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Introduction

Healthy functioning of the human brain relies on effective
shielding of the sensitive neural microenvironment from po-
tentially disruptive xenobiotic agents circulating in the periphery.
The human blooé¢tbrain barrier (BBB) and the blooe-
cerebrospinal fluid barrier (BCSFB) play essential roles in this
regard (Figure 13.The human BBB consists of an intricate
network of capillaries estimated to be600 km in length and
~12 n? in surface area. These capillaries are lined with
endothelial cells that are distinguished by a number of important
morphological and biochemical featufeNotably, paracellular
diffusion of molecules is highly restricted because of the lack

of fenestrations and the continuous tight junctions between these

cells. Active transport, both uptake and efflux, is also prevalent,
as are metabolizing enzyméEnergy-dependent efflux transport
proteins expressed on the luminal and abluminal endothelial cell
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a Abbreviations: BBB, blooébrain barrier; BCSFB, bloodcerebrospi-
nal fluid barrier; CSF, cerebrospinal fluid; CNS, central nervous system;
CNS+/—, central nervous system penetrant/impenetrant; BBB-PAMPA,
BBB parallel artificial membrane permeability assay; IAM, immobilized
artificial membrane; Caco-2, human colonic carcinoma; MDCK, Madin
Darby canine kidney; BBMEC, bovine brain microvessel endothelial cells;
log BB, logarithm of blooe-brain partitioning; log PS, permeability-surface
area coefficient; PET, positron emission tomography; SPECT, single photon
emission computed tomography; HPLC, high performance liquid chroma-
tography; AUC, area under the drug concentratibme curve;Vy, volume
of distribution; Fy prain fraction of unbound drug in brain; ldg, logarithm
of the octanol/water partition coefficient ; clogP, calculated Rodog D,
logarithm of the octanol/water distribution coefficient at a given pH ; clogD,
calculated lod; SAR, structure-activity relationship; MW, molecular
weight; HBD, hydrogen bond donors; HBA, hydrogen bond acceptors; PSA,
polar surface area; B/P, brain-to-plasma ratio; Pgp, P-glycoprotein; ABC,
ATP binding cassette; MRP, multidrug resistance protein; BCRP, breast
cancer resistance protein; OAT, organic anion transporters; MDR, multidrug
resistance gene; WT, wild-type; KO, knockout; po, per oral; sc, subcutane-
ous; ip, intraperitoneal; iv, intravenous; icv, intracerebroventricular.
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Figure 1. Blood—brain barrier. Reproduced by courtesy of and
with permission from Cameron Slayden and Cosmocyte, Inc.;
Www.cosmocyte.com.

membranes recognize a wide variety of substrates and impede
their access to the brafnConversely, transport proteins also
ensure the uptake of essential nutrients including glucose, amino
acids, vitamins, and nucleosides that otherwise would not
passively diffuse into the brain. In combination, these passive
diffusion, metabolic, and active transport processes present a
formidable and complex biological barrier to both large- and
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152 Computational Methods for Predicting BBB Permeability

us Since several excellent reviews have been published recently

137 that describe the computatiorfain vitro,” and in vivé® tools

130 available for predicting, measuring, and optimizing BBB

No.of 123 penetration, only brief mention of these techniques will be made.

references Roughly speaking, computational methods are divided into two

ne types: those that classify compounds as either CNS penetrant

108 (CNS+) or CNS impenetrant (CNS) and those that predict

101 the extent of BBB permeability over a continuous range of

" values!! Benefits of predictive models, including throughput

&7 and the ability to work with virtual structures, are obvious, and

o many promising methods have been published. The caveat

2000 2001 2002 2003 2004 2008 associated with many computational approaches, however, is
year the limited amount of in vivo data that may be available to

Figure 2. ACS publications from 20062005 that include the term cor_lstruct the models. Consequenﬂy, the pharm‘?COIOgical prop-

“blood—brain barrier”. erties of marketed drugs, using disease indication and mecha-
nism, have been used as a surrogate to imply either access to
or exclusion from the CNS, an underlying assumption that may

small-molecule entry into the brain. Since the BBB capillary not always be correct. Extensive use of in vitro permeability

network is particularly discriminating with respect to passive data has been necessary to derive large data sets covering wider

diffusion of molecules, it represents a major hurdle to be collections of compounds; however, these data are not entirely

overcome when attempting to access targets situated within thepredictive of permeability in vivd?

central nervous system (CNS). For targets located in the

periphery however, exclusion from the CNS may offer benefits, |n vitro Techniques for Predicting BBB Penetration

particularly from a side effect standpoint.

Whereas there are excellent review articles that cover manyt Thougth thtey lack the lab'l'ty t?l Leﬂe(;’jt thhehnslm;luenche Otf.
aspects of brain permeation, including the physiology of the ransport proteins, several non-cell-based, high-throughput in

BBB.S in silico methods used to predict BBB penetratfand vitro models have been employed to estimate the potential for
both’in vitrd’ and in vivé methods to estimate BBB perme- passive diffusion of molecules through the BBB. Among these
ability, there is a paucity of review literature dealing with aspects techn[;ques are thi.l.BBB versggBolfD ;p/lep;\)argll_el artkl)ﬂmal
of BBB structure-permeability and/or structureefflux relation- membrane permeability assay ( ) an } IMMODbI-
ships? The objective of this Perspective is to review investiga- I!zed artificial membrane (lAM) chromat(_)grapHi/Prlmary cell
tions reported in the past decade that illustrate the ability of lines S.UCh as C'aco-z,.MaF}erarby canine k|Qney (MDCK),
medicinal chemists to use structure modification to influence and primary bovine brain microvessel e_ndothehal ceII_s .(BBMEC.)
BBB penetration by modulating either passive diffusion or active have become stanc(ijard f:ljssays for Qf’flg?'ﬂnlg gglvtljégsmnérrllakmg
transport. To draw the most reliable conclusions, reports that Processes in many drug discovery eliorne moael,

lack in vivo data to support the effect of chemical structure on ofTen U?GC:: mth asttror(]:yFe COCUItur.f’ IS regallrdefl as.th'e n:gst
brain penetration, and provide only in vitro data or speculation, rehev_ar|1 0 fetf]e g;Bnlqu(jeS, aSéBré]((ere_codse y”rrl1_|m|ct::] te
have not been included. The delivery of peptides and macro- P1ysiology ot the 5 and Is a bbo-derived cell fine tha
molecules across the BBB is also beyond the scope of this provides a more realistic expression of transport protéins.

article, and the reader is referred to several excellent reviewquwever’ the MDR transfected MDCK C.e” line model has
of this topic1® gained popularity as a system that provides a good balance

between throughput, capacity, and correlation with in vivo
Implications of the BBB for Drug Discovery permeability’® The Caco-2 cell line, typically used as a model
) . for intestinal permeability, should be used with caution for BBB
Drugs for_ neurological disorders currer_1tly represent the permeability prediction. Some studtédhave shown that data
fastest-growing segment of the pharmaceutical market, and theqom caco-2 assays correlate poorly with in vivo brain transport

trend toward increasing life expectancy underscores the need, g that the Caco-2 cell line is inferior to both MDR-MDCK

to develop new drugs for age-related neurodegenerative condi-;nq BBMEC models for in vivo predictive capability. This

tions such as Alzheimer's and Parkinson’s diseases. The drivegpservation is understandable given that the BBB and the
to discover drugs for neurological diseases and the growing needestinal mucosa are fundamentally different biologic barriers.
to deliver diagnostic imaging agents and anticancer, anti-
infective, and antiviral drugs to targets in the brain pose
significant challenges for medicinal chemists. Although precise
figures are not available, the inability of compounds to access The logarithm of blooé brain partitioning (log BB), which
targets located behind the BBB is a significant source of attrition is simply the logarithm of the ratio of compound concentration
in CNS drug discovery. Given the increasing economic and in plasma to the concentration in the brain, is a frequently used
medical drivers for new and improved CNS and non-CNS drugs, measure of brain penetratiéidigh compound brain-to-plasma

it is not surprising that BBB permeability is attracting a ratios (B/P), however, can often be misleading. Recent paradigm-
heightened awareness within the pharmaceutical industry andshifting studies by Maurélr, Liu,'® Summerfield}® and their
medical fields. Within the medicinal chemistry community, the co-workers have highlighted the importancefade unbound
rapidly increasing importance of this topic is illustrated in Figure drug concentration and the pitfalls associated with simply
2, which graphically captures the number of American Chemical measuring brain-to-plasma ratios of candidate molecules. Al-
Society (ACS) publications that include the term “bledatain though it is well understood that albumin aael-acid glyco-
barrier” by publication year from 2000 to 2005. protein are primarily responsible for plasma protein binding of

In Vivo Tools for Measuring BBB Partitioning
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most drugs, little is known about the factors underlying brain brain samples only reflects the compound concentration in
tissue binding. Tissue binding in excess of plasma protein cerebral blood.
binding can contribute to high volume of distributiov), and The permeability surface area coefficient (log PS), typically
therefore highvy can arguably be a harbinger of high nonspecific assessed by measuring the rate of transfer of a compound from
tissue binding. High nonspecific binding can be detrimental, as blood to brain by the short-duration in situ perfusion method,
it reduces the effective drug concentration available at the has been proposed as a more relevant indication of true
pharmacological target. This aspect not only has implications permeability than a simple brain-to-plama rattoAlthough
for drug development but also is also particularly important in log PS does provide potentially valuable information on the rate
the design of radionuclide tracers (e.g., SPECT and PE&®), of BBB permeability that may not be reflected in measured
which high regional specific binding is critical for achieving brain-to-plasma ratios, it also has the same drawback that it
high-quality images of a given target. The study by Maurer et may also not reflect free drug concentration.
al. " using equilibrium dialysis to estimate the free fraction of Tremendous strides have been made in recent years toward
33 CNS drugs, underscored the fact that whole-brain concentra-improving the sensitivity and resolution of imaging radiotracers
tion does not reflect the unbound drug concentration that is in rodents and nonhuman primates in order to estimate both
available to exert its intended pharmacological effect. These CNS penetration and biological target occupancy in the brain.
investigators suggested that the majority of the CNS drugs The ability to nondestructively track spatial and temporal
studied (22 of 33) freely equilibrated between blood, brain, and radiotracer distribution in living small animals, wherein each
cerebrospinal fluid (CSF) in mice. Furthermore, in mice, subject can serve as its own control, offers great advantages.
unbound drug concentrations in plasrfaifa.smy approximated However, these benefits have to be balanced against their cost,
unbound drug concentrations in the bralfug.i), even though complexity, and throughput, as well as the need to work with
the absolute brain-to-plasma ratios differed by up to 50-fold radioisotopes. Recent published examples using HPLC coupled
across the 22-member subset. The suggestion being that the larg@ith triple quad mass spectrometer detection (LC/MS) to
shifts in brain-to-plasma ratios were governed more by differ- determine brain distribution of tracer compounds in rats, without
ences in relative nonspecific plasma and tissue binding than byresorting to radiolabeled materials, offer the promise of being
BBB permeability. This point can be illustrated by comparing able to implement a target occupancy estimation technique
the data from fluoxetine with that derived from morphine. In earlier in preclinical developme#t.
mouse, fluoxetine has a brain-to-plasma ratio of 12 but a very  Although in vivo techniques, such as microdialysis, and in
low Fugrain Of 0.0023 and d Uprai/ FUpiasma0f 0.074. In contrast,  sjtu perfusion and tracer occupancy methods provide high-
in mice, morphine has a lower brain-to-plasma ratio of 0.46 quality information, they are labor-intensive and low-throughput.
but has a much highefuprain 0f 0.50 With Fuprair/ FUpiasma Of Therefore, appropriate positioning of in vitro and in silico
1.56. measures in the drug discovery process is usually necessary to
The subsequent investigation by Liu and co-workers sug- help triage initial leads and increase the probability of success
gested that the in situ derived permeability-surface area coef-in vivo.
ficient (log PS) and the fraction of unbound drug in brain
(Fu.prain), estimated by equilibrium dialysis, can be used to model Physicochemical Properties that Influence BBB
the time to reach brain equilibrium for a given compound, where Permeability

