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  Pref ace   

 More than four decades have passed since Reese, Karnovsky, and Brightman used 
electron microscopy to unequivocally establish that tight junctions between brain 
endothelial cells form the blood–brain barrier (Brightman and Reese 1969; Reese 
and Karnovsky 1967). This fi nding ushered in a new era of research and science 
investigating precisely what factors determine transport across the blood–brain bar-
rier (BBB), as well as the blood–cerebrospinal fl uid barriers (BCSFB) formed by 
tight junctions between cells of the choroid plexus and arachnoid epithelia. Much 
interest developed around when and how these barriers to the central nervous sys-
tem (CNS) form, as well as the interplay between components of the neurovascular 
unit (principally endothelial cells and their associated astrocytes, pericytes, immune 
cells, and neurons) that dynamically regulate the BBB. Along with this work, there 
has been a steady rise in the level of interest and research surrounding drug delivery 
to the brain. Indeed, there are now more than 10,000 citations in  PubMed  for articles 
retrieved using the search phrase “drug delivery” along with “brain” or “central 
nervous system” (Fig.  1 ). Much of the focus has been on the complex role that 
infl ux and effl ux transporters play in helping or counteracting small-molecule trans-
port into the brain, but many other research areas have also emerged in recent years. 

 There are several factors driving the tremendous interest in CNS drug delivery. 
Most importantly, there is the enormous burden neurological disorders often place 
on affected individuals and their family members as well as the economic conse-
quences related to the cost of care, lost productivity, and caregiver issues, both for 
those directly affected as well as the larger society. Neurological disorders affect up 
to one billion people worldwide and account for more hospitalizations than any 
other disease group. In the United States alone, neurological illnesses and mental 
disorders reportedly affect more than 50 million people annually at a cost of more 
than $650 billion USD. 

 New CNS drugs have historically suffered from considerably lower success 
rates during development than those for non-CNS indications, partly due to trans-
porter protection of the brain but also to poor understanding of CNS disease mech-
anisms. For example, past estimates have suggested only about 7 % of CNS drugs 
entering clinical development go on to be approved drugs versus about 15 % for 
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other therapeutic areas (Pangalos et al. 2007). One unfortunate aspect of this added 
“cost” in developing CNS drugs is that it has likely discouraged larger industry 
investment in research on CNS disorders. So why do CNS drugs suffer from these 
low success rates during development? Some of the reasons undoubtedly include: 
(1) our still incomplete understanding of the brain and its many functions, (2) a 
propensity for CNS drugs to suffer from off-target side effects, (3) a poor track 
record for many CNS drugs when it comes to preclinical predictions of clinical 
challenges, (4) a much larger infl uence of transporters than in other organs/tissues, 
(5) a shortage of validated biomarkers for assessing therapeutic effi cacy in treating 
neurological disorders, and (6) a lack of studies integrating more than one aspect 
of the problem. Drug delivery issues obviously present a key challenge, so it is 
encouraging that clinical trials have increasingly focused on delivery aspects. As 
of 2012, approximately one third of the nearly 95,000 clinical trials investigating 
treatments that were in progress across 179 countries involved the evaluation of a 
drug delivery technology, system, or device (Ho and Chien 2012); indeed, more 
than 12 % of these delivery-focused trials related to a device, drug delivery system, 
formulation, or dosage form were targeted to neurological indications (Fig.  2 ). It is 
therefore easy to accept that better ideas, technology, and understanding with 
respect to CNS delivery are quite likely to translate into better clinical trials and 
improved clinical success. 

 Nearly all currently approved CNS drugs are small molecular weight pharma-
ceuticals. Although lipophilicity has often been emphasized in predicting brain 
entry, there is increasing awareness that other factors are critical for small molecule 
drugs to reach their required target site concentrations within the brain. The 

  Fig. 1    Increasing number of citations in  PubMed  over time obtained using the search terms “drug 
delivery”/“delivery of drugs” + “brain”/“central nervous system,” shown for the years 1966–2012. 
The  asterisk  indicates the year in which microvessel endothelial cells were defi nitively identifi ed 
as forming the blood–brain barrier (Reese and Karnovsky 1967)       
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combination of general BBB diffusion, infl ux/effl ux transport, and carrier-mediated 
transport, together with plasma and intrabrain distribution, plays an important role 
in the success or failure of CNS drugs. It is also important to consider the effect that 
disease conditions may have on these factors. 

 Biologics (peptides, proteins, oligonucleotides, and gene therapy vectors) are a 
newer drug class with tremendous potential for treating CNS disorders, but their 
transport across the CNS barriers from the systemic circulation is most often 
extremely restricted. Receptor-mediated transcytosis systems may potentially offer 
certain carefully targeted biologics the opportunity to cross the BBB, but this prom-
ising strategy has not yet achieved clinical success despite long interest. There are 
currently only a handful of biologics approved for clinical use in treating neurologi-
cal illnesses, but most of these drugs are thought to either act outside the CNS (e.g. 
type I interferons for treating multiple sclerosis) or cross compromised endothelial 
barriers associated with some CNS tumors (e.g. the humanized monoclonal anti-
body bevacizumab for the treatment of recurrent glioblastoma). The ~3 kDa 
ziconotide peptide, a cone snail toxin, represents one success: it has been adminis-
tered intrathecally to treat severe, chronic pain in the U.S. since 2004 and in Europe 
since 2005. Many other biologics have been identifi ed as potential CNS therapeu-
tics based on studies utilizing in vitro systems and animal models; however, it is 
painfully clear that new drug delivery strategies will be needed to allow these poten-
tial drugs to cross or bypass the BBB and/or BCSFB for these studies to translate to 
the clinic. 

  Fig. 2    Distribution of clinical trials associated with drug delivery technologies, systems or devices 
(Data from Ho and Chien 2012). Clinical trials targeting the central nervous system (including 
those associated with behavioral and mental disorders) represent the third most common therapeu-
tic area, after cardiovascular- and cancer-directed trials       
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 The ability to achieve consistent, targeted delivery to the CNS target site has 
remained a major, largely unmet challenge, but this book attests to the potential we 
have to address this hurdle in the years ahead. The fi eld has seen a critical mass of 
dedicated, multidisciplinary scientists from all over the world come together in 
recent years with shared purpose and commitment to making signifi cant progress in 
this vitally important research area, as evidenced by joint scholarly output, passion-
ately communicated science at conferences, and rapidly growing national and inter-
national societies. This provides perhaps the greatest cause for optimism, because 
our future success in developing new ideas, technology, and understanding related 
to CNS barriers/drug delivery will likely require just such cooperation and 
collegiality. 

 Lastly, an important reason for producing a book such as this is also to hopefully 
provide an introduction to the fi eld to promising young scientists who have not yet 
decided how to direct their careers. We hope this book supports their curiosity and 
investigation and provides some assistance in identifying CNS barriers and drug 
delivery science as a fi eld with interesting questions and exceptionally worthy goals. 

    Book Structure 

    During the past few decades, great strides have been made in each of the fi ve parts 
into which this book has been divided. The basic physiology of the BBB and BCSFB 
has been defi ned, and the manner in which the brain handles drugs is much better 
appreciated (Part I). Increasingly elegant in vitro, in vivo, and pharmacokinetic 
models have been applied to the study of drug transport across the BBB (Part II). 
Industry experience in developing CNS drugs has deepened, and a better apprecia-
tion of the critical factors that lead to development success or failure has been 
attained (Part III). Many strategies for CNS delivery, mostly focused upon deliver-
ing biologics into the brain, have been proposed, developed, and tested with varying 
degrees of success and optimism for near-term clinical application (Part IV). There 
have also been major developments in our understanding of barrier changes in dis-
ease conditions and how these changes affect CNS drug delivery (Part V). 

 Each of the 24 chapters contained in this book have been written by experts in the 
fi eld, carefully chosen so that the book brings diverse, cutting-edge viewpoints and 
state-of-the-art summaries from scientists representing both academic and industry 
perspectives. In addition to providing detailed coverage of the different topic areas, 
chapters also include a description of future challenges and unresolved questions 
combined with a special concluding section entitled “Points for Discussion.” The 
“Points for Discussion” section contains further questions and observations intended 
to stimulate discussion among a group of people in either a classroom or small 
group setting; these questions may also prove useful as an assignment for a gradu-
ate-level survey course. In addition to wide-ranging coverage of physiological con-
cepts relevant to CNS drug delivery, the book also contains a detailed review of 
brain structure, function, blood supply, and fl uids in the Appendix, written as a 
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concise, detailed “crash course” covering relevant background for the book’s con-
tent. We have designed this book to be useful for a wide audience, from graduate or 
professional students being exposed to this research area for the fi rst time, to estab-
lished academic and industry scientists looking to learn about the state-of-the-art, to 
experts already performing CNS drug delivery research or working in related areas. 
It is our fervent hope that it succeeds in introducing the major questions faced by the 
fi eld as well as in stimulating new thoughts on how to answer them!  

    Uppsala ,  Sweden       Margareta     Hammarlund-Udenaes   
   Leiden ,  The Netherlands       Elizabeth     C.    M.     de     Lange   
      Madison ,  WI          Robert     G.     Thorne      
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   Part I 
   Physiology and Basic Principles for Drug 

Handling by the Brain        



3M. Hammarlund-Udenaes et al. (eds.), Drug Delivery to the Brain, AAPS Advances 
in the Pharmaceutical Sciences Series 10, DOI 10.1007/978-1-4614-9105-7_1, 
© American Association of Pharmaceutical Scientists 2014

    Abstract     This chapter covers the three main barrier layers separating blood and the 
central nervous system (CNS): the endothelium of the brain vasculature, the epithe-
lium of the choroid plexus secreting cerebrospinal fl uid (CSF) into the ventricles 
and the arachnoid epithelium forming the middle layer of the meninges on the brain 
surface. There are three key barrier features at each site that control the composition 
of brain fl uids and regulate CNS drug permeation: (1) physical barriers result from 
features of the cell membranes and of the tight junctions restricting the paracellular 
pathway through intercellular clefts; (2) transport barriers result from membrane 
transporters mediating solute uptake and effl ux, together with vesicular mechanisms 
mediating transcytosis of larger molecules such as peptides and proteins and 
(3)  enzymatic barriers result from cell surface and intracellular enzymes that can 
modify molecules in transit. Brain fl uids (CSF and brain interstitial fl uid) are secreted, 
fl ow through particular routes and then drain back into the venous system; this fl uid 
turnover aids central homeostasis and also affects CNS drug concentration. Several 
CNS pathologies involve changes in the barrier layers and the fl uid systems. Many of 
these aspects of physiology and pathology have implications for drug delivery.  

1.1          Neural Signalling and the Importance 
of CNS Barrier Layers 

 The brain and spinal cord (central nervous system, CNS) are the control centres 
of the body, generating central programmes, coordinating sensory input and motor 
output and integrating many of the activities of peripheral organs and tissues. 

    Chapter 1   
 Anatomy and Physiology of the Blood–Brain 
Barriers 

             N.     Joan     Abbott    

        N.  J.   Abbott      (*) 
     Institute of Pharmaceutical Science, Blood–Brain Barrier Group, King’s College London , 
  Franklin Wilkins Building 3.10, 150 Stamford Street ,  London   SE1 9NH ,  UK   
 e-mail: joan.abbott@kcl.ac.uk  
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CNS neurons use chemical and electrical signals for communication, requiring 
precise ionic movements across their membranes. This is particularly critical at 
central synapses generating graded synaptic potentials and somewhat less so 
along axons signalling via all-or-none action potentials. Hence precise control 
(homeostasis) of the CNS microenvironment is crucial for reliable neural signal-
ling and integration. It has been argued that this was one of the strongest evolu-
tionary pressures driving the development of cellular barriers at the interfaces 
between the blood and the CNS, since animals with better CNS regulation would 
have more reliable, effi cient and rapid neural signalling, giving selective advan-
tage in fi nding and remembering food sources, catching prey and avoiding preda-
tors (Abbott  1992 ). These cellular barriers at the interfaces act as key regulatory 
sites, controlling ion and molecular fl ux into and out of the CNS, while the resi-
dent cells of the CNS including neurons and their associated glial cells, the mac-
roglia (astrocytes, oligodendrocytes) and microglia, contribute to local regulation 
of the composition of the interstitial (or extracellular) fl uid (ISF, ECF) (for review 
see Abbott et al.  2010 ). The molecular fl ux control at CNS barriers includes deliv-
ering essential nutrients, removing waste products and severely restricting the 
entry of potentially toxic or neuroactive agents and pathogens. The barrier layers 
also act as the interface between the central and peripheral immune systems, 
exerting strong and selective control over access of leukocytes from the circula-
tion (Engelhardt and Coisne  2011 ; Greenwood et al.  2011 ; Ransohoff and 
Engelhardt  2012 ). 

 Three main barrier sites can be identifi ed (Fig.  1.1 ): the endothelium of the brain 
microvessels (forming the blood–brain barrier, BBB) (Reese and Karnovsky  1967 ), 
the epithelium of the choroid plexus (specialised ependyma) secreting cerebrospi-
nal fl uid (CSF) into the cerebral ventricles (Becker et al.  1967 ) and the epithelium 
of the arachnoid mater covering the outer brain surface above the layer of subarach-
noid CSF (Nabeshima et al.  1975 ); the choroid plexus and arachnoid form the 
blood–CSF barrier (BCSFB) (Abbott et al.  2010 ). The endothelium forms the larg-
est interface (based on surface area) between blood and CNS and hence represents 
the major site for molecular exchange and the focus for drug delivery; the choroid 
plexus also plays a critical role, while the properties of the arachnoid membrane 
suggest that it plays a minor role in exchange. At each of these sites intercellular 
tight junctions ( zonulae occludentes ) restrict diffusion of polar solutes through the 
cleft between cells (paracellular pathway), forming the ‘physical barrier’. Solute 
carriers on the apical and basal membranes together with ecto- and endo-enzymes 
regulate small solute entry and effl ux. In brain endothelium, mechanisms of adsorp-
tive and receptor-mediated transcytosis allow restricted and regulated entry of cer-
tain large molecules (peptides, proteins) with growth factor and signalling roles 
within the CNS. Finally the barriers help regulate the innate immune response and 
the recruitment of leukocytes, contributing to the surveillance and the reactive func-
tions of the central immune cell population. Thus the interface layers work together 
as physical, transport, enzymatic (metabolic) and immunological barriers (for 
reviews see Abbott and Friedman  2012 ; Abbott  2013 ). The barrier functions are not 
fi xed but dynamic, are able to respond to a variety of regulatory signals from the 
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blood and the brain side and can be signifi cantly disturbed in many CNS and 
 systemic pathologies. This chapter focuses on the physical, transport and enzymatic 
barrier functions of the BBB and the choroid plexus, as most relevant to CNS drug 
delivery. As this chapter is meant primarily to provide an overview, references to 
key reviews are interspersed with those to original fi ndings; if desired, more detailed 
background may be obtained by consulting sources within the reviews cited.

  Fig. 1.1    Location of barrier sites in the CNS. Blood enters the brain via surface arteries ( red 
arrow, top ). Barriers between blood and neural tissue are present at three main sites: (1) the brain 
endothelium forming the blood–brain barrier (BBB), (2) the choroid plexus epithelium which 
secretes cerebrospinal fl uid (CSF) and (3) the arachnoid epithelium forming the middle layer of the 
meninges. At each site, the physical barrier results from tight junctions that reduce the permeabil-
ity of the paracellular pathway (intercellular cleft). In circumventricular organs (CVO), containing 
neurons specialised for neurosecretion and/or chemosensitivity, the endothelium is leaky. This 
allows tissue–blood exchange, but as these sites are separated from the rest of the brain by an 
external glial barrier and from CSF by a barrier at the ependyma, CVOs do not form a leak across 
the BBB. ISF (ECF): interstitial or extracellular fl uid. Figure based on Segal MB and Zlokovic BV 
1990 Fig. 1, p2 in ‘The Blood–brain Barrier, Amino Acids and Peptides’ (Kluwer), modifi ed by A 
Reichel. Reproduced from Abbott et al. ( 2003 ) Lupus 12:908, and with permission of Springer       
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1.2         The Brain Endothelium and the Neurovascular Unit 

 The brain capillaries supply blood in close proximity to neurons (maximum 
 diffusion distances typically 8–25 μm); hence, the activities of the BBB are key to 
brain homeostasis. The brain endothelium of the BBB acts within a cellular  complex, 
the neurovascular unit (NVU) (Fig.  1.2 ) (Abbott et al.  2010 ), composed in grey mat-
ter of the segment of capillary, its associated pericytes, perivascular astrocytes, 
basement membranes and microglial cells, the resident immune cells of the CNS 
(Ransohoff and Perry  2009 ; Mäe et al.  2011 ). Together this cellular complex sup-
ports a small number of neurons within that NVU module (Iadecola and Nedergaard 
 2007 ; Abbott et al.  2010 ).

   Several functions of the BBB can be identifi ed and their roles in CNS homeosta-
sis highlighted (Abbott et al.  2010 ; Abbott  2013 ). By regulating ionic and molecular 
traffi c and keeping out toxins the barrier contributes to neuronal longevity and the 
health and integrity of neural network connectivity. Ionic homeostasis is essential 
for normal neural signalling. Restricting protein entry limits the innate immune 
response of the brain and the proliferative potential of the CNS microenvironment. 
Separating the neurotransmitter pools of the peripheral nervous system (PNS) and 
CNS minimises interference between signalling networks using the same transmit-
ters while allowing ‘non-synaptic’ signalling by agents able to move within the 
protected interstitial fl uid (ISF) compartment. Regulating entry of leukocytes allows 

endothelium

tight junction

pericyte

microglia

neuron

astrocyte

end foot

basal
lamina

  Fig. 1.2    The neurovascular unit (NVU). The NVU is composed of several cell types in close 
association, working together to maintain an optimal neuronal microenvironment. Cerebral 
 endothelial cells forming the BBB make tight junctions which restrict the paracellular pathway. 
Pericytes partially envelope the endothelial cells and share a common basal lamina with them. 
Astrocytes ensheath the microvessel wall. Pericytes and astrocytes are important in barrier induction 
and maintenance, and astrocytes provide links to neurons. Microglia are CNS-resident immune 
cells with highly motile cellular processes, some of which can contact the astrocyte basal lamina. 
By S. Yusof and N.J. Abbott, from Abbott ( 2013 ) with permission       
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immune surveillance with minimal infl ammation and cellular damage. Finally, the 
system is well organised for endogenous protection and ‘running repairs’ (Liu et al. 
 2010 ; Tian et al.  2011 ; Ransohoff and Brown  2012 ; Daneman  2012 ). The other cells 
of the NVU, especially the astrocytes, pericytes and microglia, together with com-
ponents of the extracellular matrix (ECM), contribute to these activities. 

 Given the key role of circulating leukocytes in patrolling, surveillance and repair 
of the CNS, it has been proposed that these cells, plus the glycocalyx at the endo-
thelial surface (Haqqani et al.  2011 ), should be included in an ‘extended NVU’ 
(Neuwelt et al.  2011 ) (Fig.  1.3 ). Current research on the cell:cell interactions 
involved is revealing further details of the complexity of the NVU and its critical 
role in maintaining a healthy BBB.

1.3        Nature and Organisation of the Membranes 
of the Barrier Layers 

 Many powerful techniques are being applied to increase molecular understanding of 
barrier function (Redzic  2011 ; Pottiez et al.  2011 ; Daneman  2012 ; Saunders et al. 
 2013 ), including biophysical investigation of the lipid membranes, quantitative pro-
teomics, imaging at close to the level of individual molecules and use of genetic 
mutants and siRNA to test the roles of individual components. 

Blood

Red blood 
cell Lymphocyte

Monocyte

Polymorpho-
nucleocyte

Glycocalyx

Tight junction

Pericyte

BL 1

BL 2
Microglia

Neuron

Astrocyte

Smooth 
muscle

Endothelial cell

  Fig. 1.3    The ‘extended’ NVU at the level of the microvessel wall, incorporating the glycocalyx 
and circulating cells. Recent work has highlighted the importance of the glycocalyx on the luminal 
endothelial surface for endothelial function and the role of circulating leukocytes in monitoring 
and interacting with this surface. By S. Yusof and N.J. Abbott, modifi ed from Abbott et al. ( 2010 ) 
with permission       
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 The outer cell membranes (plasmalemma) of the barrier layers, like other 
 mammalian cell membranes, consist of a lipid bilayer with embedded protein, the 
‘fl uid mosaic’ model of the membrane. The membrane lipids include glycerophos-
pholipids, sterols and sphingolipids. The hydrophilic polar heads of phospholipids 
form a continuous layer at the outer and inner leafl ets of the membrane, with hydro-
phobic chains extending into the core of the membrane; the outer leafl et contains 
mainly zwitterionic phosphatidylcholine (PC) and phosphatidylethanolamine (PE), 
while the inner leafl et contains mainly negatively charged phosphatidylserine. PC 
and PE are the main phospholipids in brain endothelium at 20 and 30 %, respec-
tively, with cholesterol at ~20 % (Krämer et al.  2002 ). Under physiological condi-
tions the lipid bilayer is in a liquid crystalline state. The high percentage of PE and 
cholesterol in brain endothelium helps to increase its packing density (Gatlik-
Landwojtowicz et al.  2006 ; Seelig  2007 ) which affects the way molecules partition 
into and diffuse through the membrane. At the molecular level, there is continual 
motion of the phospholipid tails within the membrane, creating transient gaps that 
permit fl ux of small gaseous molecules (oxygen, CO 2 ) and small amounts of water 
(Abbott  2004 ; Dolman et al.  2005 ; MacAulay and Zeuthen  2010 ). Many lipophilic 
agents including drugs permeate well through the lipid bilayer (Bodor and Buchwald 
 2003 ) (Fig.  1.4 ). However, the tight lipid packing restricts permeation of certain 
hydrophobic molecules including many drugs and regulates access to particular 
membrane transport proteins such as the ABC (ATP-binding cassette) effl ux trans-
porters, P-glycoprotein (P-gp) (Aänismaa et al.  2008 ) and breast-cancer resistance 
protein (BCRP) (Fig.  1.4 ).

   In certain regions of cell membranes, zones enriched in cholesterol and sphingo-
lipids form dynamic microdomains termed ‘lipid rafts’; these 10–200 nm heteroge-
neous structures are associated with a variety of proteins and play roles in cell 
polarisation, endocytosis, signal transduction, adhesion, migration and links to the 
cytoskeleton, among others. In brain endothelium, such rafts (Cayrol et al.  2011 ) 
have documented functions in leukocyte adhesion and traffi cking, junctional molec-
ular architecture and localisation and function of transporters (Dodelet-Devillers 
et al.  2009 ). A subset of rafts form caveolae, with high expression of caveolin-1, and 
can be further classifi ed by function in  scaffolding  for junctional proteins and adhe-
sion to basal lamina, immune cell  adhesion  and recruitment and transendothelial 
 transport .  

1.4     Tight Junctions in Brain Endothelium and Barrier 
Epithelia: Structure and Restrictive Properties 

 The tight junctions of the CNS barrier layers forming the ‘physical’ barrier (Fig.  1.4 ) 
involve a complex 3-D organisation of transmembrane proteins (claudins, occlu-
din), spanning the cleft to create the diffusional restriction and coupling on the 
cytoplasmic side to an array of adaptor and regulatory proteins linking to the cyto-
skeleton (Cording et al.  2013 ). Adherens junctions, while not themselves restricting 
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paracellular permeability, are important in formation and stabilisation of tight 
 junctions (Paolinelli et al.  2011 ; Daneman  2012 ). 

 The brain endothelial tight junctions are capable of restricting paracellular ionic 
fl ux to give high transendothelial electrical resistance (TEER) in vivo of >1,000 Ω.
cm 2 , while choroid plexus tight junctions are leakier, although the complex 

  Fig. 1.4    Routes across the brain endothelium. Diagram of brain endothelium showing ( numbered 
red circles ) the tight junctions (1) and cell membranes (2) forming the ‘physical barrier’, transport-
ers (3) and vesicular mechanisms (4) (forming the ‘transport barrier’), enzymes forming the ‘enzy-
matic barrier’ (5) and regulated leukocyte traffi c (6) the ‘immunologic barrier’. Labels at top of 
diagram: ( a ) Solutes may passively diffuse through the cell membrane and cross the endothelium; 
a higher lipid solubility and several other physicochemical factors favour this process. ( b ) Active 
effl ux carriers (ABC transporters) may intercept some of these passively penetrating solutes and 
pump them out. P-gp and BCRP are strategically placed in the luminal membrane of the BBB 
endothelium. MRPs 1–5 are inserted into either luminal or abluminal membranes, with some spe-
cies differences in the polarity and the MRP isoforms expressed. ( c ) Carrier-mediated infl ux via 
solute carriers (SLCs) may be passive or primarily or secondarily active and can transport many 
essential polar molecules such as glucose, amino acids and nucleosides into the CNS. The solute 
carriers ( black numbers ) may be bidirectional, the direction of net transport being determined by 
the substrate concentration gradient (1); may be unidirectional either into or out of the cell (2/3) or 
may involve an exchange of one substrate for another or may be driven by an ion gradient (4). In 
this last case the direction of transport is also reversible depending on electrochemical gradients. 
( d ) RMT requires receptor binding of ligand and can transport a variety of macromolecules such 
as peptides and proteins across the cerebral endothelium (transcytosis). AMT appears to be induced 
in a non-specifi c manner by positively charged macromolecules and can also transport across the 
endothelium. Both RMT and AMT appear to be vesicular-based systems which carry their macro-
molecule content across the endothelial cells. ( e ) Leukocyte entry is strictly regulated; under some 
conditions leukocytes may cross the endothelium by diapedesis either through the endothelial cells 
or via modifi ed tight junctions. Tight junction modulation can result from signals from cells associ-
ated with the NVU or be induced pharmacologically. Modifi ed from Abbott et al. ( 2010 ), with 
permission       
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frond-like morphology of the in vivo mammalian plexus makes TEER harder to 
measure. TEER of ~150 Ω.cm 2  has been recorded across the simpler bullfrog cho-
roid plexus. The brain endothelium shows high expression of the ‘barrier-forming’ 
claudin 5, together with claudin 3 and 12, while in choroid plexus the ‘pore- forming’ 
claudin 1 dominates, with detectable claudin 2, 3 and 11 (Strazielle and Ghersi- 
Egea  2013 ). 

 For the arachnoid epithelium the situation is less clear; the arachnoid barrier 
layer is closely apposed to the dura and diffi cult to isolate intact. It has recently 
proved possible to culture arachnoid cells in vitro, which express claudin 1 and 
generate a TEER of ~160 Ω.cm 2  with restriction of larger solute permeation (Lam 
et al.  2011 ,  2012 ; Janson et al.  2011 ). The perineurium, forming part of the outer 
sheath of peripheral nerves, is a continuation of the arachnoid layer of the spinal 
meninges and easier to study than the arachnoid; a TEER of ~480 Ω.cm 2  (Weerasuriya 
et al.  1984 ) and expression of claudin 1 have been observed (Hackel et al.  2012 ). 
The pattern of barrier properties is consistent with the brain endothelium exerting 
the most stringent effect on paracellular permeability, while the choroid plexus with 
a major role in secreting CSF is leakier; the arachnoid epithelium appears to create 
a barrier of intermediate tightness. 

