source: Modified from Ref. 3.

as an example to evaluate and predict brain exposure of drug discovery compounds.
The key take-home messages and learning about BBB are summarized as follows:

e Use Kpu (Cou/Cpu) to evaluate the extent of brain penetration for drug candi-
dates. Total brain/plasma ratio (i.e., B/P) is mostly due to nonspecific binding and
does not reflect the potential of compounds to cross the BBB.

e K, is usually preserved across species for nontransporter substrates, which
enable prediction of human free brain drug concentration using unbound human
plasma concentration.

e For compounds that exhibit distribution equilibrium in preclinical animals and
have good passive permeability and no transporter efflux in vitro, free drug con-
centration in the plasma is a good surrogate for free drug concentration in the brain
for humans. CSF measurement does not add extra values for the “well-behaved”
(group I) compounds.

o CSF is a valuable surrogate for free drug concentration in the brain. However, for
efflux transporter substrates, CSF tends to overestimate free drug concentration
in the brain.

e Fraction unbound in brain tissue is useful to calculate free drug concentration in
the brain. However, it will not affect the unbound brain concentration for orally
administrated drugs. Fraction unbound should not be optimized through structural
modification or be used to rank order compounds.

e P-gp and BCRP are two major efflux transporters in the BBB and they work syner-
gistically to eliminate compounds from the brain. Substrates of efflux transporters
demonstrate significant brain impairment. Rodent-based neuroPK studies tend to
overestimate efflux activity of human BBB, and monkey is a better preclinical
model to predict CNS penetration for human.
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e Drug—drug interaction due to inhibition of P-gp or BCRP at the BBB is unlikely
at clinical relevant doses, owing to the relatively low free drug concentration
compared with K; for most inhibitors.

17.6 FUTURE PROSPECTS

Our understanding of the BBB has advanced significantly over the years. Strategies
and methodologies continue to evolve to help us discover new medicines to treat CNS
diseases. We expect to see more imaging techniques applied to early drug discovery
programs to guide in-depth understanding of drug—target interactions and mechanisms
of actions. The BBB transporter field will continue to expand and the resulting data will
be incorporated into building PK/PD models and developing predictive tools. Uptake
transporters and carriers will be utilized effectively to enhance influx of drugs into
brain. Novel brain delivery technologies will advance to bring impermeable compounds
into the brain, such as innovations targeting transporters [87] and nanoparticles [88].
Biologics will be delivered to the brain and be available to treat brain diseases. An
example of the current approaches is to use molecular Trojan horses to deliver biologics
to the brain [89,90]. More BBB PBPK models will be developed and widely applied
to accurately predict brain PK.
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ABBREVIATIONS

ABC ATP-Binding Cassette

AUC Area Under the Curve

AUGC, Brain Area Under the Curve

AUGC, , Unbound Brain Area Under the Curve
AUC, Plasma Area Under the Curve

AUC, Unbound Plasma Area Under the Curve
AUC, Unbound Area Under the Curve

BBB Blood—Brain Barrier

BCRP Breast Cancer Resistance Protein
BCSFB Blood-Cerebrospinal Fluid Barrier

B/P = K, Brain-to-Plasma Ratio Based on Total Drug
Crax Maximum Concentration

Crax.u Unbound Maximum Concentration
Cou/Cpu = Kp,uu Free Brain-to-Plasma Ratio

CSF Cerebrospinal Fluid

CNS Central Nervous System

CP Choroid Plexus
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fu Fraction Unbound

Suplasma = fup Fraction Unbound of Plasma

Subrain = fub Fraction Unbound of Brain Tissue

ICF Intracellular Fluid

ISF Interstitial Fluid

K, = B/P Brain-to-Plasma Ratio Based on Total Drug

Kpuu = Cbu/ Cpu
MDCK

Unbound Brain-to-Plasma Ratio
Epithelial Madin-Darby canine kidney cell line

MDR Multidrug Resistance Protein

MPO Multiparameter Optimization

MRI Magnetic Resonance Imaging

MRP Multidrug-Resistance-Associated Protein
NeuroPK Neuropharmacokinetics

PAMPA Parallel Artificial Membrane Permeability Assay
PD Pharmacodynamics

PET Positron Emission Tomography

PK Pharmacokinetics

SPECT Single Photon Emission Computed Tomography
Vau Unbound Volume of Brain
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