rapid permeability is importarit? These authors argued thata  The early attempts to understand the relationship between
permeability threshold exists for brain penetration and that e physicochemical properties of compounds and BBB perme-
optimization beyond that threshold by increasing lipophilicity apility focused on the role of lipophilicity. As early as 1899,
may actually be detrimental, due to decreasing free unboundQverton reported the first observations linking hydrophobic
drug concentration. Liu and collaborators also presented the casgharacter and CNS penetration, in a study of the narcotic activity
that efforts toward OptImIZIrlg brain exposure should focus on of neutral Organic hypnotic agerﬁ%SO|oway’S investigation
keeping intrinsic hepatic clearance low, enhandfgrain and of the influence of the addition of polar and nonpolar groups to
permeability (to a threshold 0150 nm/s in MDCK cells), as  arylboronic acids, reported in 1958, described partitioning
well as minimizing efflux!8® The recent study from Summerfield  petween benzene and water as a prognosticator of a compound’s
and co-workers further highlighted the role of compound free BBB permeability2* A landmark series of studies by Hansch,
fraction and suggested that high specific binding at the starting in the late 1960s, demonstrated experimentally a
pharmacological target in brain and greater free drug concentra-parabolic relationship between I&gand CNS activity in rodents
tion can counterbalance poor passive diffusion and/or active and set the stage for the modern &blansch, in attempting to
efflux.’® A potential outcome is that compounds appearing to quantify the role of lipophilicity, argued that CNS exclusion is
be strong efflux substrates, or to possess modest passivgavored by compounds with low l0g values and, conversely,
diffusion in MDCK cells, can actually demonstrate meaningful within homologous series, optimal CNS penetration occurred
brain exposure in rat. These findings illustrate the risks of relying with compounds possessing |Bgx 2. An important study by
on in vitro cell-derived efflux ratios in isolation as a selection Young, Mitchell, and co-workers appeared in 1988 describing
criterion to progress compounds into in vivo studies. a linear relationship between log BB andlog P, defined as
With reliance on whole-brain compound concentration mea- log P(octanol/water)— log P(cyclohexane/water), for a series
surements, one additional potential pitfall should be noted: of histamine H antagonists, highlighting the growing under-
neglecting to account for the brain capillary blood volume. If standing of the important influence of both hydrogen-bonding
residual blood is not perfused from the brain prior to homog- capability and lipophilicity2®
enization and extraction of the test compound, then the amount  Although lipophilicity clearly plays an important role in BBB
of compound in that volume of blood must be subtracted from permeability, there has perhaps been an over-reliance on
the total amount of compound in the brain homogenate. Since optimizing this single attribute at the expense of other important
cerebral blood volume is-34% of the total brain homogenate, considerations. For example, it is well-recognized that compound
a brain-to-plasma ratio of 0.040:1 or less from non-perfused lipophilicity has a profound effect on pharmacokinetic proper-
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ties2’ High lipophilicity can contribute to excessive volumes Table 1. Suggested Physicochemical Property Ranges for Increasing the
of distribution, increased metabolic liability, and lower unbound Potential for BBB Penetration.

drug concentration in the plasma and/or brain and may % of top 25 % of top 25
ivel ff h ti ti ticularl lubil top 25 'CNS drugs CNS drugs
_negatlve y a ect p arma_ceu 'CS _proper '?S- partcularly so U - CNS drugs suggested in suggested preferred in preferred
ity. Overemphasis on lipophilicity and its effect on passive property  meanvalues limits range range range
diffusion also fails to account for the influence of active PsA &) 47 <90 96 <70 76
transport. The importance of this process was highlighted in a ?&DP %% ;35 1gg gi 22
recent study by PoIIi_et al. examining the in vitro P-glycoprotein  ¢jogp (pH 7.4) 21 25 61 P 61
(Pgp) efflux properties of 48 marketed CNS drugs compared Mw 293 <500 100 <450 100

with 45 drugs approved for non-CNS indicaticiiBy use of

calcein-AM inhibition in an MDR-MDCK cell assay to deter- ittarences), and three, including 4-(6-fluoro-1,2-benzisoxazol-
mine Pgp activity, this study revealed that 72% of the combined 3-yl)-1-hydroxy-1-[2-(2-methyl-4-0x0-3,4,6,7,8,9-hexahydro-
drug sets were not substrates for Pgp. However, of the remainingay_pyrido[1,2-a)pyrimidin-3-yl)ethyl]piperidine (risperidone),
28% of drugs in the sample set that did show Pgp activity, the ghowed evidence of pronounced efflux (6.6- to 17-fold AUC
CNS drug set had a 7-fold lower incidence than the non-CNS gigferences). These data support the notion that active efflux is
drugs (using a passive permeability threshold<dfS0 nm/s modest or absent in most CNS drugs but also that efflux may
and an efflux ratio of-2.5). In fact, only two of the CNS drugs  pe counterbalanced by compensating properties such as high
studied had a passive permeability-0L50 nm/s. Interestingly,  ynhound drug concentration. It cannot be understated, however,
both compounds happened to be triptan-type migraine drugsthat optimizing for reduced efflux remains an important avenue
for which there is debate regarding the precise location of the for increasing the odds of generating a CNS-active compound.
target serotonin receptors and the integrity of the BBB during Because both active uptake and efflux are governed by energy-
a migraine attack. The data from this study provide insight into gependent transport processes that rely on small motecule
perhaps what is an example of “natural selection,” since many protein interactions, it is not surprising that as in dririplogical
of these marketed agents were developed during an era wheRgarget binding, efflux recognition is sensitive to the presentation
whole-animal pharmacology was the primary driver in early- and type of functional groups on a molecéf¢dowever, unlike
stage drug discovery. The data from this investigation also mest drug targets, efflux processes have evolved to recognize
showed that the CNS and the non-CNS drug set had comparabley wide variety of substrates with immense structural diversity.
mean molecular weights and no difference in the number of This promiscuous recognition of molecules presents a formidable
hydrogen bond acceptors (HBA). However, the CNS drug set problem for the medicinal chemist when attempting to circum-
had fewer hydrogen bond donors (HBD), lower polar surface vent efflux through structure modification.
area (PSA), higher calculated log P (clogP) values, and fewer 1o the initial findings of the role of lipophilicity on BBB
rotatable bonds. permeability, several studies, most notably from the groups of
Although there is still much that is not understood regarding Abraham?* Gratton®® and van de Waterbeeniélhave attempted
active transport at the BBB, significant progress has been madeto capture the key physicochemical properties that influence
in characterizing several transport proteins, particularly those BBB permeability. The following properties have been identified
from the ATP binding cassette (ABC) fam#§y This superfamily as generally having a strong influence: lipophilicity, number
of transporters consists of seven subfamilies-@) of which of hydrogen bond donors (HBD), polar surface area (PSA), and
three (C, B, and G) have members with known functional molecular size and shape, with lesser contributions from
activity at the BBB and BCSFB. The first ABC transporter to hydrogen bond acceptors (HBA). Although the role of molecular
be described, and the best characterized to date, is Pgp, whictshape is not well understood, cross-sectional akgph{as been
is predominantly expressed in the luminal membrane of brain used as a surrogate for shape, indicating that €d&mpounds
capillary endothelial cells. Pgp also operates at the apical generally have\r < 80 A2. The physicochemical measures are
membrane of the choroid plexus, presumably to pump sub- often interdependent, and it is clearly important to consider the
stances into the CSF. Multidrug resistance protein (MRP), breastcomposite of these individual characteristics rather than each
cancer resistance protein (BCRP), and organic anion transporterone separately. In certain instances, molecular weight can
(OATSs) also have been shown recently to function at the BBB. operate as a crude amalgamation of these collective properties.
The small multidrug resistance (MDR/mdr) gene family encodes Table 1 provides suggested physicochemical property ranges
Pgp; rodents possess three gene products (mdrla, mdrlb, antbr increasing theprobability of attaining improved BBB
mdr2) and humans have two (MDR1 and MDR2). Only human permeability while balancing considerations for pharmacokinetic
MDR1 and rodent mdrla/lb gene products confer drug efflux, and pharmaceutics properties. Table 1 also indicates the mean
with rodent mdrla operating at the BBB and mdrlb in the brain values for the physicochemical properties of the 25 top-selling
parenchyma. However, it should be noted that homology CNS drugs in 2004, as well as the percentage of those drugs
between rodent and human gene products, at the amino acidhat fall within the suggested ranges. Although this type of rules-
level, is only~80%, opening the potential for compounds to based approach is clearly a simplification of the complex
behave differently across species. The development of theunderlying biochemical processes and physicochemical features
mdrla/lb knockout (KO) mouse has provided a valuable tool involved in BBB permeability, it provides useful simple
to assess the influence of Pgp efflux in vivo and has put into guidelines for the medicinal chemist concerned with designing
context the efflux ratios measured in cell-based in vitro assays individual compounds or libraries with improved probability
such as Caco-2 or MDR-MDCRL For example, in a recent  of CNS penetration.
study of CNS drugs in the mdrla/lb KO mouse, Doran and The following case studies summarize attempts by a number
co-workers showed that of 34 drugs tested only 7 showed no of laboratories to alter passive diffusion or active transport
evidence of efflux, as measured by brain-to-plasma AUC values, through the rational modification of chemical structure. Opti-
compared to wild-type (WT) mic# Fourteen of the drugs  mization for improved passive diffusion is covered in the first
showed evidence of modest efflux (1.1- to 2.6-fold AUC portion of the review and includes approaches mostly focused
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on modulating physicochemical properties by replacing or
deleting specific functional groups. For example, carboxylic acid
functionality, because of its high polarity and negative charge
at physiological pH, has generally been perceived to be
troublesome for BBB permeability. This segment is followed

by a discussion of prodrugs. Sections on approaches to exploit

active uptake mechanisms and on mitigation of active efflux
then conclude the article. It should become apparent that, while
optimizing for BBB permeability properties, the complex
challenges of maintaining potency and selectivity for the
biochemical target as well as favorable pharmacokinetic proper-
ties are frequently encountered. It is hoped these examples will
also illustrate the relative degree to which functional group
changes influence BBB permeability within a chemical series.
Calculated physicochemical values for compounds have been
included in the figures to facilitate the analysis of how changes
in chemical structure influence BBB permeation.

Optimizing Passive Diffusion

Over the past decade, most published efforts toward optimiz-
ing the partitioning of small molecules at the BBB have focused
on modulating passive diffusion. The most widely exploited
avenue for altering passive diffusion has been modifying
compound polarity, often using PSA and/or Bdor predicting

and rationalizing brain penetration. These measures and others

are discussed in the following case studies that exemplify recent
efforts to improve passive diffusion by modifying chemical
structure. Unfortunately, in all but a few cases, there is no
information related to the active transport properties of com-
pounds. It is therefore often difficult to dissect out the relative
contributions of passive diffusion and active transport as brain
exposure varies with chemical structure.

A potent and selective antagonist of the 5¢HEceptor,
sulfonamidel (SB-271046), suffers poor brain penetration that

may impede its development as a possible treatment for learning

and memory disorders (Figure %)Although 1 displays good
oral bioavailability and activity in centrally mediated animal
models of cognition, it attains poor concentrations in the brain
(B/P = 0.050:1) and is a substrate for Pgp-mediated efflux.
Johnson and co-workers envisaged that by simultaneously
reducing the number of hydrogen bond donors and the confor-
mational flexibility of 1, they could produce analogues with
improved BBB penetratioP? Extensive structureactivity
relationship (SAR) investigations led to the discovery of a
number of compounds displaying high affinity for the human
cloned 5-HF receptor expressed in HelLa cellK{p> 8.0). Of
these compound®2—4 exhibited moderate blood clearance in
rat (34-44 mL mim 1 kg™1). In a steady-state CNS penetration
assay in rat (infusion of 0.30 mg k§h~1 for 12 h), both2 and

4 displayed excellent brain concentrations (B#R.0:1 and 2.6:

1, respectively) wherea3 displayed a somewhat diminished
concentration (B/P= 0.70:1). The authors surmised this lower
brain penetration results from the extra hydrogen bond donor
in 3.