 Several junctional proteins, especially occludin and ZO-1, show considerable 
dynamic activity (half times 100–200 s) (Shen et al.  2008 ) while maintaining over-
all junctional integrity and selectivity. Many modulators from both the blood and 
the brain side can cause junctional opening, some via identifi ed receptor-mediated 
processes (Abbott et al.  2006 ; Fraser  2011 ), possibly aiding repair and removal of 
debris, but in healthy conditions this is local and transient and does not signifi cantly 
disturb the homeostatic function of the barrier. Indeed, the presence of endogenous 
‘protective’ molecules and mechanisms able to tighten the barriers is increasingly 
recognised as important in protection and maintenance at the barrier sites (Bazan 
et al.  2012 ; Cristante et al.  2013 ). Recent studies have highlighted the possible role 
of microRNAs in barrier protection (Reijerkerk et al.  2013 ).  

1.5     Small Solute Transport at the Barrier Layers 

 Many BBB solute carriers (SLCs) with relatively tight substrate specifi cities have 
been described (Abbott et al.  2010 ; Redzic  2011 ; Neuwelt et al.  2011 ; Parkinson 
et al.  2011 ), mediating the entry of major nutrients such as glucose, amino acids, 
nucleosides, monocarboxylates and organic anions and cations and effl ux from the 
brain of some metabolites (Fig.  1.4 ). Among the group of ABC (effl ux) transport-
ers, P-gp (ABCB1) and/or BCRP (ABCG2) are the dominant players on the apical 
(blood-facing) membrane, especially P-gp in rodents and BCRP in primates, but the 
expression levels, localisation and roles of the multidrug resistance-associated 
 proteins (MRPs, ABCC group) are less clear (Shawahna et al.  2011 ) (Fig.  1.4 ). 
ABC transporters have broader substrate specifi city than the SLCs, making analysis 
of their structure–activity relationship (SAR) diffi cult (Demel et al.  2009 ). 
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Synergistic activity between P-gp and BCRP has been observed (Kodaira et al. 
 2010 ), and ABC transporters and cytochrome P450 (CYP) enzymes together gener-
ate an active metabolic barrier within the NVU (Declèves et al.  2011 ). 

 There are many differences between the transporters and enzymes expressed in 
the different barrier layers, suggesting that they play different but complementary 
roles in regulation of molecular fl ux (Strazielle and Ghersi-Egea  2013 ; Saunders 
et al.  2013 ; Yasuda et al.  2013 ). The transporters present include considerable 
 overlap in function/apparent redundancy at each site, refl ecting their evolutionary 
history (Dean and Annilo  2005 ) and ensuring maintained function in case of loss or 
defect of a single transporter.  

1.6     Vesicular Transport and Transcytosis 

 Classifi cation of types of vesicular transport by cells is complex, but it is clear that 
certain features of endocytosis and transcytosis in the highly polarised brain endo-
thelium are different from those of less polarised endothelia such as that of skeletal 
muscle. Non-specifi c fl uid-phase endocytosis and transcytosis are downregulated in 
brain compared with non-brain endothelium. However for certain endogenous pep-
tides and proteins, two main types of vesicle-mediated transfer have been docu-
mented in the BBB: receptor-mediated transcytosis (RMT) and adsorptive mediated 
transcytosis (AMT) (Abbott et al.  2010 ) (Fig.  1.4 ). There appears to be some over-
lap in the function between caveolar and clathrin-mediated vesicular routes and 
likely involvement of other types of molecular entrapment, engulfment and transen-
dothelial movement that are less well characterised (Mayor and Pagano  2007 ; 
Strazielle and Ghersi-Egea  2013 ). Electron microscopy of the choroid plexus shows 
a variety of vesicular and tubular profi les, but the epithelium appears to be special-
ised for secretion rather than transcytosis (Strazielle and Ghersi-Egea  2013 ).  

1.7     Routes for Permeation Across Barrier Layers 
and Infl uence on Drug Delivery 

 Many of these routes for permeation across the brain endothelium (Fig.  1.4 ) can be 
used for drug delivery; several classical CNS drugs are suffi ciently lipid soluble to 
diffuse through the endothelial cell membranes to reach the brain ISF (Bodor and 
Buchwald  2003 ). However, for less lipophilic agents with slower permeation and 
hence longer dwell time in the lipid bilayer, activity of ABC effl ux transporters can 
signifi cantly reduce CNS access (Seelig  2007 ; Aänismaa et al.  2008 ). As barrier 
tightness, transporter expression/activity and vesicular mechanisms can be altered 
in pathology, it is diffi cult to predict CNS distribution and pharmacokinetics of 
drugs in individual patients, particularly where barrier dysfunction may change both 
regionally and in time during the course of pathologies such as epilepsy, stroke and 
cancer (Stanimirovic and Friedman  2012 ).  
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1.8     Development, Induction, Maintenance 
and Heterogeneity of the BBB 

 Study of BBB evolution, development and maintenance gives valuable insights into 
both normal physiology and the changes that can occur in pathology. Studies in 
invertebrates, and lower vertebrates especially archaic fi sh, provide strong evidence 
that the fi rst barrier layers protecting the CNS were formed by specialised glial cells 
at the vascular-neural interface and that as the intracerebral vasculature became 
more complete and complex, the barrier was increasingly supported by pericytes 
and endothelium. Later there was a shift to the dominant modern vertebrate pattern, 
where the endothelium forms the principal barrier layer (Bundgaard and Abbott 
 2008 ). Interestingly, the pericytes and astrocytes still remain closely associated with 
the brain endothelium, refl ecting their evolutionary history and contributing to 
the NVU. 

 In development of the mammalian brain, the endothelium of the ingrowing ves-
sel sprouts develops basic restrictive barrier properties under the infl uence of neural 
progenitor cells (NPCs) (Liebner et al.  2008 ; Daneman et al.  2009 ), with pericytes 
subsequently refi ning the phenotype by downregulating features characteristic of 
non-brain endothelium; later, astrocytes help upregulate the full differentiated BBB 
phenotype (Daneman et al.  2010 ; Armulik et al.  2010 ). 

 Certain of the signalling mechanisms involved in this induction are known 
including the Wnt/β-catenin (Liebner et al.  2008 ) and sonic hedgehog pathways 
(Alvarez et al.  2011 ), and some of them may be involved in maintaining barrier 
integrity in the adult. It is clear that endothelial cells and pericytes are in turn 
involved in signalling to astrocytes to regulate the expression of ion and water chan-
nels, receptors, transporters and enzymes on the astrocyte endfeet so that mutual 
induction and maintenance are involved in sustaining the critical features of barrier 
and NVU function (Abbott et al.  2006 ). This regulation extends to the microanat-
omy and microenvironment of the perivascular space created by the extracellular 
matrix/basal laminae components of the endothelial–pericyte–astrocyte complex 
(Liebner et al.  2011 ). Microglial cell processes are found among the astrocyte end-
feet (Mathiisen et al.  2010 ), suggesting roles in monitoring and infl uencing the local 
cellular organisation and function; indeed, microglial cells have been shown to 
regulate leukocyte traffi c (reviewed in Daneman  2012 ). Specifi c perivascular nerve 
fi bres associated with cerebral microvessels are involved in regulation of vascular 
tone (Hamel  2006 ). However, less is known about microglial and neuronal induc-
tion of barrier properties, and the signalling pathways involved in barrier mainte-
nance on a minute-by-minute basis are relatively unexplored. 

 The NVU contains several mechanisms for protection of the BBB against minor 
damage such as local oxidative stress, e.g. by tightening the barrier (Abbott et al. 
 2006 ), and presence of detoxifying transporters and enzymes (Strazielle and Ghersi- 
Egea  2013 ), but this fi eld is expanding with recognition that some of the ‘protec-
tins’, protective agents identifi ed in peripheral tissues, are also active in the brain 
(Bazan et al.  2012 ). Recently the protein Annexin-A1/lipocortin has been shown to 
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be involved in the anti-infl ammatory and neuroprotective effects of microglia 
(McArthur et al.  2010 ) and to act as an endogenous BBB tightening agent (Cristante 
et al.  2013 ). Improved understanding of the mechanisms for ‘self-repair’ within the 
NVU to correct minor local damage is likely to prove critical in future development 
of therapies that treat CNS disorders at much earlier phases of the pathology than 
currently possible, with expected major gains in effi cacy. 

 There are several phenotypic and functional differences between the endothelial 
cells of different segments of the cerebral microvasculature (reviewed in Ge et al. 
 2005 ; Patabendige et al.  2013 ). Compared with arteriolar or venular endothelium, 
cerebral capillary endothelium has a more complex pattern of tight junction strands 
in freeze-fracture images consistent with tighter tight junctions, and higher expres-
sion of solute transporters including effl ux transporters, and of certain receptors 
involved in transcytosis. Arteriolar endothelium shows higher expression of certain 
enzymes, absence of P-gp and, in a few regions, bidirectional transcytosis of tracers 
such as horseradish peroxidase, creating a local protein ‘leak’. The post-capillary 
venule segment is specialised for regulation of leukocyte traffi c and control of local 
infl ammation. Some differences between the vascular beds of different brain regions 
have been observed at both micro- and macro-levels, but in general their signifi -
cance is unclear.  

1.9     Beyond the Barrier: The Fluid Compartments 
of the ISF and CSF 

 The cells of the brain, chiefl y neurons and macroglia (astrocytes and oligodendro-
cytes) but also microglia, the resident immune cells of the brain, are bathed by an 
ionic medium similar to plasma but containing very low protein and slightly more 
Mg 2+  and less K +  and Ca 2+  (Somjen  2004 ). This extracellular or interstitial fl uid 
(ECF, ISF) occupies around 20 % of the brain volume (Sykova and Nicholson 
 2008 ). The ventricles and subarachnoid space contain CSF, secreted by the choroid 
plexuses of the lateral, third and fourth ventricles and with a daily turnover in 
humans of 2–4 times per day (Silverberg et al.  2003 ). The outfl ow pathways include 
arachnoid granulations (outpouchings of the arachnoid membrane into veins in the 
dura), but some CSF also drains along cranial nerves (especially olfactory) and 
blood vessel sheaths to the lymph nodes of the neck. Species differences have been 
reported in the relative importance of these drainage routes (Johanson et al.  2008 ). 

 The origin and dynamics of the ISF are less well understood. The brain microves-
sels have the ionic transport mechanisms and channels, and low but suffi cient water 
permeability, to generate ISF as a secretion (Fig.  1.5 ), and calculations show that a 
proportion of ISF water may come from glucose metabolism of the brain, aided by 
aquaporin 4 (AQP4) water channels in the perivascular endfeet membranes of astro-
cytes (Abbott  2004 ; Dolman et al.  2005 ). Within the neuropil, the small blocks of 
tissue demarcated by the lattice of fi ne microvessels, in which neural communica-
tion occurs, the distances from the vessel to the furthest neuron are small, typically 
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<30 μm, so that diffusion within the neuropil is an effective means of ionic and 
molecular movement. Indeed many studies in isolated brain slices and in situ con-
fi rm the local diffusive behaviour of test molecules injected into the brain (Thorne 
and Nicholson  2006 ; Wolak and Thorne  2013 ). However, superimposed on this 
local diffusion is the possibility for fl ow of ISF over longer distances.

   There is considerable historical evidence for fl owing ISF, capable of clearing 
waste products including large molecules such as β-amyloid from the interstitium 
moving via routes offering the least resistance to fl ow, along axon tracts and blood 
vessels (Abbott  2004 ; Weller et al.  2008 ,  2009 ). Careful studies of clearance of 
tracer molecules injected into the parenchyma give a fi gure for clearance half-time 
of 2–3 h (Groothuis et al.  2007 ), around ten times faster than reported earlier (Cserr 
et al.  1981 ). Most of this fl ow can be accounted for by fl uid secretion across cerebral 
capillary endothelium (Abbott  2004 ) (Fig.  1.5 ), but recent studies add to a body of 
earlier evidence showing that a proportion of CSF from the subarachnoid space can 
fl ow into the brain along periarterial (Virchow–Robin) spaces, contributing to ISF, 
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  Fig. 1.5    Proposed sites of generation of ISF and routes for ISF fl ow. A large fraction of ISF is 
proposed to be formed by brain capillary endothelium, driven by the ionic gradient set up by the 
abluminal Na, K, ATPase (*  circle  +  arrow ). Water follows passively either through the endothelial 
cell membranes or via the tight junctions ( dashed arrows ). Driven by this hydrostatic pressure 
gradient and with the addition of some CSF from the subarachnoid space, ISF moves by bulk fl ow 
through low-resistance pathways formed by perivascular spaces (PVS, predominantly around 
larger vessels including arterioles and arteries, venules and veins), connecting with (A) glial-lined 
boundary zones between blocks of neuropil and (B) regions adjacent to axon tracts. The narrow 
spaces between cells within the neuropil appear to be too narrow to permit signifi cant bulk fl ow. 
Not to scale. Modifi ed by S. Yusof from Abbott ( 2004 ), with permission       
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with return out along nerve fi bre tracts and blood vessels (Abbott  2004 ; Iliff et al. 
 2012 ; Yang et al.  2013 ). However, there is some controversy over whether arteries 
(Weller et al.  2008 ,  2009 ) or veins (Iliff et al.  2012 ) are chiefl y responsible for the 
ISF outfl ow route from the brain parenchyma. In any event, with the fl ow largely 
confi ned to major extracellular ‘highways’ in the tissue, the rate of turnover will be 
similar to that of CSF. Thus ISF and CSF can be regarded as parallel fl uids main-
taining a continuous fl ow through the low-resistance pathways of the brain (ISF) 
and through the ventricles and subarachnoid space (CSF), capable of some mixing 
and hence with some shared roles, but also many distinct and complementary func-
tions. Between them the CSF and ISF contribute to maintaining tissue buoyancy, 
waste removal, circulation of secretory products such as vitamins and hormones 
from choroid plexuses, non-synaptic or ‘distance’ signalling (‘volume transmis-
sion’) and providing routes for immune surveillance without disturbing neuronal 
networks (Strazielle and Ghersi-Egea  2013 ).  

1.10     Changes in BBB and BCSFB in Pathology 

 The BBB is altered in many CNS pathologies including stroke, multiple sclerosis 
and epilepsy (reviewed in Abbott et al.  2006 ,  2010 ; Friedman  2011 ; Abbott and 
Friedman  2012 ; Daneman  2012 ; Stanimirovic and Friedman  2012 ; Potschka  2012 ). 
Changes can include upregulation of luminal adhesion molecules, increased adhe-
sion and transmigration of leukocytes, increased leakiness of tight junctions, extrav-
asation of plasma proteins via paracellular or transcellular routes and altered 
expression of drug transporters. Given the importance of the BBB in CNS homeo-
stasis, it is clear that gross barrier dysfunction is likely to be associated with distur-
bance of neural signalling, in both the short and the long term (Abbott and Friedman 
 2012 ). In many pathologies, a combination or a sequence of events may make the 
barrier vulnerable, including trauma, hypoxia, infection, activation of the clotting 
system and infl ammation; components of the diet, environmental toxins and genetic 
factors may also contribute (Shlosberg et al.  2010 ). Infl ammation and free radicals 
are now recognised to play major roles in many or even most of the pathologies with 
BBB disturbance, but the aetiology and sequence of changes are generally unclear, 
and in many cases it is not known whether changes occur simultaneously or as part 
of an infl ammatory cascade (Friedman  2011 ; Kim et al.  2013 ). Certain brain regions 
are more often affected, including the hippocampus and cerebral cortex grey matter, 
but again the reasons are uncertain. 

 For minor damage, the cells of the NVU aided by recruitment of leukocytes may 
effect a repair, and short- and long-term changes in protective mechanisms includ-
ing upregulation of effl ux transporters and enzymes may be involved. Certainly 
several types of altered cell:cell interaction can be detected in pathology, particu-
larly between endothelium and astrocytes, but also with powerful roles played by 
microglia, changing from a relatively quiescent and static process- bearing morphol-
ogy to a more amoeboid and migratory form, secreting a different repertoire of 
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cytokines and chemokines (Saijo and Glass  2011 ; Smith et al.  2012 ; Daneman 
 2012 ). Agents released from most of the cells of the NVU in pathology can modu-
late brain endothelial tight junctions, with several infl ammatory mediators increas-
ing barrier permeability and a few agents able to counter or reverse this (Abbott 
et al.  2006 ). Potentiating effects of several cytokines including IL-1β and TNFα on 
the ‘fi rst line’ of infl ammatory mediators (e.g. bradykinin) have been documented 
(Fraser  2011 ). At the molecular level, a great many signalling pathways can be 
identifi ed, regulating both the expression and activity of barrier features, particu-
larly well documented for the effects of xenobiotics, neurotransmitters and infl am-
mation on P-gp (Miller  2010 ). Recent identifi cation of a number of microRNAs 
(miRNAs) shown to infl uence angiogenesis (Caporali and Emanueli  2011 ), vascular 
functions (Hartmann and Thum  2011 ) and BBB physiology/pathology (Reijerkerk 
et al.  2013 ; Mishra and Singh  2013 ) adds a further level of complexity. Furthermore, 
new information on a whole family of secreted and information- carrying extracel-
lular vesicles including exosomes (György et al.  2011 ; Haqqani et al.  2013 ) adds to 
the repertoire of ways in which a cell or a group of cells can infl uence other cells 
nearby or further away. Indeed the fl ow pathways allowing circulation of the brain 
ISF have suitable properties for this kind of non-neural communication (Abbott 
 2004 ) and could also play an important part in the dissemination of CNS patholo-
gies (multiple sclerosis, cancers) that start at a relatively restricted locus. 

 The choroid plexus and CSF/ISF fl ow system are also affected by ageing and 
many pathologies, including tumours, infection, trauma, ischaemia, neurodegen-
erative disease and hydrocephalus (Johanson et al.  2008 ; Serot et al.  2012 ). Many 
of these affect the anatomy, connectivity and outfl ow routes of the fl uid fl ow sys-
tems, but changes in the physiology of the choroid plexus and the resulting distur-
bance in generation and composition of CSF are also critical. Ageing is associated 
with a reduction in CSF production and in secretion of many choroid plexus-
derived proteins, particularly important for the zones of neurogenesis close to the 
ventricular wall.  

1.11     Implications for Drug Delivery 

 The anatomy and physiology of the CNS barriers and fl uid systems described here 
have many implications for drug delivery, whether for agents designed to act in the 
CNS or for those with peripheral targets where the aim is to minimise CNS side 
effects. Clearly barrier changes in ageing and pathology will affect distribution and 
delivery of both CNS and peripheral drugs. Improved experimental methods and 
models, molecular and pharmacokinetic modelling and new developments in under-
standing barrier function help in measuring and predicting the concentration of 
drugs at the active site. The expanding fi eld of ‘biologic’ therapeutics, large mole-
cules with specifi c actions in the CNS, poses new challenges but is also giving novel 
insights into mechanisms and ways to improve CNS drug delivery of complex mol-
ecules. Many of these issues will be discussed in further chapters in this volume.  
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1.12     Points for Discussion 

•     Why is it important to understand the different properties of the three main 
 barrier layers (Sect.  1.1 )? What kinds of technique can be used to establish the 
relative importance of each in determining CNS distribution of a particular drug?  

•   Several ‘key functions’ of the BBB are listed (Sect.  1.2 ). Is it possible to put 
these in order of importance for brain function?  

•   Much of the BBB and choroid plexus literature is devoted to documenting 
changes in pathology. Why has maintenance of healthy function received less 
attention?  

•   What models and techniques would you propose for a new study on cell:cell 
interaction within the NVU?  

•   What is the glycocalyx of the brain endothelium, and what properties of the cells 
is it most likely to infl uence?  

•   Why is it important to know about the organisation of the BBB lipid membrane 
in modelling drug permeation? Why are potential substrates for ABC transport-
ers particularly affected by the membrane composition?  

•   Why is it diffi cult to establish how water moves across the BBB and choroid plexus?  
•   How does knowledge of BBB development help in understanding barrier function?  
•   What is the signifi cance of heterogeneity in function, e.g. between the capillary 

and post-capillary venule segments of the cerebral microvasculature?        

  Acknowledgements   I am grateful to Dr Siti R. Yusof for help with artwork and many colleagues 
for discussions.  

   References 

     Aänismaa P, Gatlik-Landwojtowicz E, Seelig A (2008) P-glycoprotein senses its substrates and the 
lateral membrane packing density: consequences for the catalytic cycle. Biochemistry 
47:10197–10207  

    Abbott NJ (1992) Comparative physiology of the blood–brain barrier. In: Bradbury MWB (ed) 
Physiology and pharmacology of the blood–brain barrier, vol 103, Handb Exp Pharmacol. 
Springer, Heidelberg, pp 371–396  

    Abbott NJ, Mendonça LL, Dolman DE (2003) The blood-brain barrier in systemic lupus erythe-
matosus. Lupus 12:908–915  

          Abbott NJ (2004) Evidence for bulk fl ow of brain interstitial fl uid: signifi cance for physiology and 
pathology. Neurochem Int 45:545–552  

      Abbott NJ (2013) Blood–brain barrier structure and function and the challenges for CNS drug 
delivery. J Inherit Metab Dis 36:437–449  

      Abbott NJ, Friedman A (2012) Overview and introduction: the blood–brain barrier in health and 
disease. Epilepsia 53 (Suppl 6):1–6  

        Abbott NJ, Rönnbäck L, Hansson E (2006) Astrocyte-endothelial interactions at the blood–brain 
barrier. Nat Rev Neurosci 7:41–53  

             Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ (2010) Structure and function of 
the blood–brain barrier. Neurobiol Dis 37:13–25  

    Alvarez JI, Dodelet-Devillers A, Kebir H, Ifergan I, Fabre PJ, Terouz S, Sabbagh M, Wosik K, 
Bourbonnière L, Bernard M, van Horssen J, de Vries HE, Charron F, Prat A (2011) The 

1 Anatomy and Physiology of the Blood–Brain Barriers



18

Hedgehog pathway promotes blood–brain barrier integrity and CNS immune quiescence. 
Science 334:1727–1731  

    Armulik A, Genové G, Mäe M, Nisancioglu MH, Wallgard E, Niaudet C, He L, Norlin J, Lindblom 
P, Strittmatter K, Johansson BR, Betsholtz C (2010) Pericytes regulate the blood–brain barrier. 
Nature 468:557–561  

     Bazan NG, Eady TN, Khoutorova L, Atkins KD, Hong S, Lu Y, Zhang C, Jun B, Obenaus A, 
Fredman G, Zhu M, Winkler JW, Petasis NA, Serhan CN, Belayev L (2012) Novel aspirin- 
triggered neuroprotectin D1 attenuates cerebral ischemic injury after experimental stroke. Exp 
Neurol 236:122–130  

    Becker NH, Novikoff AB, Zimmerman HM (1967) Fine structure observations of the uptake of 
intravenously injected peroxidase by the rat choroid plexus. J Histochem Cytochem 
15:160–165  

    Bodor N, Buchwald P (2003) Brain targeted drug delivery; experiences to date. Am J Drug Deliv 
1:13–26  

    Bundgaard M, Abbott NJ (2008) All vertebrates started out with a glial blood–brain barrier 4–500 
million years ago. Glia 56:699–708  

    Caporali A, Emanueli C (2011) MicroRNA regulation in angiogenesis. Vascul Pharmacol 
55:79–86  

    Cayrol R, Haqqani AS, Ifergan I, Dodelet-Devillers A, Prat A (2011) Isolation of human brain 
endothelial cells and characterization of lipid raft-associated proteins by mass spectroscopy. 
Methods Mol Biol 686:275–295  

    Cording J, Berg J, Käding N, Bellmann C, Tscheik C, Westphal JK, Milatz S, Günzel D, Wolburg 
H, Piontek J, Huber O, Blasig IE (2013) In tight junctions, claudins regulate the interactions 
between occludin, tricellulin and marvelD3, which, inversely, modulate claudin oligomeriza-
tion. J Cell Sci 26:554–564  

     Cristante E, McArthur S, Mauro C, Maggioli E, Romero IA, Wylezinska-Arridge M, Couraud PO, 
Lopez-Tremoleda J, Christian HC, Weksler BB, Malaspina A, Solito E (2013) Identifi cation of 
an essential endogenous regulator of blood–brain barrier integrity, and its pathological and 
therapeutic implications. Proc Natl Acad Sci U S A 110:832–841  

    Cserr HF, Cooper DN, Suri PK, Patlak CS (1981) Effl ux of radiolabeled polyethylene glycols and 
albumin from rat brain. Am J Physiol 240:F319–F328  

         Daneman R (2012) The blood–brain barrier in health and disease. Ann Neurol 72:648–672  
    Daneman R, Agalliu D, Zhou L, Kuhnert F, Kuo CJ, Barres BA (2009) Wnt/beta-catenin signaling 

is required for CNS, but not non-CNS, angiogenesis. Proc Natl Acad Sci U S A 106:641–646  
    Daneman R, Zhou L, Kebede AA, Barres BA (2010) Pericytes are required for blood–brain barrier 

integrity during embryogenesis. Nature 468:562–566  
    Dean M, Annilo T (2005) Evolution of the ATP-binding cassette (ABC) transporter superfamily in 

vertebrates. Annu Rev Genomics Hum Genet 6:123–142  
    Declèves X, Jacob A, Yousif S, Shawahna R, Potin S, Scherrmann JM (2011) Interplay of drug 

metabolizing CYP450 enzymes and ABC transporters in the blood–brain barrier. Curr Drug 
Metab 12:732–741  

    Demel MA, Krämer O, Ettmayer P, Haaksma EE, Ecker GF (2009) Predicting ligand interactions 
with ABC transporters in ADME. Chem Biodivers 6:1960–1969  

    Dodelet-Devillers A, Cayrol R, van Horssen J, Haqqani AS, de Vries HE, Engelhardt B, Greenwood 
J, Prat A (2009) Functions of lipid raft membrane microdomains at the blood–brain barrier. 
J Mol Med (Berl) 87:765–774  

     Dolman D, Drndarski S, Abbott NJ, Rattray M (2005) Induction of aquaporin 1 but not aquaporin 
4 messenger RNA in rat primary brain microvessel endothelial cells in culture. J Neurochem 
93:825–833  

    Engelhardt B, Coisne C (2011) Fluids and barriers of the CNS establish immune privilege by con-
fi ning immune surveillance to a two-walled castle moat surrounding the CNS castle. Fluids 
Barriers CNS 8:4. doi:  10.1186/2045-8118-8-4      

     Fraser PA (2011) The role of free radical generation in increasing cerebrovascular permeability. 
Free Radic Biol Med 51:967–977  

N.J. Abbott

http://dx.doi.org/10.1186/2045-8118-8-4


19

     Friedman A (2011) Blood–brain barrier dysfunction, status epilepticus, seizures, and epilepsy: a 
puzzle of a chicken and egg? Epilepsia 52(Suppl 8):19–20  

    Gatlik-Landwojtowicz E, Aänismaa P, Seelig A (2006) Quantifi cation and characterization of 
P-glycoprotein-substrate interactions. Biochemistry 45:3020–3032  

    Ge S, Song L, Pachter JS (2005) Where is the blood–brain barrier … really? J Neurosci Res 
79:421–427  

    Greenwood J, Heasman SJ, Alvarez JI, Prat A, Lyck R, Engelhardt B (2011) Review: Leucocyte- 
endothelial cell crosstalk at the blood–brain barrier: a prerequisite for successful immune cell 
entry to the brain. Neuropathol Appl Neurobiol 37:24–39  

    Groothuis DR, Vavra MW, Schlageter KE, Kang EW, Itskovich AC, Hertzler S, Allen CV, Lipton 
HL (2007) Effl ux of drugs and solutes from brain: the interactive roles of diffusional transcapil-
lary transport, bulk fl ow and capillary transporters. J Cereb Blood Flow Metab 27:43–56  

    György B, Szabó TG, Pásztói M, Pál Z, Misják P, Aradi B, László V, Pállinger E, Pap E, Kittel A, 
Nagy G, Falus A, Buzás EI (2011) Membrane vesicles, current state-of-the-art: emerging role 
of extracellular vesicles. Cell Mol Life Sci 68:2667–2688  

    Hackel D, Krug SM, Sauer RS, Mousa SA, Böcker A, Pfl ücke D, Wrede EJ, Kistner K, Hoffmann 
T, Niedermirtl B, Sommer C, Bloch L, Huber O, Blasig IE, Amasheh S, Reeh PW, Fromm M, 
Brack A, Rittner HL (2012) Transient opening of the perineurial barrier for analgesic drug 
delivery. Proc Natl Acad Sci U S A 109:E2018–E2027  

    Hamel E (2006) Perivascular nerves and the regulation of cerebrovascular tone. J Appl Physiol 
100:1059–1064  

    Haqqani AS, Hill JJ, Mullen J, Stanimirovic DB (2011) Methods to study glycoproteins at the 
blood–brain barrier using mass spectrometry. Methods Mol Biol 686:337–353  

    Haqqani AS, Delaney CE, Tremblay TL, Sodja C, Sandhu JK, Stanimirovic DB (2013) Method for 
isolation and molecular characterization of extracellular microvesicles released from brain 
endothelial cells. Fluids Barriers CNS 10:4. doi:  10.1186/2045-8118-10-4      

    Hartmann D, Thum T (2011) MicroRNAs and vascular (dys)function. Vascul Pharmacol 
55:92–105  

    Iadecola C, Nedergaard M (2007) Glial regulation of the cerebral microvasculature. Nat Neurosci 
10:1369–1376  

     Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, Benveniste H, Vates GE, Deane R, 
Goldman SA, Nagelhus EA, Nedergaard M (2012) A paravascular pathway facilitates CSF 
fl ow through the brain parenchyma and the clearance of interstitial solutes, including amyloid 
β. Sci Transl Med 4:147ra111. doi:  10.1126/scitranslmed.3003748      

    Janson C, Romanova L, Hansen E, Hubel A, Lam C (2011) Immortalization and functional char-
acterization of rat arachnoid cell lines. Neuroscience 177:23–34  

     Johanson CE, Duncan JA 3rd, Klinge PM, Brinker T, Stopa EG, Silverberg GD (2008) Multiplicity 
of cerebrospinal fl uid functions: new challenges in health and disease. Cerebrospinal Fluid Res 
5:10. doi:  10.1186/1743-8454-5-10      

    Kim SY, Buckwalter M, Soreq H, Vezzani A, Kaufer D (2013) Blood–brain barrier 
 dysfunction- induced infl ammatory signaling in brain pathology and epileptogenesis. Epilepsia 
53(Suppl 6):37–44  

    Kodaira H, Kusuhara H, Ushiki J, Fuse E, Sugiyama Y (2010) Kinetic analysis of the cooperation 
of P-glycoprotein (P-gp/Abcb1) and breast cancer resistance protein (Bcrp/Abcg2) in limiting 
the brain and testis penetration of erlotinib, fl avopiridol, and mitoxantrone. J Pharmacol Exp 
Ther 333:788–796  

    Krämer SD, Schütz YB, Wunderli-Allenspach H, Abbott NJ, Begley DJ (2002) Lipids in blood–
brain barrier models in vitro II: infl uence of glial cells on lipid classes and lipid fatty acids. In 
Vitro Cell Dev Biol 38:566–571  

    Lam CH, Hansen EA, Hubel A (2011) Arachnoid cells on culture plates and collagen scaffolds: 
phenotype and transport properties. Tissue Eng Part A 17:1759–1766  

    Lam CH, Hansen EA, Janson C, Bryan A, Hubel A (2012) The characterization of arachnoid cell 
transport II: paracellular transport and blood-cerebrospinal fl uid barrier formation. Neuroscience 
222:228–238  

1 Anatomy and Physiology of the Blood–Brain Barriers

http://dx.doi.org/10.1186/2045-8118-10-4
http://dx.doi.org/10.1126/scitranslmed.3003748
http://dx.doi.org/10.1186/1743-8454-5-10


20

     Liebner S, Corada M, Bangsow T, Babbage J, Taddei A, Czupalla CJ, Reis M, Felici A, Wolburg H, 
Fruttiger M, Taketo MM, von Melchner H, Plate KH, Gerhardt H, Dejana E (2008) Wnt/
beta-catenin signaling controls development of the blood–brain barrier. J Cell Biol 183:409–417  

    Liebner S, Czupalla CJ, Wolburg H (2011) Current concepts of blood–brain barrier development. 
Int J Dev Biol 55:467–476  

    Liu DZ, Ander BP, Xu H, Shen Y, Kaur P, Deng W, Sharp FR (2010) Blood–brain barrier break-
down and repair by Src after thrombin-induced injury. Ann Neurol 67:526–533  

    MacAulay N, Zeuthen T (2010) Water transport between CNS compartments: contributions of 
aquaporins and cotransporters. Neuroscience 168:941–956  

    Mäe M, Armulik A, Betsholtz C (2011) Getting to know the cast–cellular interactions and signal-
ing at the neurovascular unit. Curr Pharm Des 17:2750–2754  

    Mathiisen TM, Lehre KP, Danbolt NC, Ottersen OP (2010) The perivascular astroglial sheath 
provides a complete covering of the brain microvessels: an electron microscopic 3D recon-
struction. Glia 58:1094–1103  

    Mayor S, Pagano RE (2007) Pathways of clathrin-independent endocytosis. Nat Rev Mol Cell Biol 
8:603–612  

    McArthur S, Cristante E, Paterno M, Christian H, Roncaroli F, Gillies GE, Solito E (2010) Annexin 
A1: a central player in the anti-infl ammatory and neuroprotective role of microglia. J Immunol 
185:317–328  

    Miller DS (2010) Regulation of P-glycoprotein and other ABC drug transporters at the blood brain 
barrier. Trends Pharmacol Sci 31:246–254  

    Mishra R, Singh SK (2013) HIV-1 Tat C modulates expression of miRNA-101 to suppress 
VE-cadherin in human brain microvascular endothelial cells. J Neurosci 33:5992–6000  

    Nabeshima S, Reese TS, Landis DMD, Brightman MW (1975) Junctions in the meninges and 
marginal glia. J Comp Neurol 164:127–169  

     Neuwelt EA, Bauer B, Fahlke C, Fricker G, Iadecola C, Janigro D, Leybaert L, Molnár Z, 
O’Donnell ME, Povlishock JT, Saunders NR, Sharp F, Stanimirovic D, Watts RJ, Drewes LR 
(2011) Engaging neuroscience to advance translational research in brain barrier biology. Nat 
Rev Neurosci 12:169–182  

    Paolinelli R, Corada M, Orsenigo F, Dejana E (2011) The molecular basis of the blood brain bar-
rier differentiation and maintenance. Is it still a mystery? Pharmacol Res 63:165–171  

    Parkinson FE, Damaraju VL, Graham K, Yao SY, Baldwin SA, Cass CE, Young JD (2011) 
Molecular biology of nucleoside transporters and their distributions and functions in the brain. 
Curr Top Med Chem 11:948–972  

    Patabendige A, Skinner RA, Morgan L, Abbott NJ (2013) A detailed method for preparation of a 
functional and fl exible blood–brain barrier model using porcine brain endothelial cells. Brain 
Res 1521:16–30, doi:pii: S0006-8993(13)00519-2.   10.1016/j.brainres.2013.04.006      

    Potschka H (2012) Role of CNS effl ux drug transporters in antiepileptic drug delivery: overcoming 
CNS effl ux drug transport. Adv Drug Deliv Rev 64:943–952  

    Pottiez G, Duban-Deweer S, Deracinois B, Gosselet F, Camoin L, Hachani J, Couraud PO, 
Cecchelli R, Dehouck MP, Fenart L, Karamanos Y, Flahaut C (2011) A differential proteomic 
approach identifi es structural and functional components that contribute to the differentiation 
of brain capillary endothelial cells. J Proteomics 75:628–641  

    Ransohoff RM, Brown MA (2012) Innate immunity in the central nervous system. J Clin Invest 
122:1164–1171  

    Ransohoff RM, Engelhardt B (2012) The anatomical and cellular basis of immune surveillance in 
the central nervous system. Nat Rev Immunol 12:623–635  

    Ransohoff RM, Perry VH (2009) Microglial physiology: unique stimuli, specialized responses. 
Annu Rev Immunol 27:119–145  

     Redzic Z (2011) Molecular biology of the blood–brain and the blood-cerebrospinal fl uid barriers: 
similarities and differences. Fluids Barriers CNS 8:3. doi:  10.1186/2045-8118-8-3      

    Reese TS, Karnovsky MJ (1967) Fine structural localization of a blood–brain barrier to exogenous 
peroxidase. J Cell Biol 34:207–217  

N.J. Abbott

http://dx.doi.org/10.1016/j.brainres.2013.04.006
http://dx.doi.org/10.1186/2045-8118-8-3


21

     Reijerkerk A, Lopez-Ramirez MA, van Het Hof B, Drexhage JA, Kamphuis WW, Kooij G, Vos JB, 
van der Pouw Kraan TC, van Zonneveld AJ, Horrevoets AJ, Prat A, Romero IA, de Vries HE 
(2013) MicroRNAs regulate human brain endothelial cell-barrier function in infl ammation: 
implications for Multiple Sclerosis. J Neurosci 33:6857–6863  

    Saijo K, Glass CK (2011) Microglial cell origin and phenotypes in health and disease. Nat Rev 
Immunol 11:775–787  

     Saunders NR, Daneman R, Dziegielewska KM, Liddelow SA (2013) Transporters of the blood–
brain and blood-CSF interfaces in development and in the adult. Mol Aspects Med 34:
742–752  

       Seelig A (2007) The role of size and charge for blood–brain barrier permeation of drugs and fatty 
acids. J Mol Neurosci 33:32–41  

    Serot JM, Zmudka J, Jouanny P (2012) A possible role for CSF turnover and choroid plexus in the 
pathogenesis of late onset alzheimer’s disease. J Alzheimers Dis 30:17–26  

    Shawahna R, Uchida Y, Declèves X, Ohtsuki S, Yousif S, Dauchy S, Jacob A, Chassoux F, 
Daumas-Duport C, Couraud PO, Terasaki T, Scherrmann JM (2011) Transcriptomic and quan-
titative proteomic analysis of transporters and drug metabolizing enzymes in freshly isolated 
human brain microvessels. Mol Pharm 8:1332–1341  

    Shen L, Weber CR, Turner JR (2008) The tight junction protein complex undergoes rapid and 
continuous molecular remodeling at steady state. J Cell Biol 181:683–695  

    Shlosberg D, Benifl a M, Kaufer D, Friedman A (2010) Blood–brain barrier breakdown as a thera-
peutic target in traumatic brain injury. Nat Rev Neurol 6:393–403  

    Silverberg GD, Mayo M, Saul T, Rubenstein E, McGuire D (2003) Alzheimer’s disease, normal- 
pressure hydrocephalus, and senescent changes in CSF circulatory physiology: a hypothesis. 
Lancet Neurol 2:506–511  

    Smith JA, Das A, Ray SK, Banik NL (2012) Role of pro-infl ammatory cytokines released from 
microglia in neurodegenerative diseases. Brain Res Bull 87:10–20  

    Somjen GG (2004) Ions in the brain: normal function, seizures and stroke. Oxford University 
Press, Oxford  

    Stanimirovic DB, Friedman A (2012) Pathophysiology of the neurovascular unit: disease cause or 
consequence? J Cereb Blood Flow Metab 32:1207–1221  

         Strazielle N, Ghersi-Egea JF (2013) Physiology of blood–brain interfaces in relation to brain dis-
position of small compounds and macromolecules. Mol Pharm 10:1473–1491  

    Sykova E, Nicholson C (2008) Diffusion in brain extracellular space. Physiol Rev 88:1277–1340  
    Thorne RG, Nicholson C (2006) In vivo diffusion analysis with quantum dots and dextrans pre-

dicts the width of brain extracellular space. Proc Natl Acad Sci U S A 103:5567–5572  
    Tian W, Sawyer A, Kocaoglu FB, Kyriakides TR (2011) Astrocyte-derived thrombospondin-2 is 

critical for the repair of the blood–brain barrier. Am J Pathol 179:860–868  
    Weerasuriya A, Spangler RA, Rapoport SI, Taylor RE (1984) AC impedance of the perineurium of 

the frog sciatic nerve. Biophys J 46:167–174  
     Weller RO, Subash M, Preston SD, Mazanti I, Carare RO (2008) Perivascular drainage of amyloid- 

beta peptides from the brain and its failure in cerebral amyloid angiopathy and Alzheimer’s 
disease. Brain Pathol 18:253–266  

     Weller RO, Djuanda E, Yow HY, Carare RO (2009) Lymphatic drainage of the brain and the patho-
physiology of neurological disease. Acta Neuropathol 117:1–14  

    Wolak DJ, Thorne RG (2013) Diffusion of macromolecules in the brain: implications for drug 
delivery. Mol Pharm 10:1492–1504  

    Yang L, Kress BT, Weber HJ, Thiyagarajan M, Wang B, Deane R, Benveniste H, Iliff JJ, Nedergaard 
M (2013) Evaluating glymphatic pathway function utilizing clinically relevant intrathecal infu-
sion of CSF tracer. J Transl Med 11:107, [Epub ahead of print] PubMed PMID: 23635358  

    Yasuda K, Cline C, Vogel P, Onciu M, Fatima S, Sorrentino BP, Thirumaran RK, Ekins S, Urade 
Y, Fujimori K, Schuetz EG (2013) Drug transporters on arachnoid barrier cells contribute to the 
blood-cerebrospinal fl uid barrier. Drug Metab Dispos 41:923–931    

1 Anatomy and Physiology of the Blood–Brain Barriers



23M. Hammarlund-Udenaes et al. (eds.), Drug Delivery to the Brain, AAPS Advances 
in the Pharmaceutical Sciences Series 10, DOI 10.1007/978-1-4614-9105-7_2, 
© American Association of Pharmaceutical Scientists 2014

    Abstract     The blood–brain barrier (BBB) and the blood–CSF barrier (BCSFB) 
 possess multiple transport systems for endogenous and xenobiotic compounds to 
maintain functional homeostasis in the central nervous system (CNS). Accumulating 
evidence on the transport systems has provided a basis for the development of ratio-
nal strategies for drug delivery and targeting to CNS. The blood-to-brain infl ux trans-
port systems at the BBB have a great potential for CNS-acting drug delivery and 
targeting to the brain. The brain-to-blood effl ux transport systems at the BBB includ-
ing ATP-binding cassette transporters hinder the drug penetration to the brain. Effl ux 
transport systems at the BBB and BCSFB also play an important role in cerebral 
clearance of endogenous neurotoxic compounds which are associated with disorders 
of the CNS. Several drugs infl uence the endogenous clearance system at the brain 
barriers. This chapter focuses on the current state of knowledge concerning the roles 
of transport systems for endogenous and xenobiotic compounds at the BBB and the 
BCSFB, and the potential implications of these systems for CNS drug delivery.  
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  Eaat    Excitatory amino acid transporter   
  ENT    Equilibrative nucleoside transporter   
  4F2hc    Heavy chain of the 4F2 cell-surface antigen   
  GABA    γ-Aminobutyric acid   
  GAMT    S-Adenosylmethionine:guanidinoacetate N-methyltransferase   
  Gat    γ-Aminobutyric acid transporter   
  GLUT    Glucose transporter   
  GC    Guanidino compound   
  GlySar    Glycylsarcosine   
  hCMEC/D3    Human capillary endothelial cell line   
  HDL    High-density lipoprotein   
  HVA    Homovanillic acid   
  IS    Indoxyl sulfate   
  LAT/Lat    L-type amino acid transporter   
  LRP    Low-density lipoprotein receptor-related protein   
  Mate    Multidrug and toxin extrusion transporter   
  MCT/Mct    Monocarboxylic acid transporter   
  MDR    Multidrug-resistance protein   
  6-MP    6-Mercaptopurine   
  MPP +     1-Methyl-4-phenylpyridinium   
  MRP/Mrp    Multidrug-resistance-associated protein   
  mTOR    Mammalian target of rapamycin   
  Npr-C    Natriuretic peptide receptor C   
  NSAID    Nonsteroidal anti-infl ammatory drug   
  Oat    Organic anion transporter   
  OATP/Oatp    Organic anion transporting polypeptide   
  Oct    Organic cation transporter   
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  Octn    Organic cation/carnitine transporters   
  PAO    Phenylarsine oxide   
  Pept    Proton-coupled oligopeptide transporter   
  PGE 2     Prostaglandin E 2    
  P-gp    P-glycoprotein   
  Pmat    Plasma membrane monoamine transporter   
  RIM    Rimantadine   
  Taut    Taurine transporter   
  TCDD    2,3,7,8-Tetrachlorodibenzo- p -dioxin   
  PPx    Pharmacoproteomics   
  SLC    Solute carrier   
  6-TG    6-Thioguanine   
  TR-BBB    Rat conditionally immortalized brain capillary endothelial cell line   
  TR-CSFB    Conditionally immortalized choroid plexus epithelial cell line   

2.1           Introduction 

 The development of drugs targeting the central nervous system (CNS) is a major 
challenge in pharmaceutical research. Successful treatment of CNS disorders such 
as epilepsy, Alzheimer’s disease, Parkinson’s disease, and brain tumors requires 
the development of rational strategies not only to identify appropriate targets in the 
brain but also to deliver drugs at appropriate concentrations to the brain across the 
blood–brain/CSF interfaces. The development of many CNS-acting drug candidates 
has had to be discontinued at an early stage due to the lack of molecular features 
essential for crossing these interfaces (Abbott et al.  2006 ; Pardridge  2012 ). It is thus 
essential to design drugs with the necessary characteristics for effective entry into 
the brain (Ohtsuki and Terasaki  2007 ; Terasaki and Tsuji  1994 ; Pardridge  2001 ). 

 The blood–brain and blood–CSF interfaces consist of the blood–brain barrier 
(BBB) and the blood–cerebrospinal fl uid barrier (BCSFB), respectively (Fig.  2.1 ). 
The BBB and the BCSFB, which are created by the complex tight junctions of brain 
capillary endothelial cells and choroid plexus epithelial cells, respectively, possess 
a variety of transport systems which serve to maintain functional CNS homeostasis, 
though the molecular components and regulatory mechanisms involved still remain 
to be fully clarifi ed. Figure  2.2  illustrates two typical BBB or BCSFB transport 
models in brain capillary endothelial cells and choroid plexus epithelial cells. One 
is the blood-to-brain/CSF infl ux transport system that supplies nutrients to the brain/
CSF. The other is the brain/CSF-to-blood effl ux transport system that acts to elimi-
nate metabolites, neurotoxic compounds, and drugs from brain/CSF. Pharmacokinetic 
analysis using a distributed model has demonstrated distinct contributions of BBB 
and BCSFB transport systems to the restricted distribution of antihuman immuno-
defi ciency virus drugs in brain parenchyma and CSF (Takasawa et al.  1997 ). 
Specifi cally, (1) effl ux transport across the BBB plays a predominant role in the 
apparently restricted distribution of these drugs in brain parenchymal tissues, but 
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not in the CSF, whereas (2) effl ux transport across the BCSFB determines the 
restricted distribution in the CSF, but not in brain parenchymal tissues.

    It has become increasingly clear that transporters on the plasma membrane of 
rate-limiting functional barriers play an integral role in determining the concentra-
tions of their substrates in the brain (Ohtsuki and Terasaki  2007 ; Spector and 
Johanson  2010 ; Ohtsuki et al.  2011 ; Pardridge  2012 ). Identifi cation of various trans-
port systems, including families of solute carrier (SLC) transporters and ATP- 
binding cassette (ABC) transporters, has provided evidence at the molecular level 
that the BBB and BCSFB have multiple physiological interfaces: (1) supplying 
essential nutrients, hormones, and mimetic drugs to the brain, (2) eliminating 
endogenous metabolites produced within the brain, and (3) preventing the entry of 
circulating drugs and toxic agents into the brain. Furthermore, research on the regu-
latory mechanisms of transport functions at the brain barriers has recently pro-
gressed well. We have established the quantitative protein expression atlas of 
transporters at the BBB of humans (Uchida et al.  2011b ), as well as mice (Kamiie 
et al.  2008 ) and monkeys (Ito et al.  2011a ), by means of a liquid chromatography–
tandem mass spectrometric quantifi cation method. This new technology has made it 

  Fig. 2.1    Roles of the blood–brain barrier (BBB) and the blood–cerebrospinal fl uid barrier 
(BCSFB) in drug distribution to brain parenchyma and CSF       
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possible, for the fi rst time, to measure quantitatively the absolute protein amounts of 
BBB transporters, including SLC transporters such as Na + -independent L-type 
amino acid transporter (LAT1/SLC7A5) and its associated protein (the heavy chain 
of the 4F2 cell-surface antigen, 4F2hc/CD98/SLC3A2), facilitative glucose trans-
porter 1 (GLUT1/SLC2A1), and monocarboxylic acid transporter 1 (MCT1/
SLC16A1), as well as ABC transporters such as the breast cancer-resistance protein 
(BCRP/ABCG2), P-glycoprotein (P-gp/MDR1/ABCB1), and multidrug-resistance- 
associated protein 4 (MRP4/ABCC4). However, this work will not be described in 
detail here, as it is covered in Chap.   3    . 

 It had long been believed that increasing the lipophilicity of a poorly permeable 
drug tends to increase its BBB permeability (Levin  1980 ). Indeed, passive diffusion 
of small molecules across the plasma membrane is dependent on their lipophilicity 
in general. However, brain distribution of quite highly lipophilic drugs is often 
restricted, due to the functional barrier formed by BBB effl ux transporters. As the 
concentration of drugs in the brain interstitial fl uid would be signifi cantly decreased 
by active BBB effl ux transporter function, an understanding of the molecular mech-
anisms of both infl ux and effl ux transporters at the BBB is crucial for research on 
drug delivery and drug targeting to the brain. 

 In this chapter, we discuss recent progress in research on the molecular mecha-
nisms of the transport systems in the BBB (Table  2.1 ) and BCSFB (Table  2.2 ) and 
their infl uence on the BBB permeability of drugs.  

  Fig. 2.2    Transport models at the blood–brain barrier (BBB) and blood–cerebrospinal fl uid barrier 
(BCSFB)       
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   Table 2.1    Transporters expressed at the BBB   

 Transporters  Typical substrates  Localization  Direction 

 Energy transport system 
 Glut1 (Slc2a1) 
 Mct1 (Slc16a1) 
 Crt (Slc6a8) 

  d -Glucose 
  l -Lactate, monocarboxylates 
 Creatine, guanidino compounds 

 L, A 
 L, A 
 L, A 

 In 
 In 
 In 

 Amino acid transport system 
 Lat1(Slc7a5)/4F2hc(Slc3a2) 
 Cat1 (Slc7a1) 
 Eaat1, 2, 3 (Slc1a3, 2, 1) 
 Asct2 (Slc1a5) 
 Ata2 (Slc38a2) 
 xCT(Slc7a11)/4F2hc(Slc3a2) 
 Taut (Slc6a6) 
 ATB 0,+  (Slc6a14) 

 Large neutral amino acids 
 Cationic amino acids 
 Anionic amino acids 
  l -Aspartic acid,  l -Glutamic acid 
 Small neutral amino acids 
  l -Cystine,  l -Glutamic acid 
 Taurine, β-alanine 
 Neutral/cationic amino acids 

 – 
 – 
 A 
 A 
 – 
 – 
 – 
 – 

 In 
 In 
 Ef 
 Ef 
 Ef 
 In 
 In, Ef 
 – 

 Neurotransmitter transport 
system 

 Gat2/Bgt1 (Slc6a12) 
 Sert (Slc6a4) 
 Net (Slc6a2) 

 γ-Aminobutyric acid 
 Serotonin 
 Norepinephrine 

 – 
 L, A 
 A 

 Ef 
 – 
 – 

 Organic anion transport 
system 

 Oat3 (Slc22a3) 

 Oatp1a4 (Slco1a4) 
 Oatp1c1 (Slco1c1) 
 Octn2 (Slc22a5) 
 Pmat (Slc29a4) 

  para -Aminohippuric acid, 
homovanillic acid, indoxyl 
sulfate 

 Digoxin, organic anions 
 Thyroid hormone 
 Carnitine 
 Monoamine neurotransmitters 

 A 

 L, A 
 – 
 – 
 – 

 Ef 

 In, Ef 
In 
 In 
 Ef 

 Nucleoside transport system 
 Cnt2 (Slc28a2)  Nucleosides  –  In 
 ABC transporters 
 Abca1 
 Abcb1/Mdr1 
 Abcc4/Mrp4 
 Abcg2/Bcrp 

 Cholesterol 
 Vincristine, cyclosporine A 
 Topotecan 
 Mitoxantron, topotecan 

 – 
 L 
 L 
 L 

 – 
 Ef 
 Ef 
 Ef 

  Localization: luminal side (L) and abluminal side (A) of brain capillary endothelial cells. Direction: 
blood-to-brain infl ux transport (In) and brain-to-blood effl ux transport (Ef). –: Not determined. 
The table is taken from Ohtsuki and Terasaki ( 2007 ) with some modifi cations  

     Table 2.2    In vivo transport characteristics of cationic drugs at the BBB   

 Substrate 
 Infl ux permeability 
rate (μl/min/g brain) 

 Transport characteristics/
compounds that interact with  Species  References 

 Nicotine  1,080 (In situ)  H + -coupled antiporter/
Diphenhydramine, 
MDMA, clonidine 
(In situ) 

 Mouse  Cisternino et al. 
( 2013 ) 

 Nicotine  272 (IV)  Pyrilamine (BUI)  Rat  Tega et al. ( 2012 ) 
 Clonidine  366 (In situ)  H + -coupled antiporter/

Diphenhydramine 
 oxycodone, morphine, 

nicotine (In situ) 

 Mouse  Andre et al. ( 2009 ) 

(continued)
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2.2     Blood-to-Brain Infl ux Transport Systems at the BBB 

2.2.1     Transporters for Nutrients 

 There is increasing interest in utilizing infl ux transporters, e.g., Lat1/Slc7a5, Glut1/
Slc2a1, and Mct1/Slc16a1, for drug delivery to the brain in the design of CNS- 
acting drugs, and therefore clarifi cation of the requirements for substrate recogni-
tion by infl ux transporters is essential. 