Tatsumi and co-workers recently revealed studies toward
developing agonists of the7 neuronal nicotinic acetylcholine
receptors (NAChR), a potential target for schizophréhia.
Carbamaté (AR-R-17779) is a subtype-selective full agonist
of the a7 receptor with modest affinityk; = 340 nM).
Compound6 binds with high affinity K = 13 nM) to this
receptor (Figure 4) but displays poor oral bioavailability. In the
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Figure 4. The rigid and more lipophilic compourilis, the more brain-
penetrant.

and6. Extensive SAR studies of heteroaryl moieties eventually
led to analogu@. This compound exhibited potent and selective
partial agonist activity toward the7 receptor Ki = 9.0 nM),

as well as good oral bioavailability. Additionally, whereas
compoundb displayed respectable brain penetration in rat (B/P
= 0.76:1), that of analogué was extremely high (B/P= 59:

1). This shift can be rationalized in part on the basis of the
absence of a HBD i, resulting in a lower PSA relative t§

and also the overall increase in lipophilicity 8fas judged by

its calculated lod (clogD = 0.57; pH 7.4) compared to that
of 5 (clogD = —1.5).

search for compounds possessing improved potency and brain Because agonists of 5-Hay modulate central acetylcho-

exposure relative tdb, these investigators designed hybrid
compounds, attempting to combine the favorable featurés of

line release, they may be useful for the treatment of neurode-
generative and neuropsychiatric disord@mrevious studies by
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PSA cLogP cLogD
MW (A% HED  B/P MW PSA cLogP cLogD HBD LogPS
8 | 266 24 2.7 2.7 0 ND' (A) ‘
9 | 328 61 019 046 1 010 14 | 139 42 -090 -022 1 -1.9
10 | 314 44 23 29 | 20 15 | 153 42 -037 031 1 1.5
11 | 425 " 6.0 52 0 28 16 | 181 42 068 1.4 1 -0.64
13 | 343 37 35 24 0 21 18 | 209 42 1.7 2.4 1 -0.36
*No data. b Incalculable. 19 183 62 -14 -0.63 2 <-3.0
Figure 5. AnaloguelO may have the optimal 0B to achieve the 20 | 167 42 0.16 0.84 1 -1.0
greatest B/P ratio. 21 183 62 -1.2 -0.32 2 <-3.0
22 | 211 62 -0.77 0.20 2 <-3.0

o ) ) * Permeability—surface area coefficient.

Campiani and_ collat_)o_rators revealed that pyrroloqumoxahnes Figure 6. Both 10gPoctano and 10gPeycenexancare good predictors of
such as8 are high-affinity 5-HE receptor agonists (Figure %). brain permeability of simple hydroxypyridinone iron chelathfs-18
In order to expand the SAR and optimize binding affinity and and20 but not19, 21, and22.
selectivity, these workers designed and synthesized a wide
variety of novel 5-HE agonists'® Following affinity, selectivity, < —3.0). The fact thal5 and22 have similar measured |d®
and functional efficacy assays in vitro, five compounds were values but very different BBB permeability, suggests a signifi-
selected for brain-to-plasma distribution studies. After rats were cant influence of the additional HBD and the higher PSA it
dosed with9—13 (5 mg/kg iv), blood and brain samples were confers t022.
analyzed at 1, 2, @&h3 h time points and the mean brain-to- Smith and colleagues have sought to identify potent CNS
plasma distribution ratios (AUQatios) were calculated. For  penetrant inhibitors of serine-dependent lipase, lipoprotein-
all of the compounds, the average brain concentrations mirroredassociated phospholipase @&.p-PLA,) as potential treatments
those in plasma, suggesting that these molecules enter the braiffor oxidative stress arising from strok&ln previous studies,
rapidly and reach equilibrium between the brain and blood. Not they identified lipophilic 1-[(amidolinked)alkyl]pyrimidones of
surprisingly, carboxylic aci® displayed the highest blood and general structur@3 as potent inhibitors of Lp-PLAthat were
lowest brain concentrations; in fact, it was the only compound poorly water-soluble (Figure 7f. By modification of the
the brain concentration of which did not exceed the blood pyrimidone 5-substituent, they hoped to impart physicochemical
concentration (B/RP= 0.10:1). Perhaps less predictably, alcohol properties that would improve agueous solubility and still allow
10was more brain-penetrant than the more lipophilic but larger CNS penetratior® Following evaluation of the inhibitory
naphthanell (B/P = 20:1 and 2.8:1, respectively). This trend activity against hLp-PLAin rabbit and human plasma in vitro,
was also observed for the less lipophilic but sméal2compared compound4—28 were selected for BBB permeability studies.
to 13 (B/P = 4.9:1 and 2.1:1, respectively). The authors note After infusion of saline solutions a24—28 at a constant rate
that the plasma protein binding, which may affect the extent of (2.0umol kg~! h™1) over 8 h toachieve steady state, analogues
brain uptake, was not evaluated. 25 and 27 proved to be CNS-penetrant (10% and 37%,

As part of an effort to modulate the CNS permeability of the respectively), whereas congene?d, 26, and 28 were not
hydroxypyridinone class of iron chelators such as 3-hydroxy- appreciably so £7%). Since the compounds in this series
1,2-dimethylpyridin-4(H)-one (L4, deferiprone), Hider and co-  possess high molecular weights and high PSA, it is not
workers studied the effects of hydrophilic and lipophilic unexpected th24—26 and28 displayed poor or modest brain
substituents on the core (Figure #)The extent of brain penetration. The improved CNS penetration of a2iland
penetration of these compounds was viewed as important withespecially acid27 is quite remarkable given that both com-
regard to targeting iron overload in central versus peripheral pounds also possess high PSA and high molecular weight.
tissues (e.g., thalassaemia). After brain perfusion for 60 s with Some time ago, the Kung laboratory reported their efforts to
5.0 mM saline solutions df4—22in rats, brains were collected  develop novel lipophilic and neutral glucose analogues that may
and the levels of the hydroxypyridinones were measured. As be useful for tumor imaginéf By circumventing transport via
expected, compoundks—18 and 20 penetrated the brain and  the glucose transporter and being localized by either hexokinase
there was a good correlation between BBB permeability and binding or enzyme reactions (phosphorylation), these molecules
both 10gPoctanol @nd  10gP¢ycionexane for these simple alkyl- were envisioned to serve as metabolic markers of tumor cells.
substituted compounds, but thehydroxyalkyl congenerg9, For this study, these workers chose to investigate the biodis-
21, and22did not display appreciable BBB permeability (log PS tributions of radiolabeled derivatives of RBR,4R,59)-2-(hy-
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25: R = CH,CO,H PSA .
26: R = CH,CONHMe MW (A% cLogP cLogD HBD %BU
0 29 | 163 93 14 28 5 ND’
N R 30 | 181 90 20 -13 4 2.5
P | PN 31 | 307 108 -0.013 045 1 0.68
. o N" 0 32 | 495 108 3.0 2.9 0 035
F 33 | 327 84 0.81 1.1 4 0.030
MeN_ 34 545 108 4.2 33 0 0.59
Nn-CqoHps
35 377 84 2.1 1.5 4 0.15

a a1 < b aqte
27: R = CH,CO,H % Brain uptake. ° No data.

28: R = CH,CO(morpholin-4-yl) Figure 8. Peracetylated compoun@4, 32, and34 enter the brain by
passive diffusion, whereas hydrophilic congeng8sand 35 do not

PSA cLogP  cLogD appreciably cross the BBB. The sugar derivati®@ is actively

MW (A HBD  %CP* transported into the CNS.
24 | 528 101 3.1 3.6 1 7.0
25 | 586 127 3.7 0.99 1 10 of 36 that showed excellent binding to fibrillar/Aaggregates,
26 | 599 119 3.1 3.4 1 <7.0 whereas thioflavin88 and39 stemmed from a known analogue
27 | 642 127 5.8 3.1 1 37 of 38 bearing methyl substituents on the nitrogen of the
28 | 711 120 5.7 6.2 0 <70 benzothiazole moiety as well as in place'®t (Figure 9)#¢In
* % CNS penetration. vitro, compounds36—39 demonstrated excellent binding af-

Figure 7. hLp-PLA; inhibitors 25 and27 are the most brain-permeable. ~ finities with K4 values of 0.080, 0.13, 0.060, and 0.13 nM for
aggregates of By and 0.15, 0.73, 0.14, and 0.15 nM for
aggregates of B4y, respectively. Biodistribution studies in mice

droxymethyl)piperidine-3,4,5-triol9, 1-deoxynojirimycin) and  revealed thaB8 and39 displayed excellent brain uptake (0.67

to compare them to those of R31S5S6R)-3-fluoro-6-(hy- and 1.5% dose/organ at 2 min, respectively) after iv dosing,

droxymethyl)tetrahydro42-pyran-2,4,5-triol 80, fluorodeoxy-  whereas those measurements 36rand 37 were lower (0.27

glucose, FDG) and its peracetylated congeBr(AFDG) and 0.14% dose/organ at 5 min). The brain uptake values are

(Figure 8). Anesthetized rats were dosed with a saline solution proportional to the partition coefficient values determined

containing 1QuCi of 30—35 (0.20 mL iv), sacrificed at 2, 30,  experimentally for36—39 (logP = 1.5, 0.041, 1.8, and 2.5,

60, and 120 min time points, and then radioactivity counts of respectively). Though the higher I8y value measured for

the various tissue samples were measured. As expected, the morghenol36 and its higher brain penetration versus methyl ether

lipophilic analogues32 and 34 showed moderate brain uptake 37 may seem surprising, it likely arises from the intramolecular
after 2 min (0.35 and 0.59% dose/organ, respectively), whereashydrogen bond that can form between the phenol and the
their more hydrophilic counterpar@3 and 35 did not (0.030  carboxylate 0f36.46 Although, in theory,36 possesses four
and 0.15% dose/organ, respectively). Conversely, the hydrophilic potential HBD groups, two of them are likely masked through

30 exhibited marked initial uptake (2.5% dose/organ, 2 min), intramolecular H-bonding, which would serve to significantly

whereas the more lipophili1 displayed only modest uptake |ower the available PSA.

(0.68% dose/organ, 2 min). This differential uptake was  QOrexins-1 and -2 (OX and OX) are G-protein-coupled

attributed to 30 being actively transported by the glucose receptors (GPCRs) found in the brain that may play a physi-

transporter and t81-35 permeating the BBB by passive ological role in feeding and regulation of blood pressure, the
diffusion. A caveat to interpreting this data is that hydrolysis neuroendocrine system, and the sleemke Cyc|e‘;7 To further

of the acetylated materials in vivo may lead to an underestima- explore the role of the OXreceptor, Porter and colleagues

tion of the passive diffusion 2 and34 into the brain and to sought to identify selective O)eceptor antagonisté By use

an overestimation of that @1.4° of high-throughput functional screening of an internal library

Kung and co-workers have also explored the development against a CHO cell line expressing the human,@eceptor, a

of small-molecule-based radioiodinated agents for probing in 1,3-biarylurea40) was identified as having good affinity (Figure

vivo the amyloidg (AB) aggregates that are characteristic of 10). After several rounds of SAR studies to optimize potency

Alzheimer's diseas#® Radioiodinated styrylbenzen&$ and and selectivity for OX, the 1,3-biaryluread1—-44 were selected

37 were based on the previously developed des-iodo congenerto determine their ability to enter the CNS. By iv infusion of
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Figure 9. The amyloid imaging agent88 and 39 have greater
measured log values and better brain penetration than their more polar
analogues36 and37. Phenol36 has greater brain uptake than methyl

ether37.
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41 | 306 57 4.0 24 2 0.060
42 | 334 57 5.1 3.2 2 016
43 309 54 4.4 2.7 2 0.10
44 335 102 34 34 2 0.40
* No data.

Figure 10. The most polar compound with the potential for intramo-
lecular hydrogen bondingi4, has the best brain penetration.

each drug to steady state in rat (1.8 mgk@? for 12 h),
these workers discovered that the more lipophilic congefters
43, having clogP values ranging from 4:6.1, achieved a low
level of brain penetration (B/P 0.060-0.16:1), whereas the
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46 | 427 72 4.8 3.0 2 3.0
47 | 492 90 3.5 2.2 1 NG’
48 | 432 56 5.3 4.0 1 1.0
49 | 439 69 4.8 3.5 1 3.6

*No data. " Negligible.

Figure 11. More conformationally rigid analoguetb, 48, and49 of
lead moleculet5 show good brain penetration. Only the polar sulfone
analogue4? displays poor BBB permeability.

most polar analogud4 (SB-334867, clogP= 3.4) reached a
considerably higher B/P ratio (0.40:1). While these authors do
not provide a rationale for this unexpected result, it is tempting
to speculate that intramolecular hydrogen bonding between N5
and the proton on the proximal urea nitrogen may mask this
proton donor and thereby help enhance BBB penetration.
The search for selective antagonists of thgsDbtype of
dopamine receptors B-Ds has been driven by the notion that
the extrapyramidal side effects of antipsychotic therapeutics
operating through B and Dsy-subtypes arise from the ;,D
activity *® It is therefore hypothesized that an agent selective
for D3 might maintain efficacy and possess a better side effect
profile. Using brain penetration in rats as a criterion for lead
optimization, Stemp and colleagues reported their efforts toward
such a R-selective agent, leading to the discovery of cyclo-
hexylamide49 (SB-277011) (Figure 11%° From an initiative
to introduce a rigidifying element in the central region of lead
molecules such a#l5 early leads such a€6 emerged.
Unfortunately, althougld6 exhibited good affinity for @ and
an excellent brain-to-plasma ratio in rat (B#3.0:1), it also
displayed inhibition of cytochrome4sg. Compounds in which
the cyano group had been moved to C6 fared better in this
regard, and compoundi7 showed good bioavailability in rat.
Disappointingly, 47 displayed negligible brain penetration
(<2%), which may arise from the detrimental influence of the
polar sulfone group which dramatically increases PSA. Further
support for the problematic nature of the sulfone was provided
by the good brain-to-plasma ratios exhibited by compounds that
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Figure 13. mpoun h mpr BBB perm | r

s6 | 496 %2 46 34 1 BOL’ igure 13. Compounds9 shows improved permeability versus

the potentially more metabolically labile le&@ and its N-demethylated

a ( b . . . .
No data. " Below the quantifiable limit. metabolitel.

Figure 12. Congener$1—-53 of lead molecul&0 exhibit good brain-

to-plasma ratios_. Ana_logué@fSG, with higher molecular vx_/eights and/ AUC andCpax compared td1, with a brain-to-plasma ratio of

or greater polarity, display much poorer brain penetration. 0.45:1. In marked contrast, the N-acylated analogb@snd
56 showed rapid clearance, gave lower plasma exposure, and
most notably gave no measurable brain levels (10 mg/kg po).
The greatly reduced plasma exposuré&bdand56 (5.2- to 30-
fold lower than51—53), perhaps due to the lability of thé¢-acyl
groups, would be expected to consequently result in decreased

" brain exposure.

lacked this functionality: 4-fluoro analogut and quinoline
49(B/P = 1.0:1 and 3.6:1, respectively), both of which possess
significantly lower PSA and higher clogD values relativelio
Whether the lower brain exposure displayed by sulfévié a
consequence of reduced passive diffusion, efflux recognition
or some combination thereof is not clear. By microdialysis

experiments in ratg}9 was later shown to block the effects of  AS we mentioned above, the 5-klTreceptor has been

a dopamine agonist in the striatum without producing the |dent|f|ed as a promising target for treating cognitive dlsora%rs.
hyperprolactinaemia often associated withabtivity (=80 mg/ Serafinowska an_d collaborators reported attempts to improve
kg po). the CNS penetration of the potent and selective B-&titagonist

Melanin concentrating hormone (MCH) is an orexogenic 57 (SB-258510), which had been shown to be efficacious in

neuropeptide that is up-regulated in fasted animals and stimulateNimal models of cognitive function, and ifs-desmethyl
food intake when centrally administered in mice. The MCHr1 Metabolitel (Figure 13)>* Following steady state infusion in
receptor subtype in the hypothalamus has emerged as a targef@ts 57 exhibited low clearance (12.5 mL mihkg™) with

for treating obesity and has been the subject of extensivemodest brain penetration (18%). However, the desmethyl
research in the quest for potent, selective, and brain-penetranfnetabolitel showed equipotent affinity at the 5-KTeceptor
antagonist&° In this regard, Vasudevan and co-workers recently Put had lower brain penetration th&7. An important point
disclosed a series of MCH antagonists typified by indagle illustrated by this study is that while N-methylation of amino
(Figure 12)%° Lead optimization of this series revealed that groups can be an effective means of reducing hydrogen bond
N-acylation and alkylation of the indazole nitrogen were well- donors and enhancing CNS penetration, N-demethylation is a
tolerated for MCHr1 potency but had a profound effect on brain facile metabolic proces®,and the corresponding metabolites
exposure and pharmacokinetic properties in diet-induced obesemay have high exposure in the periphery relative to the CNS.
mice. For example, the unsubstituted indazole analogles  Hence, efforts in this case focused on suppressing N-dealky-
52, and53bearing Cl, NQ, and MeO substituents, respectively, lation. Along those lines, a number of cyclic analogues were
demonstrated high exposure in both rat plasma and brain (10prepared leading to enantiomeric compoufsnd59, which
mg/kg po), achieving brain-to-plasma ratios of 6.7:1, 1.5:1, and displayed very similar 5-Hf affinities and selectivity profiles.
3.7:1, respectively, based on AUC comparisons. Addition of a Gratifyingly, in further studies59 maintained the excellent
3-pyridylmethyl moiety to the indazole nitrogen geb4 which affinity for 5-HTgs as well as the selectivity seen wig¥ but
maintained high plasma exposure but showed reduced brainwith lower potential for dealkylation. Compounf9 also
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‘ MW (A% HBD  BL MW 1(32% cLogP cLogD oo ED,
60 | 615 150 5.0 2.7 5 10 208 - 0 15 5 3
61 | 558 121 56 37 4 ND' 243; FoS O
62 | 494 103 4.7 4.9 4 180 - '2 .
* Brain level (pmol/forebrain). " No data. 65 467 140 1.7 0.37 4 NDb
. . . . 66 495 132 2.6 0.67 3 ND
Figure 14. Possessing lower molecular weight and polarity, hydroxy- 67 | 404 132 4 0.043 3 10
cyclohexylamine analogué?2 displays improved oral bioavailability - : e
and brain penetration compared to its acid congeférand 61. 68 | 488 132 3.0 0012 3 1.7

* Ex vivo binding assay vs [“T|CCK-8S."No data

provided @ modest improvement in brain penetration (24%) in rigre 15, Although they have greater potency against CCK-B than
rat when dosed under the same condition§as lead molecul3, tetrazole derivative§7 and68, designed for improved

The cholecystokinin (CCK) receptor family, located both solubility, appear to exhibit poorer brain penetration.
peripherally and in the CNS, has emerged as a target class for
treating neuropsychiatric, anxiety, and related disorders, and aCCK-B antagonist8® The first-generation clinical candidate,
number of potent antagonists selective for the A- and B-subtypesurea63 (L-365,260), suffered from poor solubility, and subse-
have been discovered. However, engendering physicochemicalguent efforts to incorporate solubility-enhancing groups led to
properties in ligands for this peptide GPCR subfamily that are tetrazole 64 (L-368,730), which had the unfortunate and
consistent with good brain penetration and solubility has proven unintended consequence of curtailing brain exposure (Figure
to be difficult. An illustrative compound is carbamai® (Cl- 15). By installation of substituents flanking the 5-aminotetrazole
998), a CCK-B selective antagonist = 1.7 nM) developed group to alter bond torsion angles, derivatives sucb&s68
at Parke-Davis that was withdrawn from clinical development were generated wherein the tetrazokg and overall log at
because of poor bioavailability, which was attributed partly to pH 7.4 were attenuated (e.g., 65, pKy = 5.1 and logD =
low absorption (Figure 14% A second-generation effort by  0.89; for66, pK, = 5.7 and logd = 1.6) and further increased
Trivedi and co-workers focused on reducing molecular weight log D by switching the 6-phenyl group with a cyclohexyl moiety.
and replacing the carboxylic acid group of the C-terminus However, representative compounds from this series that showed
fragment* Extensive SAR studies revealed that although acid 15- to 157-fold better potency for CCK-B than di@ failed to
functionality could impart significant CCK-B potency, as show substantially improved EB values in a mouse brain
evidenced by61 (ICso = 0.15 nM), a compromise between membrane ex vivo binding assay, leading the authors to
permeability and potency was necessary for acceptable activityconclude that the more potent analogues had much lower brain
in vivo. The consolidation of these properties was embodied in exposure tha®3. No mention of efflux properties was made,
analogue6?2 (CI-1015), a lower molecular weight compound but itis likely that the modest attenuation d€gand lipophilicity
bearing a hydroxycyclohexylamine moiety that contributed to was not sufficient to counterbalance the inherently high PSA
a significantly higher lod® while maintaining comparable  values 0f64—68 (>120 A?) and high hydrogen bond donor
potency (IGo = 3.0 nM) versus0 (measured lo¢ = 4.3 and count in this series.
2.0, respectively; although the calculated Pgalues in Figure In the search for selective modulators of the metabatropic
14 are disproportionate, the clogD values are proportionate). glutamate (mGIuR) family, Pinkerton and collaborators reported
Compound62 proved to be efficacious in rodent behavioral the discovery of several selective allosteric modulators of the
models of anxiety and a comparison of mouse forebrain levels mGlu2 subtype, a potential target for CNS disorders including
after iv delivery (10 mg/kg) demonstrated thé2 achieved anxiety and schizophrentd Screening hi69 was identified as
exposure levels 17- to 20-fold higher thé@over a 5-20 min a reasonably potent potentiator of glutamate at the mGlu2
measurement period (180:10 pmol, respectively; 5 min time subtype (mGlu2 E§ = 380 nM, Figure 16). However,
point). Vindicating the original hypothesi2 also displayed, intracerebroventricular (icv) dosing was necessary to illicit in
depending on the formulation, a 2- to 5-fold increase in rat oral vivo activity, suggesting poor brain penetration &d. This
bioavailability. suspicion was confirmed after ip administrationG# in rats

Castro and colleagues also hypothesized that acidic func-(B/P = 0.010:1, 20 mg/kg). Once again, attention focused on
tionality, in this instance a tetrazole moiety, contributed to low the tetrazole moiety as the culprit for poor BBB permeability.
BBB permeability for their benzodiazepine-derived series of Although initial attempts to delete or replace the aryltetrazole
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79 | 462 78 7.3 5.2 1 0.16
74: R=CO,H, X=CH 80 | 4064 104 5.9 4.2 1 0.010
75:R=COMH, X =N 81 | 480 69 8.6 5.4 1 BQL
76: R = 5-tetrazole, X = CH .
77: R = 5-tetrazole, X = N 82 | 480 69 8.6 5.4 1 BQL'
78: R = C(O)NHSO,Me, X = CH * Below the quantifiable limit.
Figure 17. N-Neopentylindole derivativ&9 shows a better brain-to-
MW p§{x cLogP cLogD HBD B/P plasma rath than its more polar analog_ues_ keto phenol ana@@ue
(A} and benzotriazole congen@®, as well as its higher molecular weight
69 | 410 110 54 31 5 0.010 and more rigid biphenyl analogu@&4 and82.
701 374 59 5.6 53 ! 1.1 brain-to-plasma ratio in rats (B/2 0.010:1 at 20 mg/kg ip),
71| 428 101 6.0 34 2 0.010 the carboxylic acid’2 gave remarkably improved values (0.89
72 | 404 84 6.9 36 2 0'1? uM and B/P= 0.16:1) when dosed under the same conditions.
73 | 500 10 3.0 3.5 2 ND Continuation of the theme of tetrazole functionality limiting
74| 455 64 8.3 5.0 1 033 brain exposure to a greater extent than carboxylic acids is
75 | 456 76 12 3.6 1 0.40 illustrated in Figure 16 with structures representing hybrids of
76 | 479 81 74 4.8 I <0010 the series derived from1 and indanone screening 8. Again,
77 | 480 94 5.9 3.6 I <0010 tetrazole analogues, suchz®&and77, gave low brain-to-plasma
78 | 532 90 12 32 1 ND* ratios (<0.010:1), compared to acid congengdsand75 (B/P
“No data. = 0.33:1 and 0.040:1, respectively). The acylsulfonan¥i6e
Figure 16. Tetrazole compoun@9 exhibits lower BBB permeability  also gave poor brain levels. One would conclude from these
versus its thiopyridyl analogu#0. Similarly, tetrazoleg'1, 76, and77 data that replacing a carboxylic acid group with a tetrazole

display poorer brain penetrations than their carboxylic acid congeners

72,74, and75, respectively. would be a productive means to limit CNS exposure.