2.2.1.1     LAT1/SLC7A5 

 Lat1/Slc7a5, which forms a heterodimer with its associated protein, the heavy chain 
of the 4F2 cell-surface antigen (4F2hc/CD98/Slc3a2), has a high transport capacity 
(Kanai et al.  1998 ) and is potentially available as a carrier of drugs that structurally 
mimic its endogenous substrates. Lat1, which is preferentially localized at the BBB 

 Substrate 
 Infl ux permeability 
rate (μl/min/g brain) 

 Transport characteristics/
compounds that interact with  Species  References 

 Oxycodone  1,910 (MD)  H + -coupled antiporter/
Pyrilamine (In situ) 

 Rat  Boström et al. 
( 2006 ), Okura 
et al. ( 2008 ) 

 Pyrilamine  1,620 a  (BUI)  Diphenhydramine, 
propranolol (BUI) 

 Rat  Yamazaki et al. 
( 1994b ) 

 Verapamil  131 (IV)  Quinidine, pyrilamine (BUI)  Rat  Kubo et al. ( 2013 ) 
 Naloxone  305 (BUI)  H + -dependent/Pyrilamine, 

diphenhydramine, 
ketotifen, lidocaine, 
propranolol (BUI) 

 Rat  Suzuki et al. 
( 2010a ,  b ) 

 Donepezil  668 (IV)  Choline (IV)  Rat  Kim et al. ( 2010 ) 
 Quinidine  25.5 (IV)  P-gp-mediated effl ux/SDZ 

PSC833 (P-gp inhibitor) 
(IV) 

 Rat  Kusuhara et al. 
( 1997 ) 

 Fentanyl  1,840 (In situ)  –  Mouse  (Dagenais et al. 
 2004 ) 

 Morphine  10.4 (In situ)  –  Mouse  (Dagenais et al. 
 2004 ) 

 Pentazocine  625 (In situ)  H + -dependent/Lidocaine, 
imipramine, propranolol, 
pyrilamine, diphenhydr-
amine (BUI) 

 Rat  Suzuki et al. 
( 2002a ,  b ) 

   IV  Intravenous administration,  BUI  brain uptake index method,  In situ  in situ perfusion,  MD  brain 
microdialysis,  MDMA  N,α-dimethyl-3,4-(methylenedioxy)phenethylamine 
  a Infl ux permeability rate is shown as maximum infl ux permeability rate, calculated by dividing 
Vmax by Km  

Table 2.2 (continued)
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(Boado et al.  1999 ), transports large neutral  l -amino acids with a bulky side chain, 
e.g.,  l -phenylalanine,  l -tyrosine,  l -tryptophan, and  l -leucine (Kanai et al.  1998 ), 
with high affi nity (Km = approximately 10–20 μM for human LAT1 Yanagida et al. 
 2001 ). Hence Lat1/4F2hc heterodimer plays a crucial role in the blood-to-brain 
infl ux transport of substrate amino acids. The in vivo carrier-mediated infl ux trans-
port has been studied using an in situ rat brain perfusion technique. In this tech-
nique, the infl ux permeability rate is determined as maximum infl ux permeability 
rate, obtained by dividing the maximal infl ux rate Vmax by the half-saturation con-
centration Km, because this approach makes it possible to neglect the inhibitory 
effect of endogenous amino acids in the circulating blood. The maximal infl ux per-
meability rates of  l -leucine [2,500 μl/(min·g brain)] (Smith et al.  1984 ) and l - 
Phenylalanine [3,700 μl/(min·g brain)] (Smith et al.  1987 ) across the BBB are 
approximately 20- to 30-fold greater than that of  d -glucose [129 μl/(min·g brain)] 
(Pardridge  1988 ) in rats. When the plasma concentrations of endogenous amino 
acids ( l -phenylalanine: 80 μM,  l -leucine: 180 μM,  d -glucose: 5,500 μM) are con-
sidered according to Michaelis-Menten kinetics, the infl ux permeability rates are 
estimated to be 451 [μl/(min·g brain)] for  l -phenylalanine, 311[μl/(min·g brain)] for 
 l -leucine, and 86 [μl/(min·g brain)] for  d -glucose (Ohtsuki and Terasaki  2007 ; 
Smith et al.  1984 ,  1987 ; Pardridge  1988 ). Lat1 also transports thyroid hormones (T3 
and T4), which are essential for brain development, although it was suggested to 
have only a minimal role in thyroid hormone transport (del Amo et al.  2008 ). 

 Several drugs with structures related to Lat1 substrates (Fig.  2.3 ), including 
 l -DOPA (levodopa; used to treat Parkinson’s disease), the alkylating agent melpha-
lan (phenylalanine mustard), the antiepileptic drug gabapentin, and the muscle 
relaxant baclofen are transported into the brain via Lat1 (Kageyama et al.  2000 ; 
Abbott and Romero  1996 ). Furthermore, a sophisticated pro-drug approach (Rautio 
et al.  2008 ) has been developed to transport BBB-nonpermeable drugs into the CNS 
by conjugating an active drug with a Lat1 substrate-mimicking pro-moiety in a 
bioreversible manner (Pavan and Dalpiaz  2011 ). Rautio’s group has developed 
 pro- drugs (Fig.  2.3 ) of ketoprofen, a nonsteroidal anti-infl ammatory drug (NSAID) 

  Fig. 2.3    Structures of L-type amino acid transporter (Lat1) substrates       
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( l -tyrosine conjugate Gynther et al.  2008 ) and valproic acid, a broad-spectrum 
 anticonvulsant drug (conjugate with para- and meta-substituted phenylalanine 
derivatives Peura et al.  2011 ), which are delivered to the brain via Lat1 at the BBB. 
It has been reported that the brain uptake of valproic acid is mediated by a transport 
system for medium-chain fatty acids (Adkison and Shen  1996 ). On the other hand, 
the brain-to-blood effl ux clearance [508 μl/(min·g brain)] is 2.7-fold greater than the 
infl ux clearance [187 μl/(min·g brain)] in rats (Kakee et al.  2002 ). The predominant 
brain-to-blood effl ux transport at the BBB may explain the restricted distribution of 
valproic acid to the brain. Although it has been reported that P-gp, Mrp1, and Mrp2 
are not involved in the effl ux transport of valproic acid at the BBB (Baltes et al. 
 2007 ), the molecular identity of the transporter(s) responsible for the BBB active 
effl ux of valproic acid remains to be elucidated. Hence, design of a LAT1- 
transportable pro-drug of valproic acid would be an intriguing strategy for improv-
ing the CNS delivery.

   Ylikangas et al. ( 2012 ) have established a three-dimensional (3D) pharmaco-
phore for Lat1 substrates through ligand-based molecular modeling of 28 structurally 
diverse compounds, including endogenous Lat1 substrates (Ylikangas et al.  2012 ). 
This 3D pharmacophore features: (1) a hydrogen bond acceptor, (2) an aromatic 
ring, (3) a negatively charged group, and (4) a hydrogen bond donor. In accordance 
with this model, it has been reported that the amide conjugate of ketoprofen 
and  l -lysine (Fig.  2.3 ), both of which are non-Lat1 substrates, exhibits Lat1- 
mediated brain uptake (Gynther et al.  2010 ). This 3D pharmacophore for Lat1 has 
provided new insight for the design and optimization of new Lat1-transportable 
pro-drugs. 

 Lat1 is expected to be saturated by endogenous amino acids under physiological 
conditions, since the values of half-saturation concentration (Km) for Lat1 are 
smaller than the plasma concentrations of neutral amino acids (del Amo et al.  2008 ). 
For example, it has been reported that the Km of rat Lat1-mediated  l -DOPA trans-
port is about 34 μM (Uchino et al.  2002 ), while the typical therapeutic range of 
 l -DOPA concentration in plasma is 1.2–6.5 μM. Further, the total concentration of 
relevant amino acids in plasma is from 0.4 mM to 2.3 mM, and the average affi nity 
(Ki) of these amino acids for Lat1 is about 70–10 μM (Huang et al.  1998 ). Calculation 
based on Michaelis-Menten kinetics indicates that the  l -DOPA transport capacity is 
99.6–98 % saturated by endogenous amino acids. Therefore, Lat1 substrate drugs are 
expected to be transported from the blood to the brain at a constant rate. It should be 
noted that a high-protein diet increased the plasma levels of neutral amino acids and 
decreased the effect of  l -DOPA due to competitive inhibition at the BBB (Pincus and 
Barry  1988 ). Thus, it is essential to design new drugs with suffi ciently high affi nity 
for Lat1 so that they can compete with endogenous Lat1 substrates for brain uptake. 

 Although LAT1 is commonly expressed at human and nonprimate BBB, the 
absolute protein level of LAT1 in human brain capillaries is 19.7 % of that in mouse 
(Kamiie et al.  2008 ; Uchida et al.  2011b ). Furthermore, there are differences in 
the amino acid sequence of the transporter (Prasad et al.  1999 ), implying that there 
may be species differences in substrate recognition by LAT1. Indeed, the affi nity of 
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rabbit Lat1 for tryptophan and phenylalanine is lower than that of human or rat 
Lat1, owing to the mutations W234L and G219D (Boado et al.  2003 ). Most studies 
have been performed with healthy animals, and some CNS disorders may result in 
altered expression and function of Lat1. For example, Lat1 mRNA expression in 
brain capillaries is reduced in a mouse model of Parkinson’s disease (Ohtsuki et al. 
 2010 ). It is thus important in future studies to clarify fully the substrate specifi city 
of human LAT1, as well as the expression levels of LAT1 at the BBB in patients 
with CNS disorders.  

2.2.1.2     GLUT1/SLC2A1 

 GLUT1/SLC2A1 is an Na + -independent facilitative glucose transporter, which 
plays a major role at the BBB in ensuring a constant supply of  d -glucose (the main 
energy source for the brain) from the circulating blood to the brain. Glut1 is local-
ized on both the luminal and abluminal membranes of brain capillary endothelial 
cells (Farrell and Pardridge  1991 ). It is also involved in the blood-to-brain supply of 
 l -dehydroascorbic acid, an oxidized form of  l -ascorbic acid that is reduced to 
 l -ascorbic acid in the brain (Agus et al.  1997 ). Inherited GLUT1-defi ciency syn-
drome involves defective glucose transport at the BBB, leading to persistent hypo-
glycorrhachia, infantile seizures, and developmental delay (De Vivo et al.  1991 ). 
Thus, GLUT1 at the BBB is crucial for CNS development and function. It has been 
reported that  l -serinyl-β- d -glucoside analogs of Met 5 -enkephalin exhibit greater 
BBB permeability than the parent peptide (Polt et al.  1994 ), implying that Glut1 is 
a transporter for glycosylated peptides. On the other hand, chemotherapeutic agents 
coupled with  d -glucose ( d -glucose-chlorambucil derivatives) inhibit Glut1- 
mediated transport activity, but are not actually transported by human GLUT1 
(Halmos et al.  1996 ). A recent study on the structure-transport activity relationship 
of human GLUT1 revealed that Ile287 located at transmembrane 7 (TM7) is a key 
residue for maintaining high glucose affi nity and is located at or near the exofacial 
glucose-binding site (Kasahara et al.  2009 ). This raises the possibility that TM7 is 
involved in the substrate permeation pathway and/or contributes to the dynamic 
conformational change of GLUT1 caused by substrate binding. Furthermore, Sun 
et al. ( 2012 ) have established the crystal structure of XylE, an  Escherichia coli  
homologue of Glut1-4, in the complex with  d -glucose (Sun et al.  2012 ). They iden-
tifi ed several amino acid residues that are involved in  d -glucose recognition in XylE 
and are invariant in Glut1-4. Although Glut1-mediated drug transport at the BBB 
might be feasible, it appears that the substrate specifi city of Glut1 is strict and at 
present Glut1 cannot be considered a target of choice for drug delivery to the CNS. 
Indeed, the anticonvulsant valproic acid depresses local glucose utilization in 
humans (Leiderman et al.  1991 ), and this is at least partly caused by its inhibition of 
GlutT1 at the BBB (Wong et al.  2005 ). This result implies that alteration of Glut1 
function at the BBB may impair brain energy homeostasis.
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2.2.1.3        MCT1/SLC16A1 

 Mct1/Slc16a1 mediates H + -coupled blood-to-brain infl ux transport of monocarbox-
ylates, such as lactate and pyruvate (Kido et al.  2000 ). Quantitative proteomics has 
revealed that the expression of Mct1 at the monkey BBB is higher at the neonatal 
stage and is reduced in the adult (Ito et al.  2011a ). Mct1 expression in rodent brain 
is also induced during the suckling period and by a ketogenic diet (Leino et al.  1999 , 
 2001 ). This induction enables lactate and ketone bodies derived from milk to be 
delivered to the brain as alternative energy sources. Considering that Mct1 accepts 
nicotinate, a monocarboxylate drug, as a transportable substrate, it is likely that 
Mct1 could be used for drug delivery. However, it should be considered that Mct1 
levels change dramatically during brain development and under pathological condi-
tions. For example, MCT1 is defi cient in microvessels of human epileptogenic hip-
pocampus (Lauritzen et al.  2011 ).  

2.2.1.4     Others 

 The BBB has a transport system, i.e., cationic amino acid transporter 1 (Cat1/
Slc7a2), for basic amino acids such as  l -lysine and  l -arginine (Stoll et al.  1993 ) and 
a concentrative nucleoside transporter (Cnt1/Slc28a1) which mediates transport of 
nucleosides (Li et al.  2001 ). Creatine transporter (Crt/Slc6a8) at the BBB represents 
a major pathway for supply of creatine, which plays a key role in energy storage in 
neural cells (Ohtsuki et al.  2002b ; Tachikawa et al.  2004 ). Because creatine supple-
mentation has a neuroprotective effect in neurodegenerative diseases (Beal  2011 ), 
the increase and maintenance of brain creatine levels could serve to protect brain 
function. However, oral administration of 20 g creatine per day for 4 weeks results 
in only about a 9 % increase in total creatine in the human brain (Dechent et al. 
 1999 ). This is probably because Crt at the BBB is almost saturated by endogenous 
creatine in the circulating blood (Ohtsuki et al.  2002b ). Therefore, induction of Crt 
at the BBB is a possible strategy to increase brain creatine levels. Growth hormone 
induced myocardial expression of Crt, and coexpression of glucocorticoid- inducible 
kinase SGK1 and mammalian target of rapamycin (mTOR) stimulated electrogenic 
creatine transport of Crt in  Xenopus  oocytes (Omerovic et al.  2003 ; Shojaiefard 
et al.  2005 ,  2006 ). These proteins appear to be targets for induction of Crt at the 
BBB. Crt may also be a key factor facilitating the blood-to-brain transport of gua-
nidinoacetate (biosynthetic precursor of creatine) in patients defi cient in S- adenosy
lmethionine:guanidinoacetate N-methyltransferase (GAMT), which mediates cre-
atine biosynthesis (Tachikawa et al.  2009 ). Although Crt at the BBB is almost satu-
rated by endogenous creatine in circulating blood under normal conditions, blood 
creatine is signifi cantly decreased in GAMT defi ciency, and then the Crt-mediated 
transport system causes an increase of the blood-to-brain infl ux transport of gua-
nidinoacetate. This may account for the cerebral accumulation of guanidinoacetate 
in GAMT defi ciency, which is associated with mild cognitive impairment (Torremans 
et al.  2005 ).   
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2.2.2      Transport Systems for Organic Cations 

 It has been postulated that one of the factors determining the psychotropic effi cacy 
and adverse effects of drugs in the CNS is their BBB permeability. Many psychotro-
pic drugs are cationic at physiological pH (Fig.  2.4 ). Table  2.2  summarizes the 
transport characteristics of various cationic compounds at the BBB. The transport 
systems for cationic compounds include organic cation transporters (Oct1-3/
Slc22a1-3), organic cation/carnitine transporters (Octn1-3/Slc22a4-5, 21) (Koepsell 
et al.  2007 ), multidrug and toxin extrusion transporters (Mate1-2/Slc47a1-2) (Terada 
and Inui  2008 ; Omote et al.  2006 ), plasma membrane monoamine transporter 
(Pmat/Slc29a4) (Xia et al.  2007 ), choline transporter (Cht1/Slc5a7) (Okuda et al. 
 2000 ), choline transporter-like protein (Ctl1/Slc44a1) (Traiffort et al.  2005 ; Zufferey 
et al.  2004 ), all of which have been identifi ed at the gene level.

    Okura et al. ( 2011 ) have reported that Pmat plays a predominant role in brain-to- 
blood effl ux transport of organic cations, such as 1-methyl-4-phenylpyridinium 
(MPP + ; a cationic neurotoxin), and monoamine neurotransmitters at the BBB. 

  Fig. 2.4    Structures of cationic drugs exhibiting psychotropic effi cacy and/or adverse effects in 
CNS       
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Indeed, elimination of [ 3 H]MPP +  from the brain was signifi cantly reduced by coper-
fusion with monoamines such as serotonin and dopamine, although the in vivo brain 
uptake of [ 3 H]MPP +  did not increase with time. Pmat small interfering RNA 
(siRNA) signifi cantly suppressed [ 3 H]MPP +  uptake by rat conditionally immortal-
ized brain capillary endothelial cells (TR-BBB13 cells), which express Pmat (Okura 
et al.  2011 ). These fi ndings suggest that Pmat functions as a clearance system for 
monoamine neurotransmitters and neurotoxins produced in the brain. 

 Acetylcholine esterase inhibitors, such as donepezil and galantamine are 
 clinically useful in the treatment of Alzheimer’s disease. It has been reported that rat 
Octn1, Octn2, and Cht1 mediate the transport of donepezil (Kim et al.  2010 ). The in 
vivo brain uptake of donepezil is reduced in rats pretreated with choline, whereas 
the uptake is unaffected by pretreatment with MPP +  (an Octs substrate), ergothione-
ine (an Octn1 substrate), or  l -carnitine (an Octn2 substrate) (Kim et al.  2010 ). On 
the other hand, Lee et al. ( 2012 ) reported that the in vivo uptake of [ 3 H]acetyl-l   - 
carnitine is signifi cantly inhibited by donepezil and galantamine (Lee et al.  2012 ). 
These results suggest that donepezil transport across the BBB is mediated by cho-
line and/or carnitine transport system(s). The two infl uenza adamantine compounds 
amantadine (AMA) and rimantadine (RIM) exhibit the higher rate of in situ RIM 
transport BBB than that of AMA (Kooijmans et al.  2012 ). It is suggested that this 
difference can be explained by the greater uptake of RIM which involves Na +  and 
Cl − -dependent neutral and cationic amino acid transporter B 0,+  (ATB 0,+ /Slc6a14) in 
human capillary endothelial cell line (hCMEC/D3) (Kooijmans et al.  2012 ). Taken 
together, these transport systems of choline, carnitine, and amino acid at the BBB 
have the potential to be exploited for targeted drug delivery to the brain. 

 Some classical H 1 -antagonists, such as pyrilamine, diphenhydramine, and keto-
tifen, exhibit a sedative side effect. Since the BBB permeability of H 1 -antagonists is 
an important determinant of this adverse effect (Yanai and Tashiro  2007 ), the BBB 
transport process needs to be considered in order to develop H 1 -antagonists with 
little sedative effect. Although it was believed that such cationic drugs were trans-
ported by passive diffusion, in vivo and vitro studies have revealed that pyrilamine 
is transferred across the BBB via a carrier-mediated transport system, as well as by 
passive diffusion (Yamazaki et al.  1994a ,  b ). The uptake of pyrilamine into primary- 
cultured bovine brain capillary endothelial cells is inhibited by other H 1 -antagonists, 
such as ketotifen, azelastin, cyproheptadine, and emedastine, indicating that the 
compounds exhibiting inhibitory effects are recognized by the blood to-brain infl ux 
transport system for pyrilamine. Recently, Shimomura et al. ( 2013 ) has reported the 
involvement of an H + -coupled organic cation antiporter in the transport of pyril-
amine and diphenhydramine in hCMEC/D3 cells. In vivo rat microdialysis study 
revealed that the unbound concentrations of diphenhydramine are 5.5-fold greater 
in the brain than in the blood, indicating the blood-to-brain active infl ux transport 
across the BBB (Sadiq et al.  2011 ). Therefore, a means to regulate the affi nity of 
H 1 -antagonists for the carrier-mediated transport system, i.e., an H + -coupled anti-
porter at the BBB is desirable to design drugs without CNS side effects. 

 Nicotine, the predominant tobacco alkaloid leading to smoking dependence, 
undergoes rapid infl ux transport across the BBB after inhalation (Cisternino et al. 
 2013 ; Tega et al.  2012 ). The infl ux permeability rate of nicotine is greater than that 
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of glucose (129 μl/min/g brain) (Pardridge  1988 ) in rats (Table  2.2 ). At the usual 
micromolar concentration in plasma, 79 % of the net in vivo infl ux transport of 
nicotine occurs via an H + -coupled antiporter-mediated process, while passive 
 diffusion accounts for 21 %. Knockout of Oct1-3 and two major ABC transporters, 
P-gp and Bcrp did not reduce nicotine transport to the brain in mice. Substrates/
inhibitors of Mate1, Octn, and Pmat also did not inhibit the transport (Cisternino 
et al.  2013 ). Clonidine is a selective agonist of the α-2 adrenergic receptor in CNS. 
The blood-to- brain infl ux transport of clonidine at the BBB is mediated by an H + -
coupled antiporter, and is saturable (Andre et al.  2009 ). Secondary or tertiary amines 
such as oxycodone, morphine, and nicotine inhibit clonidine transport, although 
tetraethylammonium, a prototypical substrate/inhibitor of Oct, Octn, Mate, and 
Pmat transporters, did not affect the transport. Oct1-3, P-gp, and Bcrp knockout 
mice did not exhibit decreased clonidine transport. An H +  antiporter is also involved 
in transport of the dopamine agonist for treating early-stage Parkinson’s disease 
pramipexole (Okura et al.  2007 ), the opioid receptor agonist oxycodone (Boström 
et al.  2006 ; Okura et al.  2008 ), the H 1 -antagonist pyrilamine (Okura et al.  2008 ), and 
verapamil (Kubo et al.  2013 ). Furthermore, it has been reported that the pyrilamine 
uptake by rat brain capillary endothelial cells (TR-BBB) was inhibited by antide-
pressants such as amitriptyline, imipramine, clomipramine, amoxapine, and fl uvox-
amine, and antiarrhythmics such as mexiletine, lidocaine, and fl ecainine, and 
ketamine (Nakazawa et al.  2010 ). This implies that those adjuvant analgesics could 
share the transport system of pyrilamine. 

 An in vivo microdialysis study revealed that the ratio of unbound oxycodon con-
centration in brain versus blood at the steady state (K p,uu, brain ) was 3.0, demonstrating 
active infl ux of oxycodone at the BBB against the blood-to-brain concentration gra-
dient (Boström et al.  2006 ). The potency of oxycodone in postoperative pain treat-
ment is similar to that of morphine (Silvasti et al.  1998 ), despite the lower affi nity 
of oxycodone for opioid receptors (Peckham and Traynor  2006 ). Given that the 
affi nity of oxycodone for opioid receptors is lower than that of morphine, a higher 
concentration of oxycodone would be necessary to produce a similar effect. The 
action of the active infl ux transport system for oxycodone could generate a higher 
concentration of oxycodone in the brain interstitial fl uid. 

 These blood-to-brain infl ux transport systems seem very promising for cationic 
drug delivery to the brain, and molecular identifi cation of the proton/amine anti-
porter is expected to trigger signifi cant progress in the delivery of cationic CNS- 
acting drugs.   

2.3     Brain-to-Blood Effl ux Transport Systems at the BBB 

2.3.1     P-gp, BCRP, MRP4 

 Drug effl ux transporters, i.e., ATP-binding cassette (ABC) transporters, exist at the 
luminal membrane of brain capillary endothelial cells. These transporters restrict 
the brain distribution of drugs by pumping them out of endothelial cells towards the 
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circulating blood, coupled with the hydrolysis of ATP. Evidence is emerging that 
many CNS-acting drugs are substrates of unidirectional effl ux ABC transporters 
(Ohtsuki and Terasaki  2007 ). Quantitative proteomics revealed that P-gp (MDR1/
ABCB1), breast cancer-resistance protein (BCRP/ABCG2/MXR/ABCP), and 
multidrug- resistance-associated protein 4 (MRP4/ABCC4) are the dominantly 
expressed ABC transporters at the human BBB (Uchida et al.  2011b ). These ABC 
transporters have a distinct, though broad, substrate specifi city, and function coop-
eratively at the BBB, forming an effective functional barrier against drugs with a 
variety of structures. PET-imaging with P-gp substrates [ 11 C]verapamil, and [ 11 C]
desmethyl-loperamide strongly supported the notion that P-gp contributes to the 
restricted distribution of drugs at the human BBB (Bauer et al.  2012 ; Mullauer et al. 
 2012 ; Kreisl et al.  2010 ). Consequently, in vitro P-gp substrate screening assay is 
being introduced at the early stage of drug development. On the other hand, quanti-
tative proteomics has shown that the human BBB abundantly expresses BCRP 
(8.14 fmol/μg protein), as well as P-gp (6.06 fmol/μg protein) (Uchida et al.  2011b ). 
Considering that BCRP functions as a homodimer, the absolute expression amount 
of BCRP as a functional transporter is estimated to be 4.1 fmol/μg protein at the 
BBB. While the expression amount of Bcrp is 16 % of that of P-gp at the mouse 
BBB (Kamiie et al.  2008 ), it is 67 % of that of P-gp at the human BBB (Uchida et al. 
 2011b ). Therefore, screening out of BCRP substrates as well as P-gp substrates 
needs to be considered as a rational strategy for CNS drug development. The abso-
lute expression amount of MRP4 at the human BBB (0.195 fmol/μg protein) is 
approximately 20- to 30-fold smaller than that of P-gp or BCRP (Uchida et al. 
 2011b ). If the expression of MRP4 is induced at the human BBB under pathological 
conditions, it is possible that the brain concentration of drugs that are substrates of 
MRP4 would be signifi cantly reduced. In this case, screening out of MRP4 sub-
strates would also be important for CNS drug development. It is clear that the abso-
lute expression amounts of these ABC transporter subtypes at the human BBB 
under pathological conditions, as well as the substrate specifi cities, need to be elu-
cidated to aid in the development of effi cient CNS-active drugs. Previously, it has 
been diffi cult to reconstruct the in vivo brain distribution of drugs in a quantitative 
manner due to the lack of the data on absolute expression levels of transporters 
together with data on intrinsic transporter activity. However, our quantitative tar-
geted absolute proteomics technology has enabled us to predict in vivo BBB trans-
port of drugs that are P-gp substrates from such in vitro data, with the aid of a 
pharmacokinetic model (Uchida et al.  2011a ). This is described in Chap.   3    . 