In an investigation by Govek and co-workers of this class of
mGlu2 potentiators, the effect of modifying the phenol func-
fragment with alternative five- and six-membered nitrogen tionality present in the original screening 6 was examine&®
heterocycles led to insufficiently active compounds, a break- As mentioned previoush§9 displayed a poor brain-to-plasma
through was realized in the form @0, wherein the tetrazole  ratio in rat (B/P< 0.010:1). In contrast, th-neopentylindole
terminus was replaced with a 4-thiopyridyl group resulting in a derivative79 (Figure 17) exhibited an improved brain-to-plasma
51 A2 drop in PSA. While exhibiting comparable potency and ratio (B/P = 0.16:1, 2 h, 20 mg/kg ip). Interestingly, the
a modest decrease in relative potentiation compare@9to benzotriazole congen®0, with a PSA 28 & higher than the
compound70 gave vastly improved whole-brain levels and PSA of79, did not show the good CNS exposure exhibited by
brain-to-plasma ratios in rat (0.40M and B/P = 1.1:1, 79. This observation reinforces the importance of overall
respectively, at 20 mg/kg ip). In a subsequent report by molecule polarity on BBB permeability. Another informative
Bonnefous et al., it was disclosed that further optimization of finding was unearthed by modification of the flexible six-atom
this series led to biaryl analogu&4 and 72 (ECso = 73 and linker in this series. Though the rigidified analogdsand82
400 nM, respectivelyy’ Interestingly, whereas aft@ h tetrazole maintained respectable mGlu2 potentiation {£€ 320 and
71displayed a low brain concentration (0.06R!) and a poor 130 nM, respectively), neither displayed measurable brain levels,
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Figure 18. Ethyl ether87, with lower PSA and higher clogD, is more
brain-penetrant than tetrazodd and phenoB6.

Figure 19. Primary amided2 shows a better B/P ratio than carboxylic
acid 88, sulfonamide90, and oxadiazolinon®1, which possess lower
clogD and/or higher molecular weight and polar surface area.

despite showing robust plasma exposure. While not well
understood, molecule volume, shape, and flexibility are recog- (COX) activity and acts via allosteric modulation of presenilin-
nized as playing an important role in both intestinal and BBB 1, the major component of thesecretase complé%.Accord-
permeability34-36 In this case, as with9 and71, it is possible ingly, research has centered on developing improved analogues
that the additional phenyl group in the linker contributes of NSAIDs by eliminating the COX activity while enhancing
negatively to passive diffusion because of a number of factors, the inhibition of A3 production. There has also been interest in
including unfavorable shape, excessive lipophilicity, and in- enhancing brain permeability, in particular examining the role
creased protein binding. of the carboxyl group present in many NSAIDs. In a recent
Cube and collaborators disclosed another study in a similar study of the influence of the acid group present in 2-(3-fluoro-
series of mGIuR2 potentiators typified 88. Replacing the 4-phenyl)phenylpropanoic aci8§, flurbiprofen), Imbimbo and
aryltetrazole moiety 084 gave a new lead compound, coumarin co-workers prepared a series of analogues bearing acid isosteres
85, which subsequently led to ring-opened acid derivatk®s  and measured the plasma-to-CSF ratios after & 4lay
and87 (Figure 18)° A remarkable observation was made when continuous subcutaneous infusion in rat-65 ug/h, Figure
comparing the rat brain exposure of these analogues. Not19)82 Flurbiprofen 88) and its closely related acid isosteres
surprising in light of the previous data, compowwexhibited sulfonylamide90 and oxadiazolinon@1 all exhibited very low
poor BBB permeability in rats, with no measurable brain levels CSF-to-plasma ratios (0.013:1, 0.017:1, and 0.021:1, respec-
after 2 h (20 mg/kg ip). Analogu&6, which bears both phenol  tively). However, amide analogu®2 showed a markedly
and acid groups, likewise exhibited undetectable brain levels, improved CSF-to-plasma ratio (0.19:1), providing insight into
though it also displayed lower plasma exposure. Remarkably, the influence of acidic functionality and BBB permeability
compound7, wherein the phenol is capped with an ethyl group within this series. Interestingly, although acid isost&9@snd
resulting in a 17 & drop in PSA, gave excellent brain levels 91 showed reduced inhibition of 2, production relative to
and brain-to-plasma ratio (54 and B/P= 1.2:1). None of the acid89, amide analogu@2 appeared to have better potency
the compounds were Pgp substrates, indicating the brainagainst 4842 production (IGo = 64 uM).
exposure effects were a result of altered passive diffusion. Stemming from their search for CNS-penetrant adenosine A
Unfortunately, the brain exposure data for the comparator receptor antagonists, Kuroda and co-workers described another
compound bearing the phenol but with the acid masked were example of replacing carboxylic acid functionality to increase
not described, so it is not possible to conclude whether the poorBBB permeability?® This subtype of the adenosine family of
BBB permeability of86is a consequence of cumulative effects receptors is expressed at high levels in the cortex and hippo-
of acid and phenol or whether the phenol alone would be campus, and antagonists have been proposed as potential
sufficient to preclude CNS penetration. It is clear that acid therapeutics for cognitive disorders. Fujisawa reported the
functionality alone does not necessarily prohibit BBB perme- discovery of the prototypical potentiAelective antagonists
ability but is context-dependent. This study serves to reinforce pyridazine93 (FK838) and congené¥4 (FR166124) that exert
the strong influence that hydrogen bond donors and acidic strong diuretic effects in rat but show no detectable brain
functionality can have on permeability. exposure after oral dosing (Figure 20). In an attempt to strike
The discovery that certain nonsteroidal anti-inflammatory a balance between increased brain permeability and metabolic
drugs (NSAIDs) decrease the production gf peptides, the stability, analogues were prepared wherein the acid was replaced
amyloidogenic cleavage products of amyloid precursor protein with alternative, less polar functionality. Compounds were
(APP), has stimulated much interest in understanding their assessed for Apotency and selectivity, in vitro microsomal
underlying mechanism of actidf.It has been proposed that stability, and in vivo brain exposure in rat 30 min after oral
the AB-lowering effect is independent of anti-cyclooxygenase delivery (10 mg/kg). The ketor@5 and tertiary alcohod6 both
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Figure 20. Ketone95, tertiary alcohol96, and amine®99 and 100 * Negligible. * Below the quantifiable limit.

have improved brain penetration compared to carboxylic e&3d=nd
94, as well as tertiary amide®7 and98. Optimal clogP and metabolic
stability seem to play a role in these differences.

Figure 21. Amines103and104exhibit better brain penetrations than
ionizable hydroxyl analogues such®32and sulfonamidd 05, which
also have higher molecular weight and polar surface area.

delivered excellent potency forifand selectivity versus A, suppressing the neurotoxic cascade initiated by stroke, as well
whereas the amide37 and 98 and amine€9 and 100 were as for migraine treatment. Starrett, Hewawasam, and collabora-
1-2 orders of magnitude less potent. Interestingly, ket®®e  tors described a series of oxindole BKCa openers characterized
and teriary alcohob6 also gave similar metabolic stabilities by oxindole101 (BMS-204352) and subsequent SAR leading
against rat microsomes in vitro, as well as similar plasma and to 4-aryl-3-hydroxyquinolin-2-ones such 462 (Figure 21)%*
brain exposures in rats after 30 min (B#0.48:1 and 0.61:1,  Unfortunately,102is hampered by poor brain penetration, which
respectively). The tertiary amid&¥ and 98 gave remarkably is postulated by the authors to be linked to the 3-hydroxyl group.
different results, witt®7 displaying robust plasma exposure but To test the hypothesis that replacement of the 3-hydroxyl group
a reduced brain-to-plasma ratio (B#0.12:1) when compared  would improve the BBB penetration of this series, 3-amino
to the ketone and tertiary alcohol analog@8sand96, perhaps analogues were prepared leading to congeh@Bsand104, both
as a consequence of the increased polarity of the amide asof which showed respectable activation of BKCa channels
gauged by its lower clogP (0.28). Ami@8 gave poor plasma  expressed ilXXenopus lagis oocytes (160% and 190% increases
exposure, perhaps as a consequence of the low metabolidn mSlo current, respectively, at 3@M). Paradoxically,
stability and, most notably, gave no measurable brain level at analoguesl03 and 104, although having higher PSA and an
the 30 min time point. In contrast, the more lipophilic amine additional HBD, also displayed excellent brain exposure in rat
analogue99 (clogP = 3.1), which also had poor metabolic (brain concentration of 1500 ng/mL and B/P ratio of 4.4:1 and
stability and low plasma exposure, did display a robust brain 5.3:1, respectively2 h after dosing 5 mg/kg iv). It is not clear
concentration0.40uM) and brain-to-plasma ratio (B/2 2.4: whether the absence of the 3-hydroxyl group or the presence
1). Likewise,N-methylpiperidine analogu&00 (clogP = 2.4, of the 3-amino group is responsible for conferring the improved
32 mg/kg) also exhibited a favorable brain-to-plasma ratio (B/P BBB exposure. CompountD1, which possesses neither group,
= 1.1:1), as well as a much higher overall exposure, perhapsis reported to have excellent brain exposure in rat with a B/P
due to its enhanced microsomal stability relativéd®In fact, ratio of >9.0:1. Further derivitization 0104 to the trifluoro-
100 was later shown to have 60% oral bioavailability in rat. methylsulfonamidelO5 resulted in greatly improved channel-
This study illustrates the subtle influence of functional group opening activity (340% increase in mSlo current at;3@).
polarity effects on BBB permeability and emphasizes the need However, perhaps not surprisingly, the increased PSA and
to balance the potential for decreased metabolic stability that acidity resulted irl05generating no detectable brain level when
often accompanies increased lipophilicity when optimizing for dosed under the same paradigml188 and 104
improved CNS exposure. Improved CNS penetration by passive diffusion may also be
Activators of large conductance calcium-activated potassium achieved by using prodrugs of the active ag&nBecause
(maxi-K or BKCa) channels are potential therapeutics for cyclooxygenase (COX-2) expression is increased in the frontal
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Figure 22. Masking the carboxyl group df06 to form prodrugl07
improves brain penetration.

cortex of patients suffering from Alzheimer’s disease (AD), a

number of researchers have investigated the hypothesis that

nonsteroidal anti-inflammatory drugs (NSAIDs) might prevent
neurodegeneration in AD sufferers. Deguchi and co-workers
reported their efforts to enhance the brain permeability of the
NSAID 2-(3-benzoylphenyl)propanoic acid(6, ketoprofen)

by masking its carboxylic acid to give its 1,3-diacetylglyceride
esterl07 (Figure 22)%6 The authors hypothesized that blocking
the ionization of the carboxyl group at physiological pH and
thereby increasing lipophilicity would lead to greater brain
concentrations ofl06, after hydrolysis of107 in the brain.
Indeed, althoughlQ7 possesses higher PSA and molecular
weight, its clogD is 2.9, compared te0.31 for 106.

By employing the brain metabolism index (BMI) method and
the internal carotid artery infusion technique in vivo, coupled
with in vitro assays, these investigators determined 10atis
rapidly hydrolyzed in both the brain capillaries and parenchymal
region. Using the in situ mouse brain perfusion method, the
brain uptake oft07 was measured to be 50-fold greater than
106(1.6 vs 0.031 mL mint g~%; 40umol kg~ iv). Additionally,
administration ofLl07resulted in a~3-fold increase in the area
under the brain concentratietime curve of106 compared to
dosing106itself. Notably, thel06 produced in the CNS may
be cleared by active efflux, as coadministration of probenecid,
a competitive inhibitor of transport systems coupled td K-
ATPase, significantly increased the AUC B06 in the brain.

The use of 94-p-arabinofuranosyl)adenind @8 vindara-

Perspecti
NH, 0
N S N
N NH
¢ @'é
HO N HO N
0) O
HO, HO
OH OH
108 109
N3
N
¢ 1)
HO. N
o}
HO,
OH
110
‘MW l(’iz? cLogP cLogD HBD BL'
108 | 267 140 -2.2 -1.5 5 BQL’
109 | 268 133 -3.1 -2.3 4 ND*
110 | 293 162 -0.7 -1.4 3 0.30

* Brain level (ug/g). " Below the quantifiable limit. ¢ No data.

Figure 23. The azidell0 serves as a prodrug d08 and can cross
the BBB.

min, po; from 5 to 120 min, iv). Although not studied in detail,
other experiments suggested tHat0 may be actively trans-
ported into the brain, as one would not anticipate such a polar
compound to possess good passive diffusion characteristics.
In contrast to the simpler prodrug approaches described above,
Bodor and co-workers have developed a more complex prodrug
strategy they have termed a chemical delivery system (CDS).
One such chemical delivery system, redox chemical delivery
using dihydropyridine moieties, operates by sequential passive
diffusion of the prodrug into the brain, enzymatic oxidation to
form a pyridinium species, and hydrolysis to liberate the active
compound. This process seeks to exploit the differential fate of
the oxidized species in the central and peripheral tissues; the
intermediate pyridinium compounds cannot cross the BBB and
are trapped in the brain but are readily excreted by the kidney

bine) as a clinically efficacious antiviral and anticancer agent and bile, which minimizes peripheral exposure. Hydrolysis of
is constrained because of its poor aqueous solubility and facilethe pyridinium compound in the brain may allow for sustained
deamination in vivo by adenosine deaminase (ADA) to its oxo release of the active species in this tissue. One drawback of
metabolite109 (Figure 23). Several years ago, Chu and co- this stratagem is that the dihydropyridine prodrugs are often
workers endeavored to improve the pharmacokinetic propertiesunstable and require parenteral delivery.

of 108 by masking the labile amino group as an azide, giving  Knaus and co-workers reported an application of this ap-
rise to the prodrud 1057 Previous studies by these investigators proach as part of their effort to develop calcium channel
had revealed that azide functionality at this position in structur- antagonists (CCAs) that may be useful for controlling epileptic
ally similar nucleosides could serve as a metabolic precursor seizures? 3-Ethyl-5-methyl-4-(2,3-dichlorophenyl)-2,6-dimethyl-

to an amino group by transformation via a human microsomal 1,4-dihydropyridine 3,5-dicarboxylatel1l, felodipine) is a

Psso NADPH-dependent system, as well as in nfige.
Preliminary studies in vitro, including some using murine and
human liver homogenates, showed tha0 is not a substrate
for ADA but is reduced gradually by the cytochromeasd
NADPH-dependent system 18867 Other investigations in vitro

potent CCA and is used as a vasodilator to treat hypertension
(Figure 24). These investigators envisioned that a felodipine-
type CDS prodrugl12 might increase brain penetration and
minimize peripheral tissue exposure of metabdlitd, thereby
increasing its anticonvulsant effects while reducing its hyperten-

using mice liver, serum, and brain homogenates revealed thatsion-lowering ability. Initial experiments in vitro showed that
110had a half-life of 4.9, 3.7, and 7.3 h, respectively, in these compoundsl12 and 114 displayed respectable, albeit lower,
tissues. Pharmacokinetic studies in vivo were conducted with potency as calcium channel antagonists velsiiy(ICso = 31,
mice. Whenl110was dosed either po or iv (100 mg/kg), the 30, and 1.5 nM, respectively).

half-life of 108 produced from110 was found to be 714 The in vivo biodistributions o111, 112 and their metabolites
times greater than fot08 administered iv. Thoughi08 could were measured after tail vein injection of Sprague-Dawley rats.
not be detected in the brain after its iv delivery (100 mg/kg), Felodipine (11) achieved a maximum concentration in the brain
significant brain levels of108 were found after110 was at 5 min (5.0ug/g, 2.5 mg/kg iv) and was undetectable after 60
administered either po or iv (0.3®.30 «g/g from 5 to 240 min; no metabolites of11 were detected by HPLC analysis.
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PSA cLogP cLogD Figure 25. Prodrugll6improves the rate of brain uptake bf5versus

MW HBD BL'

(A% direct delivery of115
111 | 384 65 5.6 4.9 1 5.0
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112 21 o4 6h 40 ! 42 in the brain was reached with2 h (240 ng/g), this concentration
113 4520 o7 1€ 0.78 ! >4'Q was achieved byL16 (including its metabolited15and 117)
114 | 400 85 4.2 3.8 2 NG

within only 30 min. Notably, compountll7 does not penetrate
the brain but its hydrolysis produdt15 was found at low
concentration aftel h (80 ng/g). After 2 h, compoundi16

* Brain level (ug/g). " Incalculable. ¢ Negligible.

Figure 24. Dihydropyridine prodrug.12readily crosses the BBB and
is metabolized to pyridinium specié@43 which has a long half-life in

the brain. reached a maximum concentration in the brain (350 ng/g) and
_ _ . o had a minimal concentration in blood (B 30).
Though the maximum brain concentration1df2 was similar Because it allows observation of the distribution of exogenous

after 5 min (4.2u9/9, 15 mglkg W), it had a negligible  free ragdicals, or spin labels, electron paramagnetic resonance
concentration after only 15 min. Interestingly, brain concentra- (gpR) operating in lower frequency bandsl( GHz) is
tions of its metabolitel 13 remained high £ 4.0 1g/g, =36 h) emerging as a useful means for imaging tissues in {Avo.

with detectable levels up to 4 days, whereas metab@ll€  xtortynately, ordinary spin labels do not readily cross the BBB,
remained at very low concentrations throughout the study. These,

. o ) . which has made difficult the task of developing nitroxides for
investigations suggested that proddig readily enters the brain EPR brain imaging. Building on the earlier work of Yokoyama
and is rapidly oxidized to pyridinium speci&43 which is then

lowly hvdrolvzed tol 14 and collaborators who developed more lipophilic variaki9
soAvvly yaro yz; Of I b tories h q d to inhibit and120of nitroxide 11874 Yordanov and co-workers designed
arge number of laboralories have endeavored to INNIDIt 4 5 5y 122, which they envisioned would be even less polar
the aspartyl proteasg-secretase in vivo, aiming to decrease

: : : : and hence more proficient at crossing the BBB (Figure26).
produgtlon of Fhe E)athogenlc[Apeptldes 'that are pellevgd to It is important to note that masking the nitroxide functionality
underlie Alzheimer’s disease. One potential downside of inhibit- . . . )

. . - as a hydroxylamine ester relies on sequential transformation by
ing they-secretase that cleaves amyloid precursor protein (APP) . L ; .
is that it may cause undesired interference with cleavage of esterases and oxidants in vivo to generate the active spin label
Notch, giving rise to toxic side effect.As a possible means (e.g.,12.0—.' .118.)' . )
to circumvent this difficulty, Kraus and collaborators soughtto _ After ip injections (50QuL of a 40 mM solution with 20%
develop prodrugs of pseudopeptide thiazolamide derivathfe ~ EtOH—PBS) of 121 and 122 into mice, the animals were
that might be more effectively delivered to the CNS and reduce Sactificed at 10 and 60 min time points and the concentrations
the concentration of the compound in the peripheral tissues Of nitroxide and combined nitroxide: hydroxylamine species
(Figure 25)72 were measured in a number of tissues, including the brain and
Compoundsl15-117all show modest inhibitory activity in blood. Nitroxide concentrations in tissue were measured by EPR
vitro againsty-secretase in both enzyme and cell assays{EC signal intensity, and the combined nitroxidehydroxylamine
= 0.10-1.0 and 0.26:5.0uM, respectively). For in vivo studies, ~ concentrations were determined in the same manner after the
freshly prepared samples df15-117 were injected into tissues had been exposed to excess potassium ferricyanide to
anesthetized Sprague-Dawley rats through the jugular vein (200xidize the hydroxylamine to nitroxide. Remarkably, readily
mg/kg), and at various time intervals blood samples were detectable concentrations of both the nitroxide and hydroxy-
withdrawn from the eyeballs and the brains were collected. lamine species derived frofi21could be measured in the brain
Though all three compounds possess similar concentration andafter only 10 min (70 nmol/g), and significant concentrations
half-life profiles in blood, their rate of uptake, maximum persisted up to the clinically significant 60 min period (20 nmol/
concentration in the brain, and B/P ratios over time were ). Notably, neitherl22 nor the six-membered ring congener
markedly different. Whereas an optimal concentratiorl b5 of 121 displayed useful biodistributions.
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Figure 26. Lipophilic spin label precursat21readily crosses the BBB
and is subsequently converted to the active nitroxide species, the polarity
of which inhibits its exit from the brain.

Inhibiting Entrance

As a means to minimize the prospects for CNS-mediated side
effects of drugs designed to modulate targets in the periphery,
exclusion of drugs from the CNS may be preferable. A good
example of such a case is the nonsedating second-generation
histamine H antagonists, such as 10Hethoxycarbonyl)-4-
piperidylidene]-8-chloro-6,11-dihydrokbbenzo[5,6]cyclohepta-
[1,2-b]pyridine (loratadine), that were found retrospectively to
be substrates for Pgp efflux, unlike the first-generation agénts.
Prospectively optimizing for active efflux, however, may be a
risky avenue for reducing CNS exposure and must be tempered

[\ M\
HN_NH HNYNH HN__NH
h u N h H
N. i Nj \f:[j N. i Nj
N N 0
128 129 130

MW P(’iz? cLogP cLogD HBD BP*
126 | 230 36 1.4 0.84 2 DDD’
127 | 245 62 032 -024 4 ND*
128 | 227 62 1.3 2.7 2 DDD’
129 | 231 60 -021  =3.0 4 ND*
130 | 232 58 0.50 -2.9 3 NG*

by the knowledge that active efflux may impede absorption and/
or enhance clearance in the periphery as well. Also, efflux
recognition may compromise a compound’s ability to access
its intended biological target in some cases. This may be
particularly important in oncology, where many tumor types

* Blood pressure. * Dose-dependent decrease.  No data.

¢ Negligible.

Figure 28. Compoundl30displayso, adrenoceptor agonist potency
and selectivity, as well as favorable restriction from the brain.

evolve resistance through expression of efflux proteins. The case

studies below illustrate a number of ways that brain penetration
of drugs has been minimized.
Agonists of 5-HTa serotonin receptors have been explored

Munk and co-workers reported some time ago their efforts
to develop potent, selective, and peripherally actiagdreno-
ceptor agonists to reduce elevated intraocular pressure (fOP).

as potential treatments for ocular hypertension and glaucoma.Though topically administered 2,6-dichlohs{imidazolidin-2-

To minimize possible psychoactive side effects of brain-
permeable 5-HIa agonists, Glennon and co-workers investi-
gated incorporating polar moieties into a known agégg to
decrease its lipophilicity and thereby its ability to cross the BBB
(Figure 27)’¢ Previous SAR studies suggested that to retain
potent agonist activity, C1 0123 was the most promising

ylidene)benzenaminel 26, clonidine) was previously demon-
strated to reduce IOP in humans, it crosses the BBB, which
leads to centrally mediated side effects such as reduced blood
pressure and sedation (Figure 28). The polar anald@udas
more limited brain penetration but exhibits pegfa, selectivity

and allergy induction that may arise from its metabolic

position for substitution. All possible stereoisomers of C1 transformation into an electrophilig-quinonediimide species.

methoxy- or hydroxyl-substituted congeners were investigated,
but only compoundsl24 and 125 displayed affinity for the
5-HT,a receptor in vitro comparable to the affinity displayed
by 123 (K; = 0.50, 0.30, and 0.20 nM, respectively). Though
124proved to be 5-fold less potent tha@3in a 5-HT,-mediated
calcium mobilization assay (Eg= 0.10 vs 0.02Q:M), both
acted as partial agonists (efficacy ©60%). However, by use

of rat stimulus generalization as an in vivo test of CNS activity,
124 was >15 times less potent thath23 supporting the
contention thafl24 does not penetrate the BBB as welll223

Congenerd 28-130were designed to increase the polarity
of 127 while reducing its metabolic liabilities. Though com-
pounds128-130 display respectable potency and selectivity
in binding and functional assays in vitro, only26, 128 and
130lowered IOP after unilateral topical administration to rabbit
eyes, andl30 did so to a greater extent thd26 (25% and
10%, respectively). Clonidinel6) and128displayed a dose-
dependent decrease (DDD) in blood pressure upon peripheral
administration to cynomolgus monkeys, wherd&® did not
exhibit appreciable hypotensive activity. Similar observations
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were made foll26and130after iv delivery to rabbits. However, 136 | 193 47 0.64  0.35° 0 1.0
when injected directly into the fourth ventricle of the rabbit 137 | 209 67 IC -1.5° 0 NG
brain,130showed a 70% reduction in blood pressure compared “Incalculable. ° Relative brain uptake. © Ref. 81. ¢ Negligible.

to a 20% reduction forl26 These studies, and sedation Figure 30. Two more examples that shod-oxides of amines can
experiments in rats, buttress the assumption 13&tdoes not inhibit brain penetration.
cross the BBB.