2.3.1.1     P-gp 

 P-gp, a well-known ABC transporter of tumor cells, is localized predominantly on 
the luminal membrane of human brain capillary endothelial cells (Cordon-Cardo 
et al.  1989 ). P-gp lowers not only the brain interstitial fl uid-to-plasma concentration 
ratio of unbound drug but also the permeability rate of its substrates from the circu-
lating blood into the brain (Tsuji et al.  1992 ). For example, the brain-to-blood effl ux 
transport of [ 3 H]quinidine is reduced by verapamil, a typical inhibitor of P-gp, 
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whereas the apparent blood-to-brain infl ux transport of [ 3 H]quinidine is increased 
by SDZ PSC833, the most potent inhibitor of P-gp (Kusuhara et al.  1997 ). The 
impact of P-gp on drug disposition to the brain in vivo was fi rst demonstrated by 
generating mdr1a gene knockout mice, which lack P-gp (Schinkel et al.  1994 ). 
In these mice, the brain-to-plasma concentration ratios of the neurotoxic pesticide 
ivermectin, the carcinostatic drug vinblastine (Schinkel et al.  1994 ), and quinidine 
(Kusuhara et al.  1997 ) were increased by 27.6-, 26-, and 11-fold compared with 
those of wild-type mice, respectively. Numerous studies have revealed that P-gp at 
the BBB plays a very important role in restricting the entry of various drugs, includ-
ing opioids, antidepressants, antipsychotics, antiepileptics, anticancer drugs, and 
cardiac drugs, from the circulating blood into the brain (Giacomini et al.  2010 ; 
Decleves et al.  2011 ). It has been demonstrated that folate defi ciency disrupts the 
up-regulation of P-gp function at the BBB by valproic acid and the aryl hydrocarbon 
receptor ligand 2,3,7,8-tetrachlorodibenzo- p -dioxin (TCDD) (Wang et al.  2013 ). 
This fi nding suggests that expression and function of P-gp at the BBB are regulated 
by external factors. Super-resolution fl uorescence microscopy showed that P-gp is 
distributed in clustered formations in an in vitro human BBB cell model (Huber 
et al.  2012 ). In accordance with this, caveolin-1 interacts with P-gp and modulates 
the P-gp transport activity through the phosphorylation state of caveolin-1 in brain 
capillary endothelial cells (Barakat et al.  2007 ). Hence, it is important to take 
account of the possibility of altered P-gp regulation under pathological conditions, 
in considering the possible contribution of P-gp to drug distribution to the brain.  

2.3.1.2     BCRP 

 BCRP, which is localized on the luminal membrane of brain capillary endothelial 
cells (Cooray et al.  2002 ; Hori et al.  2004 ; Tachikawa et al.  2005 ), transports anti-
cancer drugs such as mitoxantrone, topotecan, and methotrexate (Ni et al.  2010 ) and 
endogenous anionic compounds such as dehydroepiandrosterone-3-sulfate and 
estrone 3-sulfate (Suzuki et al.  2003 ). The impact of Bcrp on the brain distribution 
of anticancer drugs such as imatinib (Breedveld et al.  2005 ) and topotecan (de Vries 
et al.  2007 ) has been demonstrated by the use of Bcrp knock-out mice. On the other 
hand, the substrate specifi city of Bcrp (hydrophobic and amphiphilic compounds) 
often overlaps with that of P-gp, suggesting that P-gp and Bcrp may work in a com-
pensatory manner. In support of the notion that P-gp and Bcrp are both major con-
tributors to drug effl ux transport, synergistic BBB effl ux transport of drugs by P-gp 
and Bcrp has recently been demonstrated by using mice defi cient in both of the 
transporters. The brain-to-plasma ratio of quinidine, which is a specifi c substrate of 
P-gp, exhibited no difference between mdr1a/1b(−/−) and bcrp double-knockout 
mice and mdr1a/1b(−/−) single-knockout mice (Kodaira et al.  2010 ). In contrast, 
mdr1a/1b(−/−) and bcrp double-knockout mice showed a signifi cant increase in the 
brain-to-plasma ratio of common substrates of both P-gp and Bcrp compared with 
that in mdr1a/1b(−/−) and bcrp single-knockout mice. Drugs affected include the 
anticancer drugs topotecan (de Vries et al.  2007 ), lapatinib (Polli et al.  2009 ), 
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dasatinib (Chen et al.  2009 ), gefi tinib (Agarwal et al.  2010 ), sorafenib (Agarwal 
et al.  2010 ), erlotinib, fl avopiridol, and mitoxantrone (Kodaira et al.  2010 ). Based 
on pharmacokinetic analysis, the synergistic effect of P-gp and Bcrp can be 
explained in terms of the sum of the independent net effl uxes mediated by P-gp and 
Bcrp, without considering any interaction between P-gp and Bcrp (Kodaira et al. 
 2010 ). In accordance with this fi nding, a quantitative proteomics study revealed that 
there is no compensatory change of P-gp protein amount per whole cell lysate of 
brain capillaries in Bcrp-knockout mice, or in Bcrp protein amount per whole cell 
lysate of brain capillaries in P-gp-knockout mice, compared with the wild type 
(Agarwal et al.  2012 ). Since the BBB expressions of other relevant transporters 
exhibited no signifi cant difference between wild-type mice and P-gp/Bcrp single- or 
double- knockout mice, the mechanism behind the functional compensation between 
P-gp and Bcrp at the BBB does not involve compensatory changes in transporter 
expression (Agarwal et al.  2012 ). However, we could not exclude the possibilities 
that transporter protein activity was changed by interaction with associated 
protein(s) or by modifi cations such as phosphorylation.  

2.3.1.3     MRP4 

 The luminal membrane localization of MRP4 has been demonstrated in human 
brain capillary endothelial cells (Nies et al.  2004 ). Mrp4 knockout mice exhibited 
increased brain penetration of topotecan compared with that in wild-type mice 
(Leggas et al.  2004 ), suggesting that Mrp4 acts as a drug effl ux transporter at 
the BBB. Mrp4 transports cyclic nucleotides (Chen et al.  2001 ), and it serves to 
reduce the cytotoxicity of nucleobase analogs, such as azidothymidine, 6-mercapto-
purine (6-MP), and 6-thioguanine (6-TG) (Chen et al.  2001 ; Schuetz et al.  1999 ). 
Considering that the BBB possesses an effl ux transport system for azidothymidine 
and 6-MP (Mori et al.  2004 ; Terasaki and Pardridge  1988 ), it is conceivable that 
Mrp4 lowers the distribution of nucleobase analogues into the brain. Since the anti- 
infl uenza virus drug oseltamivir has been suspected to have an adverse effect on the 
CNS, it has been postulated that one possible determinant of the adverse effect is the 
BBB transport of oseltamivir and/or its pharmacologically active form, Ro 64-0802. 
While P-gp restricts the brain uptake of oseltamivir (Ose et al.  2008 ), Mrp4 and 
organic anion transporter 3 (Oat3/Slc22a8) mediate the effl ux transport of Ro 
64-0802 at the BBB (Ose et al.  2009 ). These results suggest that the interplay of 
P-gp, Mrp4, and Oat3 lowers the brain concentration of oseltamivir and its active 
form, preventing CNS adverse effects. Therefore, under circumstances where the 
functional activities of one or more of these transporters are altered, the brain con-
centrations of oseltamivir and/or Ro 64-0802 might be increased to the point where 
adverse effects occur. It should be noted that the above data were obtained in rodent 
studies. A quantitative proteomics study showed that although the absolute expres-
sion amount of Oat3 at mouse BBB is 1.97 fmol/μg protein (Kamiie et al.  2008 ), the 
amount of OAT3 at human BBB is under the limit of quantifi cation (<0.348 fmol/μg 
protein) (Uchida et al.  2011b ). Therefore, it will be important in future studies to 
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clarify the mechanisms underlying the transport of Ro 64-0802 at the abluminal 
membrane of human brain capillary endothelial cells. 

 Prostaglandin E 2  (PGE 2 ) acts as a modulator of synaptic signaling and  excitability 
in the brain. PGE 2  (pKa = ~5) exists predominantly in charged form at physiological 
pH and cannot easily cross the BBB by passive diffusion. PGE 2  undergoes 
 carrier-mediated effl ux transport from the rat brain to the blood with a half-life of 
16.3 min after cerebral microinjection under normal conditions, since PGE 2  is 
barely inactivated enzymatically in adult brain (Akanuma et al.  2010 ). This suggests 
that brain-to-blood effl ux transport functions as a clearance system for PGE 2  pro-
duced in the brain, preventing excessive accumulation of PGE 2 . It has been found 
that PGE 2  elimination across the BBB is attenuated in an LPS-induced mouse model 
of infl ammation (Fig.  2.5 ) (Akanuma et al.  2011b ), even though the production of 
PGE 2  is enhanced under infl ammatory conditions (Tachikawa et al.  2012a ). 
Furthermore, β-lactam cephalosporin antibiotics such as cefmetazole, cefazolin, 
cefotaxime, and ceftriaxone and the nonsteroidal anti-infl ammatory drug (NSAID) 
ketoprofen inhibit MRP4-mediated PGE 2  uptake (Akanuma et al.  2010 ), and in 
addition, intravenous administration of cefmetazole dose-dependently reduced [ 3 H]
PGE 2  effl ux transport across the BBB. Although cephalosporins and NSAIDs are 
used to treat numerous infectious diseases and to suppress autoimmune responses in 
fever, such drugs have adverse effects, including inhibitory neuronal signal attenu-
ation and encephalitis (Schliamser et al.  1991 ; Sunden et al.  2003 ). Considering that 
PGE 2  is related to these central nervous system symptoms (Phillis et al.  2006 ), it is 
conceivable that reduced MRP4-mediated transport of PGE 2  across the BBB results 
in alterations of brain function via increased brain levels of PGE 2 . In this regard, it 
is important to know whether these antibiotics are substrates for MRP4-mediated 

  Fig. 2.5    Reduction of the 
BBB effl ux transport of 
prostaglandin E 2  (PGE2) 
under infl ammatory 
conditions. Time-course of 
[ 3 H]PGE 2  in the ipsilateral 
cerebrum after intracerebral 
microinjection in LPS-treated 
mice ( open circles ) and 
saline-treated mice ( closed 
circles ). Each point 
represents the mean ± SEM 
( n  = 4–5). ** p  < 0.01, 
signifi cantly different from 
the saline-treated mice. The 
fi gure is adapted from 
Akanuma et al. ( 2011b )       
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effl ux transport. Measurements of the transport activity of MRP4 for various 
β-lactam antibiotics indicated that (1) MRP4-mediated transport of cephalosporins 
occurs at a greater rate than that of penems or monobactams; (2) the transport activ-
ity for anionic cephalosporins is greater than that for zwitterionic cephalosporins; 
and (3) anionic β-lactam antibiotics with higher molecular weight are transported 
more effi ciently than those with lower molecular weight, though no molecular 
weight dependency is seen in the case of zwitterionic β-lactam antibiotics (Akanuma 
et al.  2011a ). These structure-transport activity relationships should prove useful for 
understanding MRP4-related adverse effects involving β-lactam antibiotics. It will 
be necessary to consider drug-PGE 2  interaction as well as drug-drug interaction at 
MRP4 in evaluating transport function at the BBB.

2.3.2          Transport Systems of Endogenous Peptides 
and Peptide Drugs 

2.3.2.1     β-Amyloid 

 Cerebral clearance of amyloid-β peptide (Aβ) via brain-to-blood effl ux transport at 
the BBB, as well as via proteolytic degradation, plays a key role in determining the 
brain levels of Aβ. It has been proposed that reduced Aβ clearance is involved in the 
development of late-onset alzheimer’s disease (AD), which accounts for more than 
90 % of AD (Hardy and Selkoe  2002 ). If this is the case, the BBB clearance system 
for Aβ would be a promising target for preventive medicine and therapeutic drugs 
for AD. In support of this notion, the in vivo brain effl ux index method has revealed 
that [ 125 I]human Aβ(1–40) monomer injected into rodent brain undergoes brain-to- 
blood effl ux transport with a half-life of 43–48.8 min via a saturable process (Shiiki 
et al.  2004 ; Ito et al.  2006 ,  2007 ). The Aβ(1–40) elimination rate was reduced by 
30.5 % in 23-month-old rats compared with 7-week-old rats (Shiiki et al.  2004 ). 
Aβ(1–42), a more toxic form of Aβ, inhibited [ 125 I]-Aβ(1–40) elimination from the 
brain, indicating that Aβ(1–40) and Aβ(1–42) share the same elimination process, 
at least in part (Ito et al.  2006 ). These results raise the possibility that age-related 
and Aβ(1–42)-related reduction of the cerebral clearance of Aβ(1–40) results in 
brain Aβ deposition, which may lead to progression of AD. Therefore, facilitating 
Aβ clearance across the BBB may lead to decreased cerebral Aβ deposition. It has 
been found that the active form of vitamin D, 1α,25-dihydroxyvitamin D3, enhances 
brain-to-blood Aβ(1–40) effl ux transport at the BBB, causing a signifi cant reduc-
tion of endogenous Aβ(1–40) level in mouse brain (Ito et al.  2011c ). 

 The Aβ elimination mechanism across the BBB remains to be fully established. 
It has been proposed that the brain-to-blood effl ux transport of Aβ involves low- 
density lipoprotein receptor-related protein-1 (LRP-1; a member of the low-density 
lipoprotein receptor gene family) (Shibata et al.  2000 ), P-gp (Cirrito et al.  2005 ) and 
Bcrp (Xiong et al.  2009 ), at least in mice. On the other hand, we have found that (1) 
preadministration of human receptor-associated protein (RAP), a LRP antagonist, 
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in rat cerebral cortex reduced the effl ux transport of [ 125 I]hAβ(1–40) to the extent of 
only 20 % (Ito et al.  2006 ; Shiiki et al.  2004 ), (2) coadministration of RAP in mouse 
cerebral cortex did not infl uence the effl ux transport of [ 125 I]hAβ(1–40) (Ito et al. 
 2010 ), (3) either [ 125 I]activated α2-macrogloblin (α2M) alone, a typical LRP1 
ligand, or activated α2M/[ 125 I]hAβ(1–40) complex was not eliminated from mouse 
or rat brain, at least up to 90 min (Ito et al.  2007 ,  2010 ), and (4) P-gp inhibitors 
(quinidine and verapamil) do not signifi cantly affect Aβ elimination in rats (Ito et al. 
 2006 ). These results strongly suggest that LRP1 and P-gp do not play a major role 
in the brain-to-blood effl ux transport of Aβ(1–40). It is thus intriguing that hAβ(1–
40) elimination from rat brain is predominantly mediated by as-yet unidentifi ed 
molecules. In accordance with these fi ndings, it has been reported that α-tocopherol 
transfer protein knockout mice exhibit reduced [ 125 I]hAβ(1–40) elimination across 
the BBB and increased Aβ deposition in the brain, although the protein expression 
of LRP1 and P-gp in brain capillaries was upregulated in these knockout mice 
(Nishida et al.  2009 ). It has been reported that [ 125 I]RAP undergoes effi cient blood-
to- brain infl ux transport across the BBB, most likely via LRPs, in mice (Pan et al. 
 2004 ), implying that LRP1 is involved in the infl ux transport of Aβ(1−40) from the 
circulating blood to the brain. Although great care is needed in evaluating the 
mechanism(s) behind the BBB effl ux transport of Aβ, it will be important to iden-
tify the molecule(s) responsible for hAβ(1–40) clearance from the brain.  

2.3.2.2     Atrial Natriuretic Peptide 

 Cerebral atrial natriuretic peptide (ANP), which is generated in the brain, has roles 
in the regulation of brain water and electrolyte balance, blood pressure and local 
cerebral blood fl ow, as well as in neuroendocrine functions. Recently, it has been 
clarifi ed that [ 125 I]human ANP (hANP) undergoes brain-to-blood effl ux transport 
which involves natriuretic peptide receptor C (Npr-C) as a pathway of cerebral ANP 
clearance (Ito et al.  2011b ). It seems likely that levels of natriuretic peptides in the 
brain are modulated by 1α,25-dihydroxyvitamin D3 through upregulation of Npr-C 
expression at the BBB.  

2.3.2.3     Peptide Drugs 

 Although peptide drugs have enormous potential for the treatment of diseases, the 
BBB generally blocks the entry of peptides, i.e., hydrophilic compounds, into the 
brain. Peptides that act at opioid receptors in the brain have been designed as anal-
gesics without the side effects of morphine, such as addiction and inhibition of 
gastric motility (Egleton et al.  1998 ). Thus, the opioid transport systems at the BBB 
may be a key determinant of the pharmacological effects of these peptides, such as 
pain modulation and neuroendocrine regulation. [ d -penicillamine2,5]enkephalin 
(DPDPE), a cyclic opioid pentapeptide, is a δ-opioid receptor agonist and an 
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enzymatically stable analog of Met-enkephalin. In situ perfusion study demonstrated 
the blood-to-brain infl ux transport of DPDPE at a rate of 1.46 μl/(min·g brain), 
which is approximately fi vefold greater than that of impermeable markers, sucrose 
[0.27 μl/(min·g brain)] and inulin [0.32 μl/(min·g brain)], in rats (Egleton et al. 
 1998 ). Since phenylarsine oxide (PAO), an endocytosis inhibitor, inhibited the in 
vivo uptake of DPDPE in a dose-dependent manner, an energy-dependent 
 transcytotic mechanism was suggested to be involved (Egleton and Davis  1999 ). 
Furthermore, uptake studies in  Xenopus laevis  oocytes revealed that human organic 
anion transporting polypeptide OATP1A2/SLCO1A2 and a rodent homolog of 
SLCO1A2, rat oatp1a4/Slco1a4, mediate the transport of DPDPE and deltorphin II 
(Gao et al.  2000 ). It has been shown that OATP1A2 and oatp1a4 are localized in 
brain capillary endothelial cells of human and rats, respectively (Gao et al.  1999 , 
 2000 ). Dagenais et al. ( 2001 ) reported that P-gp-defi cient mice exhibited a 12-fold 
increase of DPDPE brain uptake and oatp1a4 substrates, such as digoxin, estradiol-
17β- glucuronide, and fexofenadine, inhibited the blood-to-brain transport of 
DPDPE (Dagenais et al.  2001 ). This suggests the functional involvements of 
oapt1a4 as an infl ux transporter and P-gp as an effl ux transporter. Among the oatp 
transporter family, oatp3/Slco1a5 and oatp14/Slco1c1 are also expressed at the 
mouse and rat BBB, respectively (Ohtsuki et al.  2004b ; Sugiyama et al.  2003 ). 
Clarifying their contribution to BBB transport will help increase our understanding 
of BBB function and the potential for specifi c delivery of opioids. 

 The brain uptake of opioids selective for the μ (fentanyl, loperamide, meperidine, 
methadone, and morphine), δ (DPDPE, deltorphin II, naltrindole, SNC121), and κ 
(bremazocine and U-69593) receptor subtypes was examined in P-gp-defi cient mice 
(mdr1a−/−) (Dagenais et al.  2004 ). Although the brain uptake of morphine and 
phentanyl is increased by 1.24-fold in P-gp-defi cient mice, DPDPE, loperamide, 
and SNC121 showed a more than eightfold-increased brain uptake in the P-gp- 
defi cient mice. This supports the notion that the infl uence of P-gp on the brain dis-
tribution of opioids is one factor modulating pharmacological pain control. 
Endomorphin 1 and 2 (endogenous opioid tetrapeptides) show the highest affi nity 
and specifi city for the μ opioid receptor. It has been demonstrated that there is a 
saturable brain-to-blood effl ux transport system for endomorphin 1 and 2, which is 
not related to P-gp or the other transport systems for DPDPE and morphine 
(Somogyvari-Vigh et al.  2004 ; Kastin et al.  2001 ,  2002 )   

2.3.3     Transport Systems of Neurotransmitters 
and Organic Anions 

 The brain produces various neurotransmitters, metabolites, and neurotoxic com-
pounds. Because the cerebral accumulation of such compounds may affect neuronal 
activity, we could postulate the existence of a brain-to-blood effl ux transport system 
to remove neurotransmitters that might be accumulated in the brain interstitial 
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fl uids, in the event of any impairment of the reuptake system by the synaptic cleft 
(Tachikawa and Hosoya  2011 ; Terasaki and Hosoya  1999 ). The BBB has effl ux 
transport systems for neurotransmitters such as γ-aminobutyric acid (GABA) 
(Kakee et al.  2001 ),  l -glutamic acid, glycine (Takanaga et al.  2002 ), and  l -aspartic 
acid (Hosoya et al.  1999 ). It has been reported that GABA transporter 2 (Gat2/
Slc6a12; a different subtype from GABA transporter expressed in neurons and 
astrocytes) (Takanaga et al.  2001 ), excitatory amino acid transporter 1-3 (Eaat1-3/
Slc1a1-3) (O’Kane et al.  1999 ), alanine-serine-cysteine transporter 2 (Asct2/Slc1a5) 
(Tetsuka et al.  2003 ), and amino acid transporter 2 (Ata2/Slc38a2) (Takanaga et al. 
 2002 ) are responsible for the effl ux transport of GABA,  l -glutamic acid,  l -aspartic 
acid, and glycine, respectively . 

 Organic anion transporter 3 (Oat3/Slc22a8) is localized at the abluminal mem-
brane of brain capillary endothelial cells in mice and rats (Mori et al.  2003 ; Ohtsuki 
et al.  2004a ). Evidence has accumulated indicating that Oat3 is a multifunctional 
transport system for organic anions at the BBB, taking up substrates from the brain 
interstitial fl uids into the brain capillary endothelial cells as the fi rst step of brain-
to- blood effl ux transport. Dehydroepiandrosterone sulfate (DHEAS) is a neuro-
modulator that interacts with GABA type A receptors and sigma receptors to 
increase memory and learning ability, and to protect neurons against excitatory 
amino acid- induced neurotoxicity. DHEAS undergoes brain-to-blood effl ux trans-
port from the brain across the BBB (Asaba et al.  2000 ). The effl ux of DHEAS from 
the brain was signifi cantly decreased in Oat3/Slc22a8-defi cient mice compared 
with that in wild- type mice, although the effl ux transport was not altered in oatp1a4-
defi cient mice, suggesting that Oat3/Slc22a8 plays a major role in the effl ux of 
steroid conjugates across the BBB in mice (Miyajima et al.  2011 ). Furthermore, we 
have reported that Oat3 is responsible for the effl ux transport of homovanillic acid 
(HVA; the fi nal metabolite of the monoamine neurotransmitter dopamine), uremic 
toxins such as indoxyl sulfate (IS), and thiopurine nucleobase analogs such as 
6-mercaptopurine (6-MP) and 6-thioguanine (6-TG) (Mori et al.  2003 ,  2004 ; 
Ohtsuki et al.  2002a ). Since metabolism is a critical process for effi cient dopamine 
neurotransmission, the oat3-mediated brain-to-blood effl ux transport of HVA at the 
BBB functions as a fi nal clearance process of dopamine from the brain. Therefore, 
HVA may refl ect dopaminergic neuronal activity in the brain, and so its concentra-
tion in blood and urine is widely used as a biomarker of dopaminergic neurotrans-
mission. Furthermore, various metabolites of neurotransmitters were found to 
inhibit Oat3-mediated transport of HVA (Mori et al.  2003 ), indicating that Oat3 
may mediate the BBB effl ux transport of various neurotransmitter metabolites. 
During maintenance chemotherapy for acute lymphoblastic leukemia, CNS 
relapses often occur due to penetration and proliferation of leukemic cells in the 
brain (Mori et al.  2004 ), because of the limited brain distribution of thiopurine 
nucleobase analogs. Considering that microdialysis studies have shown strong 
blood-to-brain infl ux of 6-MP across the BBB (Deguchi et al.  2000 ), it appears that 
Oat3 plays a crucial role in limiting the effects of thiopurine nucleobase analogs in 
the brain.  
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2.3.4     Species Differences of Organic Anion Transporters 
at the BBB 

 Quantitative protein expression analysis of transporters at the BBB indicates that 
there are marked inter-species differences of organic anion transporters, e.g., Oat3 
and Oatps. Although Oat3, Oatp1a4, and Oatp1c1 were detected in mouse brain 
capillaries in amounts of 1.97, 2.11, and 2.41 (fmol/μg protein) (Kamiie et al.  2008 ), 
respectively, the potent human homologues OAT3, OATP1A2, and OATP1C1 were 
under the limit of quantifi cation in human and monkey brain capillaries (Ito et al. 
 2011a ; Uchida et al.  2011b ). One possible explanation of this discrepancy is that 
even small amounts of organic anion transporters could still play a functional role. 
Another possibility is that human BBB and monkey BBB contain other organic 
anion transporters. This remains a crucial issue in BBB transporter research, because 
these transporters are potential pathways for delivering CNS-acting drugs from the 
circulating blood into the brain.   

2.4     Infl ux and Effl ux Transport Systems at the BCSFB 

 As summarized in Table  2.3 , BCSFB transporters play a role in CSF homeostasis by 
regulating the movement of nutrients and waste products. This section introduces 
recent progress in BCSFB transporter research, including the signifi cant advances 
in our understanding of the physiological and therapeutic impact of BCSFB trans-
porters that have resulted from the development of various transporter gene knock-
out mice.

2.4.1       Organic Cations 

 The plasma membrane monoamine transporter (Pmat/Slc29a4) is a recently found 
polyspecifi c organic cation transporter that transports a wide variety of organic cat-
ions, including biogenic amines, cationic drugs, and neurotoxins (Xia et al.  2007 ). 
Immunofl uorescence staining revealed that Pmat is localized at the CSF-facing 
brush-border membrane of choroid plexus epithelial cells (Duan and Wang  2013 ). 
Okura et al. ( 2011 ) reported in vivo [ 3 H]1-methyl-4-phenylpyridinium (MPP + ) 
transport from the CSF to the circulating blood and its inhibition by serotonin and 
dopamine (Okura et al.  2011 ). Pmat−/− knockout mice showed reduced uptake of 
monoamines and the neurotoxin MPP +  in the choroid plexus (Duan and Wang 
 2013 ). Therefore, Pmat appears to be a major choroid plexus uptake transporter for 
bioactive amines and xenobiotic cations, protecting the brain from cationic neuro-
toxins and other potentially toxic organic cations.  
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2.4.2     Organic Anions 

 The BCSFB possesses multiple organic anion transporters, including organic 
anion transporter 3 (Oat3/Slc22a3) (Nagata et al.  2002 ), prostaglandin transporter 
(Pgt/Slco2a1) (Kis et al.  2006 ; Tachikawa et al.  2012b ), and organic anion trans-
porting polypeptide 1a5 (Oatp1a5) (Kusuhara et al.  2003 ; Ohtsuki et al.  2004b ). 
Since Pgt/Slco2a1 (Fig.  2.6 ) (Tachikawa et al.  2012b ), Oat3/Slc22a3 (Nagata et al. 
 2002 ), and Oatp1a5/Slco1a5 (Ohtsuki et al.  2004b ) were localized on the brush-
border membrane of the choroid plexus epithelial cells, it has been well established 
that these transporters are involved in the uptake of organic anions from the CSF. 