An interesting insight into the effect on BBB permeability \V/ \\’/ O //
of N-oxidation of a pyridine moiety was highlighted in a series ~ FsCé~ FsCs” FsCs”
of studies by Pike, Marchais-Oberwinkler, and co-workers
directed at developing improved positron emission tomography )H/NHAC
(PET) ligands for the 5-Hix receptor’® N-Pyridylamide131

(WAY-100635) and its desmethyl analoglid2 (DWAY) are

high-affinity 5-HT;a antagonists that have be#iC-labeled to 138 139 s S: Me

provide PET imaging tools (Figure 29). However, sirfc&l 142 R = CH,OH
andl132are rapidly cleared from plasma, there has been interest 143: R = (R)-CHMeOH
in generating potentially more stable congeners. The propheti-

cally named analogu&33 (NOWAY), the N-oxide analogue MW PSA cLogP  cLogD jinp pre
of 131, was prepared such that the amide carbonyl was labeled (A)

with 11C. Compoundg$C-131 and*'C-133 were administered 138 | 371 55 3.5 2.0 1 860
iv to cynomolgus monkeys, and PET was used to measure the 139 | 368 81 2.6 1.2 3 1200
percentage of the injected dose that reached the brain. Whereas 140 | 481 114 1.4 0.36 3 BQL
11C-131showed a good maximal brain uptake (5.0943;-133 141 | 467 114 1.1 0.020 3 BQL'
exhibited a much poorer maximal brain uptake (0.54%), and 142 | 497 134 040  0.040 4 BOL"
consequently, in contrast 8C-131, it provided no ability to 143 | 511 134 0.71 0.39 4 12
image 5-HTa receptors in this study. By comparison of the * Brain level (ng/g). " Below the quantifiable limit.

brain uptake 0f133 and 132, the relative influence of the Figure 31. Acylated derivativesl40-143 serve as prodrugs df39
N-oxide and phenol functionalities may be evaluated. In a similar with limited brain permeability.

study in cynomolgus monkey$32gave an excellent maximal
brain uptake (5.7%), indicating that unmasking the phenolic 137 (Lu 32—181) does not! The logD values of136 and
functionality had little affect on BBB permeability when N-oxidel37are 0.35 and-1.5, respectively. Generalli{-oxide
compared tdl31, in contrast to the finding witiN-oxide 133 incorporation appears to be an efficient means to limit CNS
The calculated lod® (pH 7.4) values forl31-133 were 2.5, exposure.
2.0 and 1.1, respectively, indicating the relatively high-polarity = Rubenstein and co-workers reported an interesting strategy
contribution of theN-oxide functionality that could result in  for limiting the brain exposure of members of a class of
lower passive diffusion. antimitotic agents exemplified by compouid38 (T138067)
Other reports also indicate thidtoxide metabolites of brain-  (Figure 31)82 This irreversible inhibitor of tubulin polymeri-
penetrant molecules have drastically lowered brain exposurezation is effective against a variety of tumors, including those
relative to the parent pyridine and amine precursors. For that express the multidrug resistant (MDR) phenotype. These
example, Stoklin and co-workers reported that 8-chloro-11- investigators sought to explore less lipophilic analoguek3gf
(4-methyl-1-piperazinyl)-B-dibenzop,d[1,4]diazepine {34 that might avoid potential CNS toxicity and thereby possess a
clozapine) has a 24-fold higher brain uptake in mice after ip wider therapeutic window. They hypothesized that the greater

delivery when compared to its-oxide metabolitel 35 (Figure polarity of acylated congeners of aniline analogd&9 and
30).7° Another study by Baldessarini and colleagues also showed 140-143 would prevent their partitioning into the brain.
thatN-oxide 135does not penetrate the BBB in EtSimilarly, Unfortunately, whereasl38 and aniline 139 displayed

Sveigaard et al. revealed that whereas muscarinic agb®&t  concentration-dependent inhibition of tubulin polymerization in
(Lu 25—109) crosses the BBB in rat (BA? 1.0:1), itsN-oxide vitro, amide derivative440—143showed no significant activity.
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HO Bee brain - Ho 146 147 148
144 145
COzH
| PSA cLogP cLogD NH;
MW 2 HBD
(A)
144 | 197 104 -2.8 =27 5 149
145 | 153 66 0.17 -2.0 4
Figure 32. The penetration 044 (L.-DOPA) into the brain is a classic MW PSA cLogP cLogD o g /p
example of the power of carrier-mediated transport across the BBB. (A)
146 | 159 63 -0.92 -14 3 0.22
This lack of activity was confirmed in competition experi- 147 | 171 63 -0.66 -1.3 3 ND*
ments: high concentrations ®88and139(~5.0uM) compete 148 | 131 63 -1.7 -1.8 3 ND*
effectively with PH]-138 (0.50 uM) for binding to purified 149 | 183 63 -081 -1.3 3 0.054
p-tubulin (0.50uM), but identical concentrations df41 and * No data.

142do not. Interestingly, amidelst0—143exhibited 2-7 times Figure 33. Compound<l46, 147, and149bind to theo,-0 subunit of
more potency thari38 in three cell assays for cytotoxicity  voltage-gated calcium channels but have different affinities for the
(HeLa, MCF-7, and MCF-7/ADR). This apparent discrepancy system L (leucinejx-amino acid transporter.

is believed to arise fror40—143serving as prodrugs fdr39,

To support this hypothesis, glycine amidd1l was made in
radiolabeled form and incubated with HepG2 cells. The half-
life for [3H]-141was~150 min, and anilind39was the primary
degradation product. In CD-1 mice exposed for 5 min te-30
40 mg/kg 0f138 139, 140 141, 142 or 143 none of the amides
except143 showed detectable levels in the brain (12 ng/g),
whereasl38 and 139 displayed much higher levels (860 and
1200 ng/g, respectively). Most importantly, anilih&9, formed
from the amides, was found in 26000 times lower amounts
in the brain than when it was delivered directly; drastically lower
plasma levels ofL39 were also observed (e.g., 79-fold lower
for 139from 143). Amide 143(100 mg/kg iv) was able to reduce
tumor size comparable tbi38 by day 13 in athymic nude mice
bearing MX-1 tumor xenografts.

premature enzyme metabolism within these cells fod#5s
which cannot pass the abluminal membrane and partitions into
the blood. This impressive prodrug delivery strategy has enabled
the treatment of Parkinson’s disease for several decades. The
following case studies illustrate recent efforts to exploit this
type of active uptake process.

Ligands for theoy-6 subunit of voltage-gated calcium
channels have been developed to modulate calcium flux at nerve
terminals, aimed at attenuating neurotransmitter release to treat
a variety of CNS disorders. Pregabalib4g) and 1-(amino-
methyl)cyclohexaneacetic acld 7 (gabapentin) are knowm,-6
ligands, andl46has displayed powerful activity in clinical and/
or preclinical studies of epilepsy, anxiety, and neuropathic pain
(Figure 33). Gabapentiri47), an anticonvulsant-amino acid,
is transported by the system L (leucin@)amino acid trans-
porter, which has been proposed to account for its high

Enhancing Uptake. For small molecules that possess phys- accumulation gradient in brain tisséeComputer modeling of
icochemical properties inconsistent with good BBB passive 147 andL-leucine (148) suggests that47, though achiral, can
diffusion, active uptake by transport proteins is an alternative assume a topography resembling therm of a largeo-amino
approach (Figure Bp Unfortunately, few BBB transporters have  acid such a448
been cloned and expressed to date, a problem that currently While attempting to prepare analogues 47 bearing
limits the scope of this strategy. Furthermore, capitalizing on substituents on the carbon atento the amino group, Schwarz
an active uptake process can be capricious and poses a furthesind co-workers serendipitously discovered instead a route to
challenge: in addition to binding to the target, the small rigid -amino acid derivatives includin@498> Though 149
molecule of interest must interact effectively with the transporter. showed potent binding affinity in vitro foe-6 (K; = 0.013
Because they are generally quite selective, active uptakeuM), it did not display appreciable inhibitory activity against
transporters often demand that for xenobiotics to be recognized,the system L transporter (¢ > 2500uM). In contrast,146
their structures should closely resemble those of the endogenougxhibited potent binding taw,-6 as well as good inhibitory
susbtrates. A favorable aspect of this approach is that a particularactivity against system LK; = 0.019uM and 1Gso = 160uM).
transporter isoform may be expressed in the endothelial cells Two hours after dosing Sprague-Dawley rats wi#h6 or 149
of both the BBB and the intestinal tract, which may serve to (30 mg/kg po),149 showed lower plasma (7100 ng/mL) and
enhance both drug absorption and brain penetration in somebrain (390 ng/mL) concentrations and had a low brain-to-plasma

Influencing Active Transport

instances. ratio (B/P= 0.054), wherea%46displayed significantly higher
A classic example of the power, and potential complexity, values for these measurements (19 000, 4300, and 0.22,
of carrier-mediated transport is the permeation¥Z-amino- respectively). The capacity df46 and 147 to be transported

3-(3,4-dihydroxyphenyl)propanoic acidi4 (L.-DOPA) into the by system L is believed to contribute significantly to these
brain by the type 1 large neutral amino acid transporter (LAT1, molecules entering the systemic circulation after oral dosing
Figure 32)’¢ Whereas dopaminel45 is a water-soluble and permeating the bloetrain barrier. Notablyl49exhibited
catecholamine that does not appreciably cross the BBBjs anticonvulsant activity in DBA/2 mice only when injected into
actively transported across this barrier by LAT1 and then the cerebral ventricles (icv), wheredsl6 displayed robust
transformed by aromatic amino acid decarboxylase (AAAD) activity when dosed po or icv.

into 145, It is critical that 144 passes both the luminal and Subtype-selective antagonists of neuronal nicotinic acetyl-
abluminal sides of the brain capillary endothelial cells, as choline receptors (hAAChRs) have been investigated largely for
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Figure 34. Nicotine (150 is an agonist of neuronal nicotinic % Latency to convulsions. ° Below the quantifiable limit.

acetylcholine receptors (NAChRS). Its quaternary ammoniunl&4lt

is an antagonist that also binds to the BBB choline transporter. No data.

Figure 35. Compoundl53does not bind with the sodium-dependent
ascorbic acid transporter SVCT?2. Its ascorbic acid conjubadeloes.

use as pharmacological tools to probe the physiological roles
of specific NAChR subtype®. While nicotine (50 serves as proving the entry of small molecules into the brain by
an agonist of aII_kr_10wn nAChR suk_)type_s, N-quaternization of conjugating them witH.5588 By using human retinal pigment
150 transforms it into an antagonist with improved nAChR  gpithelial cells (HRPE), these workers found that the potent
subtype selectivity (Figure 34). In theory, NnAChR antagonists Gaga inhibitor 3-piperidinecarboxylic acid163 nipecotic
may be developed as potential smoking cessation agents if they,ciq) did not inhibit f4Clascorbic acid uptake, but its ascorbate
can inhibit the nAChRs that mediate nicotine-induced dopamine gster154 did (K = 1000uM). Interestingly, injection ofL54
release in the CNS_. Howeve_r_, since these N-quaterr_liz_e_d nicotine(0.75 mmol/kg ip) significantly increased the latency to ap-
analogues contain a positively chargééalkylpyridinium pearance of PTZ-induced tonic convulsions in mice, whereas
moiety, an obvious concern when considering their use as CNS153 \yas ineffective at the same dose. In later studies, these
drugs is thattheirphysicochemical properties may preclude themyqrkers discovered that these nipecotic agdcorbic acid
from permeating the BBB. conjugates inhibited SVCT2 to approximately the same extent