   Table 2.3    Transporters expressed at the BCSFB   

 Transporters  Substrates  Localization  Direction  References 

  Energy transport system  
 Glut1(Slc2a1)   d -Glucose  BL  –  Hacker et al. ( 1991 ) 
 Crt (Slc6a8)  Guanidinoacetate  BB  Ef  Tachikawa et al. 

( 2008a ) 

  Organic anion transport system  
 Oat3 (Slc22a3)  PAH, fl uorescein, 

estrone sulfate, 
prostaglandin D 2,  E 2  

 BB   Ef   Nagata et al. ( 2002 ) 

 Oatp1a5 (Slco1a5)  Digoxin, organic 
anions 

 BB   Ef   Ohtsuki et al. ( 2004b ) 

 Pgt (Slco2a1)  Prostaglandin D 2   BB   Ef   Tachikawa et al. 
( 2012b ) 

  Organic cation transport system  
 Pmat (Slc29a4)  MPP +  ,  Monoamine 

neurotransmitters 
 BB  Ef  Okura et al. ( 2011 ), 

Duan and Wang 
( 2013 ) 

 Oct3 (Slc22a3)  Creatinine  BB  Ef  Nakayama et al. ( 2007 ), 
Sweet et al. ( 2001 ) 

  Peptides  
 Pept2 (Slc15a2)  Dipeptides  –  Ef  Shen et al. ( 2004 ) 

  ABC transporters  
 Abca1  Cholesterol  BB  In  Fujiyoshi et al. ( 2007 ) 
 Abcg1  Cholesterol  BB  In  Fujiyoshi et al. ( 2007 ) 
 Abcb1/Mdr1  –  BB  –  Urquhart and Kim 

( 2009 ) 
 Abcc1/Mrp1  Etoposide  BL  Ef  Urquhart and Kim 

( 2009 ) 
 Abcc4/Mrp4  Topotecan  BL  Ef  Leiderman et al. ( 1991 ) 
 Abcg2/Bcrp  –  BB  –  Tachikawa et al. ( 2005 ) 

  Localization: brush-border membrane (BB) and basolateral membrane (BL) of choroid plexus 
epithelial cells. Direction: blood-to-CSF infl ux transport (In) and CSF-to-blood effl ux transport 
(Ef). –: Not determined. MPP + : 1-methyl-4-phenylpyridinium  
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Indeed, para-aminohippuric acid and fl uorescein uptake by isolated choroid plexus 
was essentially abolished in Oat3 knockout mice, whereas the uptake of estrone 
sulfate was only reduced by one-third and taurocholate uptake was not affected 
(Sweet et al.  2002 ; Sykes et al.  2004 ).

   Prostaglandin (PG) D 2  is an endogenous sleep-promoting substance, which regu-
lates physiological sleep through D-type prostanoid receptor 1. The system regulat-
ing the PGD 2  level in the CSF involves Pgt- and Oat3-mediated PGD 2  uptake by 
choroid plexus epithelial cells, acting as a pathway for PGD 2  clearance from the 
CSF via the BCSFB (Tachikawa et al.  2012b ). Continuous inhibition of the clear-
ance of PGD 2  from the CSF at the BCSFB may modify the PGD 2  level in the CSF, 
thus affecting physiological sleep. Some commonly used nonsteroidal anti- 
infl ammatory drugs (NSAIDs), such as indomethacin and diclofenac inhibit Oat3- 
mediated PGD 2  transport. Thus, the inhibition of Pgt- and Oat3-mediated PGD 2  
transport should be taken into consideration in the development of new targets for 
insomnia. Similarly, a system regulating the CSF level of PGE 2 , which appears to be 
a key determinant of the progression of neuroinfl ammation, involves Oat3-mediated 
PGE 2  uptake of locally produced PGE 2  by choroid plexus epithelial cells, acting as 
a cerebral clearance pathway via the BCSFB (Tachikawa et al.  2012a ).  

2.4.3     Guanido Compounds 

 Many guanidino compounds (GCs), such as creatine, phosphocreatine, guanidino-
acetic acid, creatinine, methylguanidine, guanidinosuccinic acid, γ-guanidinobutyric 

  Fig. 2.6    Localization of 
prostaglandin transporter 
(Pgt) on the CSF-facing 
brush-border membrane 
( arrowheads ) of the rat 
choroid plexus epithelial 
cells. Nuclei were stained 
by propidium iodide ( red ). 
Scale bar: 20 μm       
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acid, β-guanidinopropionic acid, guanidinoethanesulfonic acid, and aguanidinoglutaric 
acid, are present in the mammalian brain. Although creatine and phosphocreatine 
play important roles in energy homeostasis in the brain, accumulation of GCs may 
induce epileptic discharges and convulsions (Hiramatsu  2003 ). Transporters for 
GCs at the BCSFB have emerged as substantial contributors to GCs distribution in 
the brain. Crt (Tachikawa et al.  2008a ), taurine transporter (Taut/Slc6a6) (Tachikawa 
et al.  2009 ) and organic cation transporter (Oct3/Slc22a3) (Tachikawa et al.  2008b ) 
expressed at the BCSFB are involved in the uptake of guanidinoacetic acid or cre-
atinine in the CSF-to-epithelial cell direction. Interestingly, the BBB effl ux trans-
port of GCs, including guanidinoacetate and creatinine, is negligible (Tachikawa 
et al.  2008b ,  2009 ), though the BBB has a variety of effl ux transport systems for 
synthetic precursors of GCs, such as amino acids and neurotransmitters (Tachikawa 
and Hosoya  2011 ). These fi ndings indicate that the BCSFB functions as a major 
cerebral clearance system for GCs. Hence, transport of GCs at the BCSFB appears 
to be the key determinant of the cerebral levels of GCs, and changes in the transport 
characteristics may cause the abnormal brain distributions of GCs seen in patients 
with certain neurological disorders.  

2.4.4     Peptides 

 Proton-coupled oligopeptide transporter (Pept2/Slc15a2) is localized at the apical 
membrane of rat choroid plexus epithelial cells, but is absent at the BBB (Shen et al. 
 2004 ). Pept2 knockout mice exhibited a marked increase in the in vivo blood-to- 
CSF transport of dipeptides such as glycylsarcosine (GlySar), carnosine, cefadroxil, and 
5-aminolevulinic acid (Shen et al.  2003 ; Ocheltree et al.  2004 ; Teuscher et al.  2004 ). 
This suggests that Pept2 is involved in CSF-to-blood effl ux transport, serving to 
block entry of its substrates into the CSF. In accordance with this idea, intracerebro-
ventricular administration of  l -kyotorphin (an endogenous analgesic dipeptide) 
induces greater analgesia in Pept2 knockout mice, probably due to reduced  clearance 
from the CSF to the choroid plexus (Jiang et al.  2009 ). Although Pept2 dysfunction 
would affect the brain parenchymal distribution of the drug, autoradiography 
showed that the brain parenchymal distribution of [ 14 C]GlySar after intraventricular 
administration was limited to the periventricular zone (Smith et al.  2011 ). These 
results are in agreement with the concept that Pept2 at the BCSFB is a determinant 
of dipeptide concentration in the CSF. 

 Amyloid-β peptide (Aβ) concentration in CSF is potentially a diagnostic and 
therapeutic target for Alzheimer’s disease (AD). hAβ(1–40) is actively eliminated 
from CSF and this process is signifi cantly inhibited by human receptor-associated 
protein (RAP) (Fujiyoshi et al.  2011 ). The elimination was attenuated in either anti-
low- density lipoprotein receptor-related protein 1 (LRP1) antibody-treated or RAP- 
defi cient mice (Fujiyoshi et al.  2011 ). The amount of LRP1 in rat choroid plexus 
was determined to be 3.7 fmol/μg protein, whereas the LRP2 content was below the 
detection limit (Fujiyoshi et al.  2011 ). Therefore, LRP1-mediated effl ux at the 
BCSFB plays a role in determining the CSF concentration of hAβ(1–40).  
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2.4.5     Lipophilic Compounds 

 The release of cholesterol from choroid plexus epithelial cells plays an important 
role in cholesterol homeostasis in the CSF. Abca1 and Abcg1 proteins were detected 
in the plasma membrane of a conditionally immortalized choroid plexus epithelial 
cell line, TR-CSFB3 cells. Apolipoprotein (apo) AI- and high-density lipoprotein 
(HDL)-mediated cholesterol release to the apical side of TR-CSFB3 cells was facil-
itated by this treatment, whereas that to the basal side was not affected (Fujiyoshi 
et al.  2007 ). These results suggest that Abca1 and Abcg1 are functionally involved 
in cholesterol release into the CSF from choroid plexus epithelial cells.  

2.4.6     Contribution of ATP-Binding Cassette (ABC) 
Transporters at the BCSFB 

 Although the roles of P-gp, Bcrp, and Mrp4 at the BBB have been investigated, the 
functional relevance of these ABC transporters at the BCSFB remains to be estab-
lished. It has been reported that Mdr1a/1b and Bcrp double-knockout mice exhibit 
increased blood-to-brain parenchyma penetration, but reduced blood-to-CSF pene-
tration, of the anticancer agent topotecan (Shen et al.  2009 ). Indeed, P-gp and Bcrp 
are localized on the CSF-facing brush-border membrane of choroid plexus epithe-
lial cells (Urquhart and Kim  2009 ; Tachikawa et al.  2005 ), and thus would be 
involved in effl ux transport in the epithelial cell-to-CSF direction. In contrast, 
Leggas et al. ( 2004 ) found that Mrp4-defi cient mice show much greater entry of 
topotecan into the CSF, which is consistent with the localization in basolateral 
membrane of choroid plexus epithelial cells (Leiderman et al.  1991 ). Furthermore, 
mice with knockout of multidrug-resistance protein 1 (Mrp1), which is also local-
ized on the basolateral membrane (Urquhart and Kim  2009 ), exhibit tenfold 
increased levels of etoposide in the CSF (Wijnholds et al.  2000 ). A western blot 
analysis showed that the amounts of P-gp in rat and human choroid plexus are less 
than 0.5 % of those in brain microvessels, whereas the amounts of Mrp1 are much 
greater in choroid plexus than in brain microvessels (Gazzin et al.  2008 ). Taking 
these results into consideration, it is likely that Mrp1 and Mrp4 at the BCSFB are 
major contributors to the restriction of drug entry from the circulating blood into the 
CSF at the basolateral membrane of choroid plexus epithelial cells.   

2.5     Conclusion and Perspectives 

 As reviewed in this chapter, recent progress in BBB and BCSFB research has dem-
onstrated the physiological and pharmacological importance of multiple transport-
ers in the brain distribution of endogenous compounds and drugs. The accumulated 
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data on infl ux and effl ux transport mechanisms at the blood–brain/CSF interfaces 
will certainly be helpful in the design of optimal drug candidates, as well as for 
prediction of drug penetration into the brain. On the other hand, we are still far from 
completely understanding the complexities of the many different transport systems 
at the brain barriers. Despite advances in molecular biology, genomics, and pro-
teomics, several transport systems, such as H + -coupled cationic drugs transporter 
( Sect. 2.2.2 ) and effl ux transporter of β-amyloid peptide ( Sect. 2.3.2 ), remain to be 
identifi ed at the molecular level. 

 Further, most of the fi ndings have been obtained in rodents, and the extent to 
which these fi ndings are applicable to humans remains uncertain. Our strategy of 
quantitative targeted absolute proteomics has provided a tool to address this issue 
(Kamiie et al.  2008 ). The ultimate goal of this strategy is to establish blood–brain 
barrier pharmacoproteomics (BBB PPx), i.e., to achieve an understanding of the 
physiological and pharmacological roles of the BBB based on individual protein 
functions and protein amounts in the BBB in any animal species under any patho-
physiological condition. Because the relative impact of drug transporters (e.g., 
P-gp, BCRP, MRP4, and MRP1) at the BCSFB and BBB on the cerebral distribu-
tion of the drugs is likely to depend on the amounts of the transporters, a BCSFB 
transporter protein atlas is also required. Such data would enable us to reconstruct 
the in vivo human BBB and/or BCSFB transport activities (Uchida et al.  2011a ) and 
to consider the infl uence of factors such as disease status, aging (Ito et al.  2011a ), 
and individual differences. The development of BBB pharmacoproteomics is dis-
cussed in Chap.   3    . 

 The manipulation of transport systems, e.g., induction of infl ux transporter 
expression and inhibition of effl ux transporters, may also be a useful approach to 
improve drug targeting to the brain. Inhibition of effl ux transporters is likely to 
lower the effl ux transport rate, leading to increased drug effi cacy in the brain by 
increasing the drug concentration in the brain interstitial fl uid. Because these trans-
porters are also expressed in peripheral tissues and inhibition would change the 
distribution and elimination of drugs, development of brain-selective inhibitors 
would also be an interesting goal. 

 In vitro BBB and BCSFB models of human brain capillary endothelial cells and 
choroid plexus epithelial cells are useful tools for screening candidate drugs and 
predicting transport rates. We have established conditionally immortalized mouse 
and rat brain capillary endothelial cell lines (TM-BBB and TR-BBB, respectively) 
(Hosoya et al.  2000a ,  b ) and a rat choroid plexus epithelial cell line (TR-CSFB) 
(Kitazawa et al.  2001 ), and demonstrated that some of their transport functions ade-
quately refl ect the in vivo transport function (Terasaki et al.  2003 ). However, these 
cell lines have lower expression of multiple transporters than in vivo cells, and lack 
tight junctions and cell polarity. Weksler et al. ( 2005 ) have established an immortal-
ized human brain capillary endothelial cell line (hCMEC/D3) which exhibits a good 
correlation between in vitro and in vivo BBB permeability (Weksler et al.  2005 ). 
Recently, we used our quantitative targeted absolute proteomics technology to show 
that ABCA2, MDR1, MRP4, BCRP, GLUT1, 4F2hc, MCT1, equilibrative 
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nucleoside transporter 1 (ENT1), transferrin and insulin receptors, and claudin-5, a 
tight junction protein, are present in both hCMEC/D3 cells and human brain 
microvessels (Ohtsuki et al.  2013 ). The differences in protein expression levels 
between hCMEC/D3 cells and human brain microvessels were within fourfold for 
these proteins except for ENT1, transferrin receptor and claudin-5. Lippmann et al. 
( 2012 ) have shown that endothelial cells derived from human pluripotent stem cells 
(hPSCs) possesses some of the barrier properties of the BBB, including well- 
organized tight junctions, appropriate expression of nutrient transporters and polar-
ized effl ux transporter activity (Lippmann et al.  2012 ). Transendothelial electrical 
resistance reached a maximum of 1,450 ± 140 Ωcm 2  upon astrocyte coculture, and 
the permeability correlated well with in vivo rodent blood–brain transfer coeffi -
cients. These cellular platforms should be useful not only to clarify the molecular 
mechanisms of the human BBB transport system but also to screen drug candidates 
for CNS-acting drugs with appropriate brain permeability. A human choroid plexus 
epithelial cell line has not been established so far. Although numerous challenges 
remain in the fi eld of BBB and BCSFB research, we believe that integration of the 
various recently developed strategies and methodologies will trigger substantial 
progress in CNS drug discovery and delivery in the near future.  

2.6     Points for Discussion 

     1.    Why does increasing the lipophilicity of a poorly BBB permeable drug not 
necessarily increase its BBB permeability?   

   2.    What kinds of transporters and receptors are expressed at the BBB and BCSFB?   
   3.    What are the physiological roles of the BBB and BCSFB transport systems?   
   4.    How can we overcome the problems of the low BBB permeability by utilizing 

transporters?   
   5.    What kinds of transporters can be utilized for drug delivery to the brain in the 

design of CNS-acting drugs?   
   6.    What is the impact of the BBB effl ux transporters such as P-gp, Bcrp, and Mrp4 

on the brain drug distribution?   
   7.    In which cases do we need to consider the drug-endogenous substrate interac-

tion on transporters at the BBB and BCSFB?   
   8.    How can we overcome the problems of species differences in transport systems 

at the BBB and BCSFB?   
   9.    Why is molecular identifi cation of the H + -coupled cationic drug transporter 

expected to make signifi cant progress in the delivery of cationic CNS-acting drugs?   
   10.    What kinds of strategies and methodologies will trigger substantial progress in 

CNS drug discovery and delivery in the near future?         
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Abstract The activities of individual functional proteins, such as transporters, 
receptors, enzymes, and channels, show large variations, including interspecies 
differences, in vitro/in vivo differences, age-related differences, and normal/disease 
differences, and these need to be understood in order to guide rational drug discovery 
and development. To address this issue, we have developed an absolute quantifica-
tion method of protein expression, called quantitative targeted absolute proteomics 
(QTAP), by means of liquid chromatography–tandem mass spectrometry (LC-MS/
MS) with multiplexed selected/multiple reaction monitoring (SRM/MRM). QTAP 
has high sensitivity and selectivity, allowing quantification of protein expression 
over a wide dynamic range (0.1–1,000 fmol/μg protein). Further, its ability to quan-
tify multiple proteins simultaneously enables us to determine the quantitative 
expression profile of multiple proteins in tissues and cells. In this chapter, we intro-
duce the technical features of QTAP, discuss its advantages and limitations com-
pared with global proteomics, mRNA quantification, and antibody-based protein 
quantification, and introduce its applications in blood–brain barrier (BBB) research. 
Species differences (human/monkey/mouse), interindividual differences, and age-
related differences in the activities of transporters at the BBB are discussed based 
on their protein levels, with reference to recently reported data. QTAP also allows 
us to reconstruct/predict in vivo activities of transporters at the BBB, as well as drug 
distribution in the brain, from the results of in vitro experiments with the aid of 
pharmacokinetic modeling. QTAP methodology is expected to open up a new 
research field, BBB pharmacoproteomics.
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Abbreviations

BBB Blood–brain barrier
CNS Central nervous system
HR-SRM/MRM High-resolution selected/multiple reaction monitoring
Kp,brain Brain-to-plasma concentration ratio
Kp,uu,brain Unbound brain-to-plasma concentration ratio
LC-MS/MS Liquid chromatography–tandem mass spectrometry
MDR1 Multidrug-resistance protein 1
mdr1a Multidrug-resistance protein 1a
PET Positron emission tomography
P-gp P-Glycoprotein
PPx Pharmacoproteomics
QTAP Quantitative targeted absolute proteomics
SPECT Single photon emission computed tomography
SRM/MRM Selected/multiple reaction monitoring
Triple Q MS Triple quadrupole mass spectrometer
ULQ Under the limit of quantification

3.1  Introduction

Among drug candidates that progress to clinical trials, the proportion of compounds 
finally approved as new drugs is very small. Kola and Landis (2004) found that the 
proportion was only 5 % for anticancer drugs and 8 % for central nervous system
(CNS) drugs during 1991–2000, and the success rate was not higher during 2000–
2008 (Yagi and Ohkubo 2010). The major reasons for the high rate of discontinua-
tion of clinical development have been reported to be insufficient efficacy and 
excessive toxicity in humans (Frank and Hargreaves 2003). Furthermore, more than 
98 % of candidate CNS drugs do not cross the blood–brain barrier (BBB) and so
cannot provide a pharmacologically effective concentration in the brain (Pardridge 
2002). Thus, unfavorable distribution into target tissues in humans can also be a 
factor in discontinuation of drug development. It is clear from these considerations 
that the efficacy, toxicity, and distribution of drug candidates in humans are often 
different from those predicted on the basis of in vitro and animal experiments in 
preclinical studies. The efficacy, toxicity, and distribution of drugs are regulated by 
the activities of many individual functional molecules that interact with the drug, 
including receptors, channels, transporters, and enzymes. Therefore, it is essential 
to clarify quantitatively the differences in the patterns of activity of functional mol-
ecules between in vitro and in vivo, or between experimental animals and humans, 
in order to increase the success rate in clinical trials. Furthermore, quantitative eval-
uation of functional changes of individual molecules in various diseases is also 
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useful for developing more effective drugs, so this is one of the important issues in 
drug discovery and development.

Imaging technologies such as positron emission tomography (PET) and single 
photon emission computed tomography (SPECT) have been introduced to evalu-
ate in vivo activities of functional molecules in humans, and to examine interspe-
cies, in vitro/in vivo, and regional differences in the activities of functional 
molecules. However, the number of available tracers is restricted due to difficul-
ties in the synthesis, use, and disposal of suitable radiolabeled compounds. 
Specificities for substrates, inhibitors, ligands, agonists, antagonists, etc., are 
often similar among distinct functional molecules, and it is hard to rule out the 
possibility that tracers interact with other functionally unknown molecules. 
Therefore accurate evaluation of the activities of target molecules with these 
methods remains problematic.

Protein expression levels have been shown to correlate well with activity for a 
variety of functional proteins, including P-glycoprotein (P-gp/MDR1), Na+/glucose 
cotransporter 1, cytochrome P450 2D6 (CYP2D6), and β-secretase (Dyer et al.
1997; Hoffmeyer et al. 2000; Fukumoto et al. 2002; Shirasaka et al. 2008; 
Langenfeld et al. 2009; Tachibana et al. 2010). Thus, we considered that in vitro/in 
vivo and interspecies differences in functional activities might be effectively 
 evaluated in terms of protein expression levels, and so we developed novel meth-
odology for protein quantification based on liquid chromatography-linked tandem 
mass spectrometry (LC-MS/MS) with selected/multiple reaction monitoring 
(SRM/MRM) (Kamiie et al. 2008). Because our aim was to determine the abso-
lute protein expression levels of preselected target molecules, we called the new 
method “quantitative targeted absolute proteomics (QTAP).” In this method, the 
protein expression of a target molecule is selectively quantified by using a specific 
peptide probe. We have established in-silico selection criteria that make it possi-
ble to select appropriate peptide probes for any target molecule whose amino acid 
sequence is known, and therefore QTAP is a comprehensive methodology for 
protein quantification. Given that protein expression is generally well correlated
to activity, as mentioned above, we anticipated that it would be possible to predict 
the in vivo activities of target molecules in humans by integrating the activities 
measured in in vitro or animal experiments with in vitro/in vivo or interspecies 
differences in protein expression levels determined by QTAP. Therefore, QTAP is 
expected to overcome the major limitations of in vivo functional analysis using 
imaging technologies and to open up the new research field of pharmacopro-
teomics (PPx).

In this chapter, we introduce the technical features of QTAP as a protein 
 quantification methodology, as well as recent advances, and we summarize its 
advantages and limitations compared with global proteomics, classical protein 
quantification with antibodies and mRNA quantification. Furthermore, we intro-
duce some applications of QTAP to illustrate its value in understanding interspecies, 
interindividual, age-related, and in vitro/in vivo differences in the activities of 
 transporters at the BBB.
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3.2  Principles and Methodology of Quantitative Targeted 
Absolute Proteomics

3.2.1  Protein Quantification by Multiplexed Selected/Multiple 
Reaction Monitoring (SRM/MRM) Using LC-MS/MS

LC-MS/MS has been widely used for quantification of nonlabeled small-molecular 
compounds. Recent advances in LC-MS/MS technology allow us to simultaneously 
quantify multiple compounds with a sensitivity comparable to that of radio-isotope 
methods, so that LC-MS/MS has become a powerful tool for many purposes, includ-
ing functional analysis of transporters, enzymes, and receptors. Indeed, we have 
developed a comprehensive substrate/nonsubstrate screening method for ABC 
transporters by means of LC-MS/MS, named the LC-MS/MS Cocktail Method, and 
have used it to identify 18 MRP4 substrates from a mixture of 50 compounds
(Uchida et al. 2007).

Therefore, we considered in principle that a similar quantification strategy would 
be available for proteins. However, proteins are too large to separate by reverse- 
phase HPLC and their mass lies above the range of the mass filter in MS for quan-
tification (mass-to-charge ratio (m/z)<1,250 in API5000 and QTRAP5500).
Therefore, proteins must first be digested with a protease, such as trypsin, and then 
peptide(s) specific for the target protein can be quantified by LC-MS/MS. Trypsin 
digestion is an important process especially for quantification of membrane pro-
teins, which generally exhibit low solubility and high aggregability due to the pres-
ence of hydrophobic regions. From various regions of target protein, trypsin 
digestion produces some specific peptides for the target protein, and appropriate 
peptide(s) can be selected for LC-MS/MS-based quantification.

To achieve highly selective quantification, the chosen peptide is quantified by 
selected/multiple reaction monitoring (SRM/MRM) using triple quadrupole (Triple 
Q) MS (Fig. 3.1). Triple Q MS employs three chambers, of which the 1st Q (Q1) 
and 3rd Q (Q3) are mass filters that pass the peptide ion having the target mass. In 
the 2nd Q (Q2), the peptide ion is fragmented by collision with N2 gas. The use of 
two mass filters provides high selectivity and a high S/N ratio. The combination of 
Q1 and Q3 mass filters is called the transition, which can be changed every 10 ms, 
and up to 300 different peptide ions can be simultaneously quantified in a single 
analysis.

An internal standard is important for accurate quantification (Fig. 3.2). A stable 
isotope-labeled peptide having the same amino acid sequence as the target peptide 
is used as the internal standard and can be distinguished from the target peptide by 
MS due to the difference in mass. The labeled internal standard peptide is eluted at 
the same retention time as the target peptide, thereby making it possible to recog-
nize the peak of the target peptide based on the retention time of the corresponding 
internal standard peptide. Furthermore, internal standard peptide is also essential to 
correct for changes of sensitivity between analyses, e.g., between a real protein 
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Fig. 3.1 Simultaneous quantification of several target peptides and simultaneous monitoring of 
four daughter peptides for each target peptide by multiplexed SRM/MRM analysis using a triple 
quadrupole tandem mass spectrometer (Triple Q MS)

Fig. 3.2 Experimental procedure for quantitative targeted absolute proteomics. Taken from 
Ohtsuki et al. (2011) and modified
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sample and a standard sample for preparing the calibration curve. As regards sensi-
tivity, the target peptide and internal standard peptide have the same amino acid 
sequence. Therefore, any change of sensitivity can be corrected by taking the peak 
area ratio of target peptide to internal standard peptide. Because real samples such 
as tissues and cells suffer significant ion suppression compared to standard samples 
not including matrix, the correction of sensitivity by using an internal standard pep-
tide is very important to accurately quantify the absolute amount of the target 
peptide.