USing their knOWledge of structural features required for irrespective of which enantiomer df53 was use&lg These
binding to the choline transporter, Crooks and collaborators have gpservations contrast with those made of nonconjugated small
investigated extensively several such N-quaternized nicotine molecules: often there is enantio- and diastereomeric discrimi-
analogues, includingi-n-octylnicotinium iodide {51, NONI) nation by the transporters.
and congeners bearing lipophilic linear alkyl groups of different  witigating Efflux. Because they are relatively promiscuous,
lengths?” In addition to151inhibiting the effect of nicotine on  active efflux transporters often complicate the development of
dopaminergic systems in vitro ()¢ = 1.1 uM), it was treatments for CNS disorders by limiting the penetration of drugs
discovered using the in situ rat brain perfusion technique that into the brair® Whereas most efflux transporters have not been
it also binds to the BBB choline transporté; (= 49 «M) and well-characterized, Pgp is believed to be the most ubiquitous
enters the brain. The rate dH]-NONI uptake can be reduced  and is the best-characterized thus far. Therefore, several
~50% by adding either unlabeleibl or choline (52) to the laboratories have endeavored to study the effects of Pgp on the
perfusion fluid (250uM and 5 mM, respectively), providing  prain penetration of their compounds both in vitro and in
further evidence that a significant component of brain uptake yjv0.9.90 An important caveat is that efflux of a given compound
of 151occurs through the BBB choline transporter. Interestingly, may result from the activity of more than one transport protein.
longer lipophilic side chains on either nicotinium or choline  The following case studies illustrate some of the challenges Pgp
analogues lead to more potent BBB choline transporter affinity. efflux poses to the permeation of drugs into the brain and how

Another strategy that has been explored to increase thethose challenges have been overcome.
penetration of small molecules into the CNS is to conjugate  Audus and Georg and their co-workers recently disclosed their
them to endogenous compounds recognized by transportersefforts to improve the permeation of taxoid anticancer com-
Glucose is an essential nutrient for the brain and known to be pounds into the braif? By slightly modifying the structure of
actively taken up by the sodium-independent GLUT1 trans- paclitaxel (56), they hoped to reduce interactions with Pgp that
porter. Several laboratories have reported studies suggesting thadre believed to contribute to its poor gastrointestinal absorption
glycosylating small molecules or peptides may facilitate per- and inability to cross the BBB (Figure 36). Their plans were
meation of those moieties across the BBB by active tran$port. built upon the observation by Ojirffathat there is a specific
While this glucose prodrug approach is provocative, further binding site for taxoids on Pgp and the hypothesis of S&elig
exploration of this area is required for clearer elucidation of that there may be differences in affinity for Pgp among similar
permeability effects and the realization of its full potential. The molecules with different spatial arrangements of recognition
study detailed below is a recent attempt to use a previously elements. After combinatorially screening dozens of analogues
unexplored nutriertconjugate system to enhance the penetra- of 156at C10, they discovered that a number of them retained
tion of a small molecule into the brain. activity in both tubulin assembly and cytotoxicity ass&ys.

SVCT2 is a sodium-dependent transporter known to be  Using bovine brain microvessel endothelial cells (BBMECS)
expressed by neuroepithelial cells of the choroid plexus and and cyclosporin A 158 (10 uM) as the positive control for
the pigmented epithelium of the retina and may serve as a portalPgp transport, these workers discovered that paclitab&s) (
into the brain for.-ascorbic acid 155 (Figure 35). Recently, exposure enhanced the uptake of the Pgp substrate rhodamine
Manfredini and co-workers reported their efforts toward im- 123 (159 in a dose-dependent manner@&b uM), but treatment
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156 | 854 221 5.0 7.2 4 2.5 potency, solubility, and reduced recognition by the*Ma-ATPase
157 | 912 259 4.7 4.0 5 6-8 active transport system to display good anticonvulsant activity in vivo.

% Brain uptake. These investigators sought to remedy these shortcomings by

Figure 36. Paclitaxel (56, cyclosporin A (58), and rhodamine 123 jntroducing a carboxylic acid group at a position on the scaffold
(159 are susceptible to Pgp-mediated efflux and do not partition into 4 51 th4t could be tolerated by the binding site of the receftor.
the brain. Derivativd57 (Tx-67) is not recognized by Pgp and crosses . S
the BBB. Compoundsl62 and163were found to have selective affinity
for the glycine/NMDA receptor over the AMPA receptor in rat
with congenerl57 (25 M) did not increase uptake df59. In cortical membranes (g = 21 vs 4600 and 1§ = 28 vs 2100
contrast to its effect on paclitaxel§6) permeation, cyclosporin  nM, respectively). Interestinglyl62 showed only weak anti-
A (158 did not increasel57 penetration of BBMEC mono-  convulsant activity in the mouse maximal electroshock convul-
layers, and the permeation rates 1&7 exceeded those db6 sion test (EBy = 65 mg/kg ip), wheread 63 displayed more
at all concentrations examined in vitro. Employing the in situ dramatic activity (ERQy = 6.8 mg/kg ip). Aware that the in vivo
rat brain perfusion technique, these workers found that only activity of several excitatory amino acid antagonists can be
2.5% of total control ofl56 was detected in the brain with  improved by the competitive inhibition of transport systems
increasing time (30, 60, and 120 s), wherea8®o of 157 was coupled to N&,K*-ATPase, 4-[(dipropylamino)sulfonyl]benzoic
retained, suggesting that it could cross the BBB. These workersacid (L64, probenecid), the effect of co-dosirig4 with 162
also suggested that the movement1&7 through the brain and163was examined. While pretreatment wit64 (200 mg/
capillary endothelium may be mediated by a transporter; one kg ip) increased considerably the activityl#2 (65— 2.7 mg/
would expect its physicochemical properties to inhibit passive kg ip), its effect on the activity ofl63 was far less dramatic
diffusion through the BBB. (6.8— 1.8 mg/kg ip). These results were interpreted to suggest
Several years ago, Jimonet and co-workers reported theirthat163is poorly recognized by the NeK*-ATPase transport
efforts to improve the in vivo activity of a novel series of potent system that may be responsible for excretiorl62 from the
antagonists of the glycine site of the NMDA receptoSuch CNS.
ligands are potentially useful as neuroprotective agents, as Inhibitors of dihydrofolate reductase (DHFR) have demon-
excessive stimulation of this ionotropic glutamate receptor strated utility for the treatment of cancer and a number of
subtype has been implicated in the neuronal death that occursinfectious diseas€®.N-[4-[[(2,4-Diamino-6-pteridinyl)methyl]-
in disorders including cerebral ischemia and neurotrauma. The methylamino]benzoyl]-glutamic acid {65 methotrexate) is
benzothiadiazin@60(RPR-104632) is a potent glycine/NMDA  a hydrophilic DHFR inhibitor that has restricted distribution to
antagonist in vitro but has only limited activity in vivo (Figure the brain and depends on active transport to permeate cancer
37) 35 While the 8-chloro analogue of the novel chemotyjpd cells, a shortcoming that the more lipophilic inhibitors 5-methyl-
was shown to antagonize the receptor more potently than its 6-[[(3,4,5-trimethoxyphenyl)amino]methyl]-2,4-quinazolinedi-
parent (IGo = 350 vs 25 nM), its poor aqueous solubility { amine (66 trimetrexate) and 6-[(2,5-dimethoxyphenyl)methyl]-
mg/mL) and potential for higher plasma protein binding were 5-methylpyrido[2,3d]pyrimidine-2,4-diamine 167, piritrexim)
thought to be responsible for its poor activity in vivo (&D- do not suffer (Figure 38). However, whil&6and167are active
80 mg/kg ip). against transport-impaired cells resistaniL&b, they both are
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o GOaH Conclusions

The increasing appreciation within the drug discovery com-
NH, munity of the importance of BBB permeability is clearly
NS Ny TN MeQ OMe reflected in the escalating frequency with which this topic is

s | I\Me Q/\ the subject of discussion in the primary medicinal chemistry
HN" "N™ N NH; OMe literature. The examples reviewed herein hopefully serve to
illustrate the sensitive nature of the influence that functional
)\\N | group changes can exert on BBB permeability. Not surprisingly,

it is clear that certain polar functional groups including
166 sulfonamides, sulfones, tetrazoles, amM®xides, and car-

NH, boxylic acids can have particularly negative effects on BBB
N X permeability and must be incorporated with caution, particularly
s I when working at the limits of the suggested physiochemical
OMe NHz = N boundaries for CNS-accessible chemical space. In this regard,
| CHEL, the rules-based approaches can provide useful guidelines to
PN improve the probability of navigating toward, or away from,
BBB permeable chemical space and serve to emphasize that
the cumulative effect of functionality must be considered.

A longstanding issue stems from the tendency of research
groups to rely on measured whole-brain drug concentrations
for compound optimization and as a precursor to initiating
OMe efficacy studies. It cannot be overstated that total drug concen-

169 OMe tration from brain tissue does not reflect free unbound drug
concentration and can often be misleading. This point serves

MW PSA cLogP  cLogD Lo pp to highlig_ht that it is highly preferable to det_ermine_pharma-
(A% codynamic or receptor occupancy readout, ideally in tandem

165 | 454 211 -031 -=5.0 7 ND* with a pharmacokinetic measurement. The absence of a universal

166 | 369 118 1.8 1.7 5 0.10 in vitro BBB assay to accurately and consistently predict in vivo

167 | 325 109 27 1.9 4 0.65 BBB permeability remains a longstanding challenge that has

168 | 283 83 4.0 21 4 10 unfortunately increased the burden on in vivo models.

“No data. Understanding the nature and role of BBB uptake and efflux
Figure 38. Methotrexate 165) is hydrophilic and relies on active  transporters clearly remains an important and emerging area.
transport to enter cells. Trimetrexat&6@) and piritrexim (67) are Researchers have responded to the recognition of the significant
lipophilic and can passively diffuse into cells but are substrates for role of Pgp-mediated efflux by more routinely assessing
Pgp-mediated efflux, a shortcoming 68 does not share. susceptibility in vitro cell-based assays and using the mdrla/b

KO mouse for in vivo work. Capitalizing on active uptake is
susceptible to Pgp-mediated efflux from cells expressing the NOW also beginning to emerge as a challenging yet viable option
multiple drug resistance phenotype (MDR) and do not distribute Where passive diffusion is limiting. However, much remains to
significantly into the brain. In 1996, Kuyper and co-workers D€ determined with respect to the influence of other transport
revealed their efforts to find DHFR inhibitors with useful activity ~Proteins at the BBB, and further challenges exist in dealing with
against the fungu€. albicansand the favorable tissue distribu-  €xtrapolating from preclinical models into humans. Potential
tion profiles thatl66and167 have but lacking Pgp susceptibil- ~ &lterations in BBB integrity in response to disease can further
ity.% Inspired by the 7-substituted pyrrolo[3Jguinazolines first complicate predicted compqund beha\_/lor in the human setting.
reported by Ledig and guided by molecular modeling using the A key challenge for medicinal chemists resides in deciding
X-ray crystal structure of the holoenzyme, their investigations Which data provide the most relevant information to drive
led to the discovery of some novel potent inhibitors, including Structural changes aimed at optimizing or minimizing BBB
pyrroloquinazolinel 68 with enhanced permeability. perm_eablllty_. I—!owever, arme_d with the appropriate information

CompoundL68 exhibited potent activity against human and to drlve_optlmlzatlon, chemistry can be a powerful tool for
C. albicansDHFR enzymesK; = 0.30 and 30 pM, respec- Modulating CNS exposure.
tively), as well as P388D1 leukemia cell and fungus growth
(ICs0 = 0.12 nM and MIC= 0.025ug/mL, respectively). In
contrast t0166 and 167, compoundl68 was equally effective
against both the parent and MDR phenotype of a number of
cancer cell lines, and its cytotoxicity was not affected by
reserpine 169, an agent that blocks the efflux activity of Pgp
and can restore se_nsitivity (_)f MDR ce_IIs to some antican_cer Biographies
drugs. In vivo experiments with CD-1 mice revealed that while
168 (60 mg/kg sc) had lower absolute plasma concentrations
after 1 h (0.40ug/mL) than166and167had after 40 min (100 Ph.D. in Organic Chemistry in 1992 from the University of

and 200 mg/kg ip, respectively; 9.4 and 3§/mL, respec-  \qingham (U.K.) under the tutelage of Professor Gerald Pattenden.
tively), its B/P ratio of 10:1 compared favorably to those of He then joined the laboratory of Professor Samuel Danishefsky at
166 and167 (0.10 and 0.65, respectively). Finally68 (12.5 Yale University as a NATO postdoctoral fellow. In 1994, he began
mg/kg sc) was more active thdib6and167 (4.0 and 40 mg/  work at Eli Lilly in Indianapolis, IN, as a senior chemist and was
kg ip, respectively) against intracranially implanted P388 cells. the recipient of several promotions leading to eventual appointment
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