Each target peptide is quantified by measuring four different SRM/MRM transi-
tions which consist of a parent ion (Q1) and four different daughter ions (Q3) 
(Fig. 3.1; Kamiie et al. 2008). This allows us to increase the selectivity for the target 
peptide by monitoring the chromatographic coelution of eight transitions of the tar-
get and internal standard peptides, thereby ensuring reliable identification of signal 
peaks. Furthermore, this SRM/MRM analysis also increases the accuracy of quan-
tification. By comparing the 4 quantitative values, it can be understood whether
noise peaks overlap with the target peptide peak, and when necessary, SRM/MRM 
transitions can be changed to appropriate ones not affected by noise peaks.
Eight SRM/MRM transitions (4 transitions for the target peptide and 4 corre-

sponding transitions for the internal standard peptide) are required for quantification 
of one protein. Therefore, 37 different proteins can be simultaneously quantified in
a single analysis by using the currently available maximum of 300 SRM/MRM 
transitions (multiplexed SRM/MRM analysis).

3.2.2  In Silico Selection of Target Peptide Based on Amino 
Acid Sequence of Target Protein

The selection of the target peptide is a key issue to achieve highly sensitive and 
 reliable protein quantification by SRM/MRM analysis. In most cases, global 
 proteomics has been performed by using peptides obtained by trypsin digestion of 
biological samples that highly express the target protein, and peptides giving a high 
signal intensity have been chosen for quantification (Li et al. 2008; Wang et al. 
2008). However, this strategy is time-consuming and it is necessary to prepare 
 samples that highly express the target protein, so it is difficult to establish a quanti-
fication method for many molecules. Furthermore, trypsin digestion efficiency, 
 peptide specificity, posttranslational modification (PTM), and polymorphism should 
be considered for accurate quantification, but the small number of peptides identi-
fied by global proteomics does not necessarily allow this.

To solve these problems, we have established a method to predict appropriate 
peptides for quantification based on the previous proteomic data and experience 
(Table 3.1). This allows us to design target peptides in silico from sequence infor-
mation registered in protein databases, such as UniProtKB. Figure 3.3 shows the 
distribution of sensitivity and accuracy for all peptides of trypsin-digested human 
serum albumin (HSA); the sensitivity and accuracy vary by 1,000-fold and 30-fold, 
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Table 3.1 In silico peptide selection criteria

Necessary conditions
1. Amino acid sequence of peptide exists only in target protein (based on NCBI protein 

BLAST database)
2. Peptide is theoretically obtained by protease (such as trypsin) digestion of target protein, 

that is, arginine or lysine residue just before and at C-terminal of peptide if trypsin is used
3. Length between 6 and 16 amino acids (8–10 amino acids is better) for detection by Triple

Q MS
4. Not including methionine or cysteine residues
5. No posttranslational modification and NO single nucleotide polymorphism for quantifica-

tion of total amount of target protein
6. No continuous sequences of arginine or lysine residues (RR, KK, RK, KR) in the digestion

region, to ensure efficient digestion by trypsin
7. Not including a sequence with a proline residue at the C-terminal side of arginine or lysine 
residue (RP or KP) in the digestion region, to ensure efficient digestion by trypsin

8. Not including a transmembrane region, to ensure efficient digestion by protease (such as 
trypsin)

Sufficient conditions
9. Not including a histidine residue, which would reduce peptide sensitivity of the mass 

spectrometer
10. Including glycine or proline residue, which increases peptide sensitivity of the mass 

spectrometer
11. Prediction of LC retention time based on hydrophobicity of amino acids
12. Select water-soluble peptide based on hydrophobicity of amino acids. Hydrophobic amino 

acids should preferably be less than 40 % of total residues in peptide

Taken from Kamiie et al. (2008) and modified

Fig. 3.3 Comparison of means and coefficients of variation of peak areas in 8 analyses between
38 peptides (10 fmol each) chosen by using in-silico criteria and all tryptic peptides of HSA. 36
membrane proteins were selected as models to evaluate whether the in-silico approach is workable 
to select probe peptides for highly sensitive and highly accurate quantitative analysis of target 
proteins. 38 probe peptides for the 36 membrane proteins were chosen by using in-silico criteria,
and compared with all tryptic peptides of human serum albumin (HSA). Taken from Kamiie et al.
(2008) and modified
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respectively, among the peptides (Kamiie et al. 2008). In contrast, all 38 probe
 peptides of 36 membrane proteins chosen by using our in silico selection criteria 
were highly sensitive and highly accurate. Especially, 28 of the peptides (74 %)
were detected at above 500 counts/fmol and their coefficients of variation were less
than 40 %. We have also succeeded in developing software to automatically select
appropriate peptides for target proteins within 10 min/protein, and have already 
established an LC-MS/MS quantification method for more than 500 proteins includ-
ing transporters, enzymes, and receptors.

3.2.3  Experimental Procedure

The first step: the target peptide for a target molecule is chosen by employing our in 
silico selection criteria, and synthesized with >95 % peptide purity (Fig. 3.2). The 
concentration of peptide solution is determined by quantitative amino acid analysis, 
and MS conditions, including SRM/MRM transitions, declustering potentials, and 
collision energies, are optimized by direct infusion of 0.1–1 μM peptide solution 
into the mass spectrometer at a flow rate of 5 μL/min with a syringe pump. A dilu-
tion series of unlabeled peptide with a fixed amount of labeled peptide is then 
injected onto the C18 column of the LC coupled with the mass spectrometer to
confirm appropriate elution of the peptide from the column, as well as the sensitivity 
and accuracy in SRM/MRM analysis.

The second step: protein expression level of a target molecule in target protein 
samples is determined by using the quantification method established in the first 
step. We have performed protein quantification in whole tissue lysates of human, 
monkey, and mouse brain capillaries, whole cell lysates of hCMEC/D3 and human
breast cancer cell lines, microsomal fraction of liver, crude membrane fractions of 
human breast and stomach cancer cell lines, plasma membrane fractions of liver, 
kidney, platelets, meningioma, hCMEC/D3 cells and HUVECs, and cytosolic frac-
tions of human pancreatic adenocarcinoma cell lines (Kamiie et al. 2008; Niessen 
et al. 2009, 2010; Ito et al. 2011; Kawakami et al. 2011; Uchida et al. 2011b; Obuchi 
et al. 2013; Ohmine et al. 2012; Ohtsuki et al. 2012, 2013; Yoshikawa et al. 2012). 
LC-MS/MS-based quantification is applicable to many kinds of protein samples, 
including those used in ELISA or immunoblotting. The proteins in the sample (50–
100 μg protein) are first reduced and S-carbamoylmethylated under solubilizing 
conditions in the presence of 7M guanidine hydrochloride (Fig. 3.2). The alkylated 
proteins are precipitated with a mixture of methanol and chloroform, and then the 
precipitates are treated with lysyl endopeptidase, trypsin, and trypsin enhancer to 
efficiently produce tryptic peptides.

The third step: a fixed amount of stable-isotope-labeled internal standard pep-
tides is added, and the mixture is analyzed by multiplexed SRM/MRM to quantify 
expression of several molecules simultaneously (Fig. 3.2). Signal peaks with a peak 
area count of over 5,000 detected at the same retention time as an internal standard
peptide are defined as positive. When positive peaks are observed in three or four 
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sets of SRM/MRM transitions, the molecules are considered to be expressed in the 
target protein samples. The absolute amount (fmol) of each target peptide is deter-
mined as the average of three or four quantitative values, which are calculated from 
the target-to-internal standard peptide peak area ratios in the target samples and the 
calibration curve. The protein expression level (fmol/μg protein) of target protein is 
obtained by dividing the determined absolute amount (fmol) of target peptide by the 
total protein amount (μg protein) of samples analyzed. We have confirmed the effi-
cient solubilization and digestion of glut1 in mouse brain microvessels and human 
MDR1 in MDR1-overexpressing cells by comparing LC-MS/MS-based quantifica-
tion and binding assays, including immunoblotting (Kamiie et al. 2008). 
Furthermore, no bands over 20 kDa were detected by SDS-PAGE after trypsin
digestion. The results suggest that the solubilization and trypsin digestion proceeded 
efficiently, but do not necessarily indicate complete solubilization and digestion of 
all molecules.

3.2.4  Time Period

The rate-limiting step is synthesis of nonlabeled and stable-isotope-labeled pep-
tides, which currently takes 2–3 weeks (Fig. 3.2). After synthesis, 3 days are neces-
sary to establish the quantification method, including amino acid analysis and MS 
optimization. Sample preparation until trypsin digestion takes 3 days. The time 
required for a single analysis by LC-MS/MS depends on the HPLC gradient, and 
the total time for a series of analyses is proportional to the number of samples. 
Because a slow gradient is necessary to avoid significant ion suppression, it can take 
2 h for a single analysis. If 6 different amounts of standard samples and 10 target 
protein samples are analyzed, it would take 32 h (16 samples × 2 h) for the whole 
analysis. In total, 1 month is sufficient to obtain a quantitative protein expression 
profile.

3.2.5  Cost

Since at least one stable isotope-labeled peptide is necessary for quantifying each 
protein, the cost of synthesizing the labeled peptides (about $1,000–$1,500 for
5 nmol each) is a critical issue for method development. However, the cost issue
will be ameliorated by the establishment of peptide libraries. The AQUA peptide 
library (Sigma-Aldrich) provides 100 pmol peptide at about $300 each for the 
registered proteins. Another solution is to synthesize stable isotope-labeled pro-
tein containing the target peptides by using an E. coli or in vitro cell-free protein 
synthesis system (Kito et al. 2007). The sensitivity of the method also depends on 
the available equipment, and the cost of high-sensitivity LC and MS instruments 
can be significant.
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3.3  Advantages and Limitations of Quantitative Targeted 
Absolute Proteomics

3.3.1  Comparison of Quantitative Targeted Absolute 
Proteomics and Global Proteomics

The use of tandem mass spectrometry (MS/MS) combined with the genome data-
base has allowed large-scale identification of proteins expressed in biological and 
clinical materials (Aebersold and Mann 2003; Patterson and Aebersold 2003; 
Domon and Aebersold2006), so-called global proteomics (Fig. 3.4). Comprehensive 
analysis with the sequence-tag method using high-resolution mass spectrometers 
such as Q-TOF and Orbitrap can identify hundreds to thousands of proteins in bio-
logical materials in a single analysis (Nagano et al. 2005; Chen et al. 2006; 
Pshezhetsky et al. 2007). However, proteome coverage with the presently available 
global proteomic approaches is still insufficient. Highly abundant proteins are easy 
to identify, but low-abundance proteins are difficult to detect due to high back-
ground noise in the analysis of complex samples. The proteins that are difficult to 
detect include physiologically relevant molecules. Therefore, it is necessary to 
improve fractionation, purification, and separation techniques in sample preparation 
and liquid chromatography, and to increase the resolution and sensitivity of the 
mass spectrometer. These are still challenging problems.

Fig. 3.4 Comparison of global proteomics and targeted proteomics
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Compared to global proteomics, quantitative targeted absolute proteomics 
(QTAP) is suitable for detecting low-abundance molecules, and further can deter-
mine their absolute expression level (Fig. 3.4). The use of two mass filters, so-called 
SRM/MRM analysis, allows the target peptide to be distinguished in enormously 
complex samples, and provides high selectivity and a high signal-to-noise ratio. 
Because Triple Q MS has excellent sensitivity, SRM/MRM analysis with Triple Q 
MS permits highly sensitive detection of target peptides. Furthermore, the use of 
more than 95 % pure peptides and stable-isotope-labeled internal standard peptides
with the same amino acid sequences as the nonlabeled peptides enables absolute 
quantification of target proteins. The high accuracy and wide dynamic range of 
Triple Q MS are also favorable for reliable quantification. For these reasons, once 
target proteins of interest are identified, QTAP provides superior detection ability to 
global proteomics, and further, can provide the absolute expression level of each 
target molecule, which may offer a clue to its physiological importance.

3.3.2  Comparison of Protein and mRNA Analysis

mRNA expression has been widely used as a surrogate marker for expression 
levels and activities of functional molecules. Ohtsuki et al. (2012) compared 
mRNA expression levels, protein expression levels, and functional activities of 
drug-metabolizing enzymes and transporters in 17 human liver biopsies. The
mRNA expression levels of CYP3A4, CYP2B6, and CYP2C8 were each highly
correlated with the corresponding enzyme activity and protein expression levels, 
whereas for 6 other P450s, the mRNA expression levels were less well correlated
than the protein expression levels with the enzyme activities. Among transporters, 
the protein expression level of organic anion-transporting polypeptide 1B1 
(OATP1B1) was relatively highly correlated with the mRNA expression level. 
However, 11 other transporters showed almost no correlation (Fig. 3.5). Another 
report indicated that mRNA expression levels and protein expression levels of 
ABCA7, B4, C1, C3, and C4 in human platelets were not correlated (Niessen
et al. 2010). In the cases of P-glycoprotein (P-gp/MDR1) and Na+/glucose cotrans-
porter 1, the protein expression levels have been shown to correlate with the trans-
port activities (Dyer et al. 1997; Shirasaka et al. 2008; Tachibana et al. 2010). 
Overall, these reports suggest that protein expression levels are to be preferred 
over mRNA expression levels for predicting the activities of drug-metabolizing 
enzymes and transporters.
On the other hand, mRNA analysis using PCR or DNA chip technology can

comprehensively screen molecular expression. Therefore, screening of candidate 
molecules by mRNA analysis followed by the confirmation with QTAP should be 
an effective strategy to identify proteins expressed in target cells and tissues. Then, 
the protein expression level determined by QTAP would be useful information to 
decide on the order of priority for further study among a number of candidate pro-
teins screened by mRNA analysis.
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3.3.3  Comparison of LC-MS/MS and Antibody-Based Analysis

Binding assay using antibodies, such as quantitative western blotting or ELISA, is 
widely used for protein quantification. In Table 3.2, LC-MS/MS-based quantitative 
analysis is compared with antibody-based analysis.

As regards method development, it usually takes about a year to establish detec-
tion systems using antibodies, and sometimes a suitable specific antibody cannot be 
obtained at all. In contrast, it takes only a month to develop the quantification 
method using the LC-MS/MS-based system, and it is not necessary to prepare target 

Fig. 3.5 Comparison 
between protein and mRNA 
expression levels of 
transporters in 17 human liver
biopsies. Taken from Ohtsuki 
et al. (2012a) and modified
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proteins, because in silico selection of target peptides is available. It is possible to 
make a decision as to whether or not the method is feasible within the first 10 min, 
based on the in silico target peptide selection. In contrast, antibody-based analysis 
first requires preparation of the antigens and it then takes several months to establish 
whether a suitable antibody can be obtained. Thus, the availability of in silico selec-
tion from a sequence database allows much more rapid and efficient development 
of a LC-MS/MS-based quantification method for target protein.

The specificity of the analytical system for the target protein is a key factor in 
interpreting the experimental results. In LC-MS/MS-based analysis, the specificity 
of the target peptide can be confirmed by database search, such as NCBI BLAST 
search (Table 3.2). Furthermore, MS selects the target peptide based on molecular 
weight (mass-to-charge ratio; m/z) with a mass filter, and selectively detects the 
target peptide in complex peptide mixtures obtained by digesting biological 

Table 3.2 Comparison of LC-MS/MS and antibody-based analysis

LC-MS/MS-based analysis Antibody-based analysis

Principle of 
quantification 
analysis

Quantification of peptides digested 
with protease

Binding assay using antibody, 
such as quantitative western 
blotting and ELISA

Essential material Target peptide set (unlabeled and 
stable-isotope-labeled 
peptides)

Antibody

LC-MS/MS > antibody

Method 
development

About 1 month for development, 
including target peptide 
selection, peptide synthesis, 
amino acid analysis, and MS 
optimization

Target peptide is selected from 
sequence information

>>

>>

Long time for development, 
including antigen prepara-
tion, immunization, and 
specificity validation

Antigen protein or peptide is 
necessary

Specificity High specificity due to mass filter, 
and specificity is confirmed by 
database

Easy to distinguish modification 
and mutation by mass

>>

>

Depends on antibody, and
difficult to validate 
specificity

Difficult to prepare specific
antibodies for modifications 
and mutations in proteins

Multiprotein assay 37 proteins/1 assay >> 1 protein/1 assay

LC-MS/MS < antibody

Throughput 1 sample/1 run << 96 or more samples/1 run

Sensitivity Medium sensitivity (ng/mL) < High sensitivity (pg/mL to ng/mL)

Localization 
analysis

Insufficient resolution and 
sensitivity

<< High sensitivity and resolution, 
but depends on antibody

Instrument Expensive and high-tech 
instrumentation

< Simple instrumentation

“>” or “>>” indicates advantages of LC-MS/MS-based analysis and “<” or “<<” indicates advan-
tages of antibody-based analysis. Sensitivity, multiprotein assay, and throughput refer to ELISA as 
an antibody-based analysis. Taken from Ohtsuki et al. (2011) and modified
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samples. A single amino acid difference in a peptide changes the m/z, and can easily 
be distinguished by MS. Therefore, major advantages of this quantification method 
are very high specificity for the target protein and high selectivity, in contrast to the 
issue of cross-reactivity in antibody-based methods. An example of the superiority 
of LC-MS/MS can be seen in the separate quantification of mdr1a and mdr1b, for 
which the preparation of specific antibodies is difficult due to their high sequence 
similarity. Furthermore, single nucleotide polymorphism (SNP) or a PTM, such as 
phosphorylation, results in a change of m/z, so that LC-MS/MS can separately 
quantify both wild-type and mutated protein or both nonmodified and modified pro-
tein. It would be extremely difficult to prepare specific antibodies for these pur-
poses. Quantification of phosphorylated proteins such as focal adhesion kinase, 
estradiol receptor α, and HER2 by LC-MS/MS has been reported (Ciccimaro et al. 
2009; Domanski et al. 2010).

Simultaneous quantification of multiple proteins with multiplexed SRM/MRM 
is another advantage of LC-MS/MS-based quantification (Table 3.2). Up to 37 pro-
teins can currently be quantified simultaneously (8 transitions per protein ×37 pro-
teins=296 transitions<300 transitions at maximum in API5000 and QTRAP5500),
and we have reported the simultaneous quantification of 34 transporters and 2 mem-
brane proteins in mouse brain capillaries, liver, and kidney (Kamiie et al. 2008). It 
is also possible to increase the number of target proteins for quantification by 
repeating the LC-MS/MS analysis. We recently reported the quantification of 114
membrane proteins in human brain capillaries (Uchida et al. 2011b). Therefore, 
LC-MS/MS is an excellent tool to quantify large numbers of target proteins, such as 
transporters, enzymes, receptors, channels, and biomarker candidates.

On the other hand, a limitation of this method is the longer analysis time of 
LC-MS/MS compared to ELISA (Table 3.2). LC-MS/MS analyzes samples one by 
one, and a single analysis takes about 2 h using regular HPLC, so a maximum of 12 
samples can be analyzed in a day. The use of ultra performance liquid chromatogra-
phy (UPLC) can shorten the analysis time to a few minutes, but the shorter gradient 
causes significant ion suppression and it is necessary to reduce the number of pro-
teins that can be quantified simultaneously to obtain accurate target peptide peaks. 
ELISA measures single proteins, but it is possible to analyze 96 or more samples in
parallel. Therefore, ELISA is a useful methodology to determine the expression 
levels of one or several proteins in large numbers of samples, e.g., for clinical 
diagnosis.

Sensitivity is an important factor for quantification, as well as accuracy and reli-
ability (Table 3.2). The sensitivity of ELISA is in the range from pg/mL to ng/mL, 
although it depends on the antibody (Ang et al. 2011). The sensitivity of LC-MS/
MS-based quantification is of ng/mL order (0.1–1 pmol/mL) (Ang et al. 2011). 
Thus, LC-MS/MS-based quantification is less sensitive than ELISA. However, the 
continuing improvement of MS instruments is expected to increase the sensitivity. 
Alternatively, a step to purify and concentrate target proteins and peptides could be 
introduced.
Knowledge of protein localization in cells and tissues is essential to elucidate

a protein’s function. Antibodies are a good tool to clarify protein localization in 
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cells and tissues by means of immunocytochemical and immunohistochemical 
analyses, respectively. Recently, MS has also become available for localization 
analysis, with the introduction of imaging MS (Schwamborn and Caprioli 2010; 
Sugiura and Setou 2010). However, the current methodology does not have suf-
ficient resolution and sensitivity (Table 3.2), so protein localization analysis by 
using imaging MS is still challenging issue. The laser microdissection technique 
has been adopted recently to obtain tissue samples exclusively from specific 
regions of interest, although the collected samples are very small in quantity (ng 
to μg protein). If a nano-LC system is coupled with a mass spectrometer, so-called 
nano-LC-MS/MS, the expression levels of target molecules can be determined by 
using as little as 1 μg protein of tissue sample, which is obtainable by laser micro-
dissection. Therefore, the combination of laser microdissection and SRM/MRM 
analysis in nano-LC-MS/MS can improve the sensitivity in localization analysis 
and should be useful methodology to determine protein expression levels in 
specific tissue regions.

3.4  Recent Advances in LC-MS/MS-Based Quantification: 
Protein Quantification by High-Resolution Selected/
Multiple Reaction Monitoring (HR-SRM/MRM)

Increasing the sensitivity of MS is important to quantify protein expression levels 
of target molecules that cannot be detected by existing LC-MS/MS systems. 
However, attempts to increase sensitivity usually cause an increase not only in the 
peak intensity of the target peptide but also in the noise level, so that the lower limit 
of quantification is not improved much. Protein samples of high complexity, such as 
whole tissue lysates, give high levels of background noise. Therefore, a reduction of 
noise levels is necessary to detect small amounts of proteins, as well as increasing 
the sensitivity. Q-TOF MS gives high mass resolution, which is favorable to distin-
guish a small target peak from background noise, but the dynamic range is narrow, 
being inadequate for quantification. Furthermore, Q-TOF MS is not suitable for 
multiprotein- targeted analysis such as multiplexed SRM/MRM because the scan 
time is longer. Recently, however, MS instrument development has led to an 
improvement in the dynamic range and scan speed of Q-TOF MS. High-resolution 
(HR)-SRM/MRM analysis with the latest Q-TOF MS (ABSCIEX TripleTOF5600)
is able to simultaneously determine the protein expression levels of more than 20 
proteins with a dynamic range of greater than 4 orders of magnitude. TripleTOF5600
gives a mass resolution of 0.02 unit, which is 35-fold superior to that of QTRAP5500
(0.7 unit). Indeed, TripleTOF5600 shows a significantly reduced noise level and can
detect small peaks that are masked by background noise in the case of QTRAP5500
(Fig. 3.6). Therefore, HR-SRM/MRM analysis can be used to quantify protein 
expression of target molecules present in amounts too small to be detected by 
Triple Q MS.
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3.5  Applications in Blood–Brain Barrier Research

3.5.1  Interspecies Differences in Protein Expression Levels  
of Transporters and Receptors

Species differences and similarities between humans and experimental animals are 
key issues for efficient drug development, especially for increasing the success rate 
of progression of candidate drugs from preclinical to clinical studies. Therefore, we 
have clarified the absolute protein expression levels of transporters and receptors in 

Fig. 3.6 Comparison of SRM/MRM chromatograms for cytochrome P450 2a5 (CYP2a5) in
microsomal fraction of mouse liver between TripleTOF5600 (a) and QTRAP5500 (b). Microsomal 
fraction of mouse liver was digested with trypsin, and the digestion products were spiked with 
stable isotope-labeled peptides and subjected to LC-MS/MS analysis. (a) For the LC-TripleTOF5600
(Q-TOF), the digestion products were separated with a C18 column (3 μm, 75 μm×150 mm,
Eksigent Technologies) at a flow rate of 200 nL/min, and the peptide of CYP2a5 was analyzed by
high-resolution SRM/MRM. (b) For the LC-QTRAP5500 (Triple Q), the digestion products were
separated on Xbridge BEH130 C18, 3.5 μm, 1.0 mm×100 mm (Waters) at a flow rate of 50 μL/
min, and the peptide of CYP2a5 was analyzed by SRM/MRM. A signal peak was detected at the
same retention time as the labeled peptide (26.2 min) and recognized as the peak of the target 
peptide of CYP2a5 on the LC-TripleTOF5600. In contrast, no signal peak was observed at the
same retention time as the labeled peptide (66.4 min) on the LC-QTRAP5500
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human, monkey, and mouse brain microvessels, providing basic information about 
species differences in molecular-level transport functions at the blood–brain barrier 
(BBB) (Table 3.3; Kamiie et al. 2008; Ito et al. 2011; Uchida et al. 2011b). This 
information is valuable for CNS drug discovery and development.
MDR1/mdr1a/P-gp/ABCB1 and BCRP/ABCG2 are major gatekeepers for mul-

tiple hydrophobic drugs, and function to pump out these drugs from brain capillary 
endothelial cells into the circulating blood and to attenuate drug distribution to the 
brain. MDR1 protein expression in human brain microvessels is 2.33-fold lower
than that in mouse, whereas it is not significantly different between human and 
monkey (Table 3.3). The lower expression of MDR1 in human and monkey brain
microvessels would lead us to predict higher distribution of MDR1 substrates to the
brain of humans and monkeys compared to that of mice. Indeed, a PET study found 
that human brain penetration of [18F]altanserin and [11C]GR205171, substrates of
MDR1, was 4.5- and 8.6-fold greater than in rodents, respectively, and monkey
brain penetration of [11C]verapamil and [11C]GR205171 was 4.1- and 2.8-fold
greater than in rodents, respectively, although the plasma protein bindings of these 
substrates did not show much difference among humans, monkeys, and rats 
(Syvanen et al. 2009). Furthermore, MDR1 inhibition with tariquidar in humans led
to only a 2.7-fold increase in [11C]verapamil brain uptake as compared with an 11.0- 
fold increase in rats, suggesting that MDR1 activity is less in humans than in rats
(Bauer et al. 2012). These results indicate that, in addition to differences in substrate 
specificity and affinity, differences in the expression levels of transporters contrib-
ute to species differences in transporter function at the BBB.
BCRP protein expression was 1.74-fold greater in monkeys, but 1.85-fold lower

in mice than in humans (Table 3.3). Although the species difference in BCRP trans-
port activity at the BBB remains unknown, the higher expression level of BCRP 
than MDR1 in human and monkey BBB suggests that BCRP is mainly involved in
limiting drug penetration into the brain in humans and monkeys. Various BCRP
substrates, including imatinib, gefitinib, erlotinib, mitoxantrone, and topotecan 
(Kusuhara and Sugiyama 2009; Urquhart and Kim 2009), have been used for the 
treatment of glioblastoma, but their therapeutic benefit is minimal (Wen and Kesari
2008). In contrast, temozolomide is effective and is generally used as a first-line 
drug for glioma patients (Wen and Kesari 2008). Temozolomide is not transported 
well by human BCRP (de Vries 2009). Therefore, we postulate that the high efflux 
activity of BCRP at the human BBB is one of the reasons for the limited pharmaco-
logical activity of these anticancer agents, other than temozolomide, against 
glioblastoma.
MRP4 and OAT3 are well-characterized organic anion transporters at the rodent

BBB, and, in vivo experiments with gene knockout mice have shown that mrp4 and
oat3 play roles in drug efflux from brain to blood (Uchida et al. 2007; Ose et al. 
2009). The protein expression of MRP4 is significantly smaller (8.1-fold) in humans
than in mice, and that of OAT3 is at least 5.7-fold smaller (Table 3.3), raising the 
possibility that the efflux activities of MRP4 and OAT3 are low in human BBB
compared to mouse BBB. Ro64-0802, an active form of the anti-influenza virus
agent oseltamivir, undergoes active efflux mediated by OAT3 and MRP4 at the BBB

3 Blood–Brain Barrier (BBB) Pharmacoproteomics…
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(Ose et al. 2009). Recently, abnormal behavior has been reported in teenagers or 
younger people prescribed oseltamivir, though a rodent study showed no specific 
CNS or behavioral effects after administration of doses corresponding to at least 
100 times the clinical dose (Toovey et al. 2008). Ro64-0802 is suspected to be one
of the major causes of the CNS adverse effects in humans, because it is 30 times 
more potent than oseltamivir (Izumi et al. 2007). Hence, a possible explanation for 
oseltamivir toxicity in humans may be that low expression of MRP4 and OAT3 in
the human BBB results in reduced efflux of Ro64-0802 from the brain, leading to
greater accumulation in the brain, which in turn induces adverse effects on the CNS.

OATP is another family of organic anion transporters, and OATPs are thought to 
transport a variety of amphipathic drugs. In human brain microvessels, no protein 
expression of any the OATP subtypes was observed, as was also the case for OAT 
and MRP family members, except MRP4 (Uchida etal. 2011b). Therefore, not only 
OAT- and MRP-mediated transport but also OATP-mediated transport could be very 
limited at the human BBB. On the other hand, ABCA8 has been reported to trans-
port organic anions, including substrates of rodent mrp4, oat3, and oatp1a4/oatp2
(Kusuhara et al. 1999; Tsuruoka et al. 2002; Ohtsuki and Terasaki 2007), and was 
detected in human brain microvessels in the amount of 1.21 fmol/μg protein, a level 
similar to those of mrp4, oat3, and oatp1a4 in mouse brain capillaries (Table 3.3). 
Therefore, ABCA8 could play a role corresponding to those of mouse mrp4, oat3,
and oatp1a4 at the human BBB.

In addition to drug transporters, transporters and receptors for endogenous com-
pounds also showed significant differences in protein expression levels between 
human and mouse, whereas the levels in monkeys were quite similar to those in 
humans. Thyroid hormones, such as thyroxine (T4) and triiodotyronine (T3), are
essential for cell metabolism, normal growth and development, and supply of these 
hormones from blood to brain is vital. In rodents, mct8 and oatp1c1/oatp14 are
expressed in isolated brain microvessel endothelial cells (Roberts et al. 2008), and 
are involved in the supply of thyroid hormones into the brain across the BBB 
(Tohyama et al. 2004; Trajkovic et al. 2007; Ceballos et al. 2009). In humans and 
monkeys, our QTAP analysis showed that MCT8 protein was expressed in isolated
brain microvessels, whereas OATP1C1 protein was under the limit of quantification 
(Table 3.3). The levels in humans and monkeys were at least 11.6-fold and 6.60-fold 
lower than that in mice, respectively. Thyroid hormone insufficiency in the brain 
causes neurological abnormalities, such as Allan-Herndon-Dudley syndrome.
Rather drastic abnormalities are observed in humans lacking functional MCT8, in
contrast to mct8-null mice (Heuer 2007). These results suggest that, in humans and 
monkeys, MCT8 mainly contributes to the supply of thyroid hormones across the
BBB, due to restricted expression of OATP1C1.

Excitatory amino acids, such as l-glutamic acid (l-Glu) and l-aspartic acid (l- 
Asp), play a role in excitatory neurotransmission in the CNS (Zorumski and Olney 
1993). Since their accumulation in the brain results in excitatory neurotoxicity, the 
efflux transport system is required to act as a clearance system to maintain CNS 
function. l-Glu and l-Asp undergo efflux from the brain across the BBB (Hosoya 
et al. 1999). This transport system does not mediate efflux transport of d-aspartic 
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acid (d-Asp). Tetsuka et al. (2003) indicated that asct2 is involved in the l-isomer- 
selective Asp efflux across the BBB in rodents. In humans, ASCT2 protein expres-
sion was not observed in isolated brain microvessels in QTAP analysis, and its level 
(<0.142 fmol/μg protein) was at least 11.1-fold lower than that in mouse (Table 3.3). 
However, ASCT1 protein was expressed in the amount of 1.81 fmol/μg protein, a 
level similar to that of asct2 in mouse brain capillaries (Table 3.3; Shawahna et al. 
2011). As ASCT1 also mediates l-isomer-selective Asp transport (Tetsuka et al. 
2003), ASCT1 appears to have a functional role similar to that of mouse asct2 at the 
human BBB.

As well as the ASCT family, excitatory amino acid transporters (EAATs) 1, 2, 
and 3 are also expressed in isolated brain capillary endothelial cells (O’Kane et al.
1999). Electrogenic transport experiments using Xenopus oocytes expressing EAAT 
subtypes have shown that all the three subtypes transport not only l-Glu and l-Asp 
but also d-Asp with similar transport rates [maximum current]/[Km] for the three 
amino acids (Arriza et al. 1994). Therefore, EAATs cannot account for the stereose-
lective BBB efflux transport of Asp in rats (Hosoya et al. 1999), and the contribu-
tion of EAATs to the BBB transport system may be small compared with that of 
ASCTs. In isolated human brain microvessels, protein expression levels of EAATs 
were quantified in the rank order of EAAT1 > EAAT2 > EAAT3, and the protein 
levels of EAAT1 and EAAT2 (24.5 and 5.70 fmol/μg protein, respectively) were 
larger than those of human ASCT1 and mouse asct2 (Table 3.3). Because astrocytes 
express EAAT1 and EAAT2 (Kanai et al. 1997), the possibility cannot be excluded 
that high levels of EAAT1 and EAAT2 are partially due to astrocyte contamination, 
and the expression in brain capillary endothelial cells may not be large enough to 
provide a meaningful efflux transport function for excitatory amino acids. Another 
possible explanation may be that, unlike humans, the expression levels of EAATs in 
rats are very low in isolated brain microvessels, so that d-Asp does not undergo 
efflux from the brain across the BBB in rats (Hosoya et al. 1999).

3.5.2  Interindividual Differences in Protein Expression Levels 
of Transporters and Receptors

Among individuals, pharmacological and adverse effects of drugs in the CNS may 
differ even if systemic exposure to the drugs is same, because the effects are depen-
dent upon brain concentration, which is influenced by drug penetration across the 
BBB. To evaluate individual differences in drug distribution into brain, individual 
differences in protein expression levels of transporters and receptors were examined 
in isolated brain microvessels from seven donors. As shown in Table 3.3, protein 
expression levels of most of the transporters and receptors were within threefold dif-
ference, although EAAT1 showed a 4.24-fold difference. According to our recent
LC-MS/MS-based absolute quantification analysis, protein expression levels of trans-
porters in plasma membrane of human liver showed more than threefold differences 
among 17 donors for most transporters (Ohtsuki et al. 2012). Furthermore, protein 
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expression levels of cytochrome P450 in human liver microsomes were remarkably
different among individuals, e.g., over 20-fold differences for CYP1A2, 2A6, 2C19,
and 3A4 (Kawakami et al. 2011). Compared to these differences in liver, the interin-
dividual differences in protein expression levels of transporters and receptors at the 
human BBB are quite small. This may imply that a consistent transport function at the 
BBB is essential to maintain CNS function and to protect the brain from exposure to 
various xenobiotics, including environmental factors and drugs.

However, the data in Table 3.3 were obtained by using probe peptides located at 
regions other than the SNPs and PTMs registered in UniProtKB database. SNPs and
PTMs may alter the intrinsic transport activity of transporters without any change of 
protein expression level. Therefore, we cannot rule out the possibility that, among 
the donors in Table 3.3, the transport activities per protein for certain transporters 
are different due to SNPs and/or PTMs, and so the extents of drug penetration into 
the brain are different. LC-MS/MS systems can distinguish wild-type and mutated 
protein or modified and nonmodified protein if peptides including the SNP(s) and/
or PTM(s) are targeted. Therefore, QTAP will be available for studies of individual 
differences in transport activities arising from SNPs and/or PTMs.
MDR1 is one of the most influential transporters for drug penetration across the

BBB, and individuals homozygous for C3435T (exon 26) polymorphism have sig-
nificantly lower duodenal MDR1 protein expression and higher digoxin plasma lev-
els after oral administration (Hoffmeyer et al. 2000). Hence, the effects of MDR1
SNPs on the transporter’s efflux activity at the BBB and on drug distribution into the 
brain have been investigated. In contrast to small intestine, no significant difference 
was observed in the absolute values of brain uptake clearance of 11C-verapamil 
between haplotypes (1236TT, 2677TT, 3435TT vs. 1236CC, 2677GG, 3435CC) in
integration plot analysis, suggesting that MDR1 efflux activity at the BBB is not
significantly different among the haplotypes (Takano et al. 2006). However, in the 
case of integration plot analysis, it is possible that the apparent change of efflux 
activity is underestimated, because the contribution of MDR1 to drug penetration
across the BBB could be influenced by passive diffusion, other transport system(s) 
and protein binding in endothelial cells and brain parenchyma. As described in 
Sect. 3.6.1, it should be possible to use the concept of QTAP-based reconstruction 
to accurately clarify the differences in efflux activity of MDR1 among haplotypes
by integrating the protein expression levels of MDR1 at the BBB with the efflux
activity per MDR1 protein in individual haplotypes.

3.5.3  Developmental Changes in Protein Expression  
Levels of Transporters

Drug dosage regimen design in babies and children remains a significant challenge
in clinical care. In order to understand how sensitive such patients are to the phar-
macological and adverse effects of drugs in the brain, it is important to clarify 
developmental changes in transport function at the BBB. In rats, it has been reported 
that the brain-to-plasma concentration ratio of oseltamivir, an mdr1a substrate, was 
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decreased by about threefold with postnatal development, and the protein expression 
level of mdr1a was increased by about sixfold in the brain (Ose et al. 2008), sug-
gesting that mdr1a efflux activity at the BBB is lower in the early developmental 
phase than in adult rats. However, in monkeys, differences in MDR1 protein levels
in isolated brain microvessels were within 1.47-fold between neonate (1 day), child
(16 months), and adult (4 years 3 months) (Ito et al. 2011). Although the brain-to- 
blood AUC ratio of oseltamivir decreased slightly with postnatal development, the 
changes were within 1.7-fold difference between infants (9 months), adolescents
(24–27 months), and adults (5.6–6.6 years) (Takashima et al. 2011). A good MDR1
substrate, verapamil, exhibited a brain-to-blood AUC ratio of 2.3- and 1.6-fold 
higher in infants and adolescents than in adults, respectively, although no correction 
was made for developmental differences in plasma and brain protein binding levels 
(Takashima et al. 2011). Therefore, in monkeys too, MDR1 efflux activity might be
lower in the early developmental phase than in adults, but the extent of developmen-
tal change seems to be smaller than that in rats.

Tachikawa et al. (2005) reported that bcrp expression in mouse brain did not 
significantly change from the E13 stage to adult, based on in situ hybridization. In 
contrast, the BCRP protein level in isolated monkey brain microvessels significantly 
increased with postnatal development and was 2.3-fold greater in adults than that at 
1 day after birth (Ito et al. 2011).

Thus, the results of interspecies comparison of transporter protein expression 
levels (Table 3.3) indicates that the quantitative protein expression profile of BBB 
transporters in monkeys resembles that in humans more closely than does the pat-
tern in rodents. Therefore, monkey data should be particularly helpful to understand 
changes in the brain distribution of drugs in the developmental phase in humans.

3.6  Advanced Applications in Blood–Brain Barrier Research

3.6.1  QTAP-Based Reconstruction of In Vivo Transporter 
Activity at the Blood–Brain Barrier

Transport functions of BBB transporters and contributions of individual transport-
ers to drug distribution in the brain have been quantitatively evaluated by in vivo 
administration of various drugs in rodents, including gene-knockout mice. However, 
there are significant species differences between rodents and humans in the protein 
levels of transporters at the BBB and in the brain distribution of some substrates 
(Friden et al. 2009; Syvanen et al. 2009; Uchida et al. 2011b). This suggests that 
rodent experiments are not enough to quantitatively predict transport function at the 
human BBB, or the contributions of individual transporters to drug distribution in 
the human brain. Although imaging technologies such as PET and SPECT have 
recently become available for quantitative evaluation of in vivo transporter activity 
in humans, the number of suitable ligands, especially ligands specific for target 
transporters, is limited, and BBB penetration of the ligands can potentially be 
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masked by binding to brain tissue. Hence, the activities of only a few transporters at 
the human BBB can be evaluated with these technologies.

QTAP, however, can directly clarify differences in protein expression levels. 
Therefore, we postulated that it would be possible to reconstruct the in vivo trans-
port activity of any target transporter at the human BBB from in vitro transport 
activity data in a transporter-overexpressing system by integrating the protein 
expression levels in brain capillaries and in the in vitro system. Mdr1a knockout 
mice are available, and the specific efflux activity of mdr1a at the BBB can be deter-
mined by comparing the brain distribution of substrates in knockout and wild-type 
mice. We therefore set out to test our idea by investigating whether the observed 
efflux activity of mdr1a at the mouse BBB can be reconstructed from in vitro exper-
imental data by the application of QTAP and pharmacokinetic modeling.

The Kp,brain ratio is the ratio of brain-to-plasma concentration ratio (Kp,brain) in 
mdr1a/1b knockout mice to that in wild-type mice, and is used as a parameter to 
describe in vivo mdr1a efflux activity at the BBB.
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Total drug concentration in brain (Cbrain) is divided into unbound brain concentra-
tion (Cu,brain) and unbound fraction in brain (fu,brain), and total drug concentration in 
plasma (Cplasma) is divided into unbound plasma concentration (Cu,plasma) and unbound 
fraction in plasma (fu,plasma). Furthermore, Cu,brain/Cu,plasma can be replaced with the 
ratio of the blood-to-brain clearance to the brain-to-blood clearance across the BBB 
(PSblood-to-brain/PSbrain-to-blood), so Kp,brain is given by
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Using (3.1) and (3.2), the Kp,brain ratio can be described as follows:
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According to the reported in vivo pharmacokinetic model illustrated in Fig. 3.7a 
(Adachi et al. 2001), four permeability clearances can be defined as follows:
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Fig. 3.7 Reconstruction of mdr1a function at the BBB by means of a pharmacokinetic model using 
mdr1a protein level and intrinsic transport activity. (a) PSa,inf, PSa,eff, PSb,inf, PSb,eff, and PSmdr1a,vitro 
represent the PS products for the apical influx, apical efflux (except for mdr1a efflux), basal influx, 
basal efflux, and mdr1a-mediated efflux in the mdr1a-transfected cells, respectively. PSl,inf, PSl,eff, 
PSal,inf, PSal,eff, and PSmdr1a,vivo represent the PS products for the luminal influx, luminal efflux (except 
for mdr1a efflux), abluminal influx, abluminal efflux, and mdr1a-mediated efflux in the brain 
 capillary endothelium, respectively. Taken from Adachi et al. (2001) and Uchida et al. (2011a), and 
modified. (b) The solid line represents perfect agreement of reconstructed and observed K p,brain 
ratio. Each point represents the mean ±S.E.M. 1. Quinidine, 2. loperamide, 3. digoxin, 4. risperi -
done, 5. indinavir, 6. dexamethasone, 7. vinblastine, 8. paclitaxel, 9. verapamil, 10. loratadine, 11.
diazepam. Taken from Uchida et al. (2011a) and modified. The observed K p,brain ratios for risperi-
done, indinavir, paclitaxel, verapamil, loratadine, and diazepam were taken from Hendrikse et al. 
(1998), Kim et al. (1998), Chen et al. (2003), Kemper et al. (2004) and Doran et al. (2005)
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where PSl,inf, PSl,eff, PSal,inf, PSal,eff, and PSmdr1a,vivo represent the PS products for lumi-
nal influx, luminal efflux (except for mdr1a efflux), abluminal influx, abluminal 
efflux, and mdr1a-mediated efflux in brain capillary endothelium, respectively 
(Fig. 3.7a). Therefore, the Kp,brain ratio can be calculated as
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Similarly, according to the reported in vitro pharmacokinetic model illustrated in 
Fig. 3.7a (Adachi et al. 2001), apical-to-basal (PSapical-to-basal) and basal-to-apical 
(PSbasal-to-apical) flux across monolayers of parental LLC-PK1 cells and mouse mdr1a-
transfected LLC-PK1 cells (L-mdr1a) can be given by
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where PSa,inf, PSa,eff, PSb,inf, PSb,eff, and PSmdr1a,vitro represent the PS products for the 
apical influx, apical efflux (except for mdr1a efflux), basal influx, basal efflux, and 
mdr1a-mediated efflux in L-mdr1a cells, respectively (Fig. 3.7a). The flux ratio 
(PSbasal-to-apical/PSapical-to-basal) in LLC-PK1 and L-mdr1a cells can be calculated as
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Also, in vitro P-gp efflux ratio is defined as the ratio of the flux ratio in L-mdr1a 
cells to that in parental LLC-PK1 cells:
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To reconstruct in vivo mdr1a efflux activity from in vitro activity, we linked 
Kp,brain ratio (3.8) with in vitro P-gp efflux ratio (3.15) based on the following 
assumptions. If test compounds are specifically transported by mdr1a at the luminal 
membrane of the endothelium and the apical membrane of the L-mdr1a cell mono-
layer, PSl,eff can be assumed to be equal to PSa,eff because both processes occur by 
passive diffusion. Based on this assumption, the Kp,brain ratio is given by (3.8) and 
(3.15) as follows:
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Hoffmeyer et al. (2000) have suggested that the P-gp transport activity depends 
on P-gp protein expression level in vivo in humans. Shirasaka et al. (2008) and 
Tachibana et al. (2010) reported that P-gp transport activity was approximately pro-
portional to P-gp protein expression level in vitro. Therefore, we assumed that the 
mdr1a activity is directly related to the mdr1a protein expression level, and the in 
vitro intrinsic transport activity of mdr1a (transport rate per mdr1a protein) is identi-
cal to that in vivo. Hence, (3.16) can be converted to

 

K ratio in vitro gp efflux ratio

Mdr protein expr

brainp P

a

= + -

´

-( )1 1

1 eession

amounts in brain capillaries

Mdr protein expression amou1a nnts

in mdr transfected cell monolayer1a -
  

(3.17)

3 Blood–Brain Barrier (BBB) Pharmacoproteomics…



90

Accordingly, the in vivo Kp,brain ratio can be theoretically reconstructed from 
in vitro experimental data, i.e., transcellular transport study to determine the in 
vitro P-gp efflux ratio and QTAP to determine the mdr1a protein expression 
amounts.

To validate this reconstruction theory, transcellular transport of 11 mdr1a sub-
strates was measured across monolayers of L-mdr1a and parental cells to determine 
the in vitro P-gp efflux ratios. Furthermore, the protein expression levels of mdr1a 
were determined in isolated mouse brain capillaries and L-mdr1a cell monolayers. 
The values obtained were 14.1 and 15.2fmol/μg protein, respectively (Kamiie et al.
2008; Uchida et al. 2011a). Using these experimental data, we reconstructed the 
Kp,brain ratio by using (3.17). As shown in Fig. 3.7b, all reconstructed Kp,brain ratios 
were within a 1.6-fold range of observed values determined by in vivo administra-
tion study to wild-type and mdr1a/1b (−/−) mice (Uchida et al. 2011a). Therefore, 
we confirmed that the in vivo transport activity of mdr1a at the BBB can indeed be 
reconstructed from in vitro data integrated with absolute protein expression levels 
in mouse.
Using this QTAP-based reconstruction method, MDR1 transport activity at the

BBB in humans can be reconstructed by integrating the protein level of P-gp in 
human brain capillaries (Uchida et al. 2011b), in vitro P-gp transport activity and 
P-gp protein level in human P-gp-transfected LLC-PK1 cell monolayers. It should
also be possible to reconstruct the in vivo transport activities of other transporters at 
the human BBB similarly by using in vitro overexpression systems of target trans-
porters and the protein expression levels. As already mentioned, imaging technolo-
gies such as PET and SPECT are currently applicable to evaluate in vivo activities 
of only a few transporters at the human BBB. From this point of view, we believe 
that QTAP-based reconstruction offers a rational methodology to clarify in vivo 
transporter activity in humans. QTAP avoids the issues associated with in vivo 
human studies, and is expected to be widely applicable, opening up the new research 
field of pharmacoproteomics (PPx).

3.6.2  QTAP-Based Reconstruction of Drug  
Distribution in Brain

Quantitative evaluation of drug distribution in human brain is a key issue in drug 
discovery and development, because the distribution of a drug is directly related to 
its pharmacological actions and toxic effects in the CNS. Kp,brain and unbound brain-
to-plasma concentration ratios (Kp,uu,brain) are the most commonly used parameters in 
this area, and are accepted as good indexes for identifying drugs that would be 
effective in treating CNS disorders, because CNS drugs have been shown to have 
higher Kp,brain and Kp,uu,brain values than non-CNS drugs (Friden et al. 2009). Therefore, 
after demonstrating that mdr1a efflux activity at the BBB could be successfully 
reconstructed from in vitro data (Uchida et al. 2011a), we examined whether Kp,brain 
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and K p,uu,brain can be reconstructed by integrating in vitro experimental data and 
reconstructed mdr1a efflux activity (Kp,brain ratio).

The Kp,brain ratio is defined as
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where Kp,brain WT (= Kp,brain) and Kp,brain KO represent the brain-to-plasma concentration 
ratios in wild-type and mdr1a/1b (−/−) mice, respectively. In addition, the Kp,brain KO 
is defined in (3.19) based on unbound fractions in plasma (fu,plasma) and brain (fu,brain), 
and the ratio of the brain unbound concentration (Cu,brain KO) to the plasma unbound 
concentration (Cu,plasma KO).
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Cu,brain KO/Cu,plasma KO can be replaced with the ratio of the blood-to-brain clearance 
to the brain-to-blood clearance across the BBB (PSblood-to-brain KO/PSbrain-to-blood KO). For 
compounds transported only by mdr1a at the BBB, PSblood-to-brain KO can be assumed 
to be equal to PSbrain-to-blood KO because both processes occur by passive diffusion in 
mdr1a/1b (−/−) mice (Fig. 3.8a). Therefore, Cu,brain KO/Cu,plasma KO = 1 and then Kp,brain 

KO is obtained as
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Using (3.18) and (3.20), Kp,brain can be finally described in terms of the Kp,brain 
ratio and unbound fractions.
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In addition to Kp,brain, Kp,uu,brain is defined as
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Using (3.21) and (3.22), Kp,uu,brain can be described as the reciprocal of the Kp,brain 
ratio.
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Fig. 3.8 Reconstruction of brain distribution of mdr1a substrates by means of a pharmacokinetic 
model using mdr1a function, plasma, and brain unbound fractions. (a) BBB in mdr1a/1b (−/−) 
mice. If a compound is actively transported only by mdr1a at the BBB of wild-type mice, the 
blood-to-brain permeability (PSblood-to-brain) is assumed to be equal to the brain-to-blood permeabil-
ity (PSbrain-to-blood) in mdr1a/1b (−/−) mice. (b) Comparison of the observed and reconstructed Kp,brain 
for 11 mdr1a/P-gp substrates. (c) Comparison of reconstructed and estimated in vivo K p,uu,brain 
values for 11 mdr1a/P-gp substrates. The solid line passing through the origin represents the line 
of identity, and the broken lines represent threefold differences. Each point represents the 
mean±S.E.M.. 1. Quinidine, 2. loperamide, 3. digoxin, 4. risperidone, 5. indinavir, 6. dexametha-
sone, 7. vinblastine, 8. paclitaxel, 9. verapamil, 10. loratadine, and 11. diazepam. Taken from
Uchida et al. (2011a) and modified. The observed Kp,brain values for risperidone, indinavir, pacli-
taxel, verapamil, loratadine, and diazepam were taken from Hendrikse et al. (1998), Kim et al.
(1998), Chen et al. (2003), Kemper et al. (2004) and Doran et al. (2005)
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To validate our reconstruction theory, we experimentally reconstructed  
Kp,brain and K p,uu,brain of 11 mdr1a substrates according to (3.21) and (3.23), 
respectively, by using the reconstructed values of Kp,brain ratio and in vitro 
experimental data of fu,plasma and fu,brain. We found that the reconstructed Kp,brain 
and Kp,uu,brain agreed with the observed values within a threefold range for 9 of
the 11 compounds (Fig. 3.8b, c; Uchida et al. 2011a). These results indicate 
that the Kp,brain and K p,uu,brain of mdr1a substrates can be reconstructed from in 
vitro experimental data together with reconstructed mdr1a efflux activity and 
unbound fraction.

According to Friden et al. (2009), there is a 4.5-fold difference in Kp,brain 
between CNS (4.31) and non-CNS (0.962) drugs, and there is also a 5.3-fold
difference in Kp,uu,brain between CNS (0.767) and non-CNS (0.145) drugs. Hence,
in terms of brain distribution, the precision of QTAP-based predictions of Kp,brain 
and Kp,uu,brain could be high enough to evaluate whether compounds are likely to 
be suitable for use as CNS or non-CNS drugs. However, the ranges of these 
parameters, especially Kp,brain, among CNS or non-CNS drugs are large, so it 
would be difficult to identify CNS or non-CNS drugs on the basis of Kp,brain alone 
or Kp,uu,brain alone. A combination of Kp,brain and Kp,uu,brain predictions will be more 
reliable.

Human Kp,brain and Kp,uu,brain can be also predicted from in vitro data by integrating 
a reconstructed Kp,brain ratio, fu,plasma, and fu,brain in humans according to (3.21) and 
(3.23). Human brain tissue is necessary to measure fu,brain, and is usually obtained in 
a frozen state. Therefore, human fu,brain may not be accurately determined by the 
brain slice method, because the cells in frozen brain could be partially ruptured. 
Alternatively, Summerfield et al. (2008) determined human fu,brain by the brain 
homogenate method with commercially available frozen human brain. Although 
fu,brain measured by the homogenate method alone is less relevant to the in vivo situ-
ation than that measured by the brain slice method (Friden et al. 2007), the combi-
nation of the homogenate method with a pH partition model is likely to give a value 
of fu,brain that is more relevant to the in vivo situation (Friden et al. 2011). Therefore, 
the homogenate method using a pH partition model might be useful for the predic-
tion of human Kp,brain.

Kp,brain and K p,uu,brain can be predicted from the results of only in vitro experi-
ments including QTAP, in vitro transport experiments, the brain slice method (or 
equilibrium dialysis with brain homogenate) and equilibrium dialysis with plasma. 
All the experiments can be performed with LC-MS/MS to quantify compound 
concentrations, so that nonlabeled compounds can be used for the Kp,brain and 
Kp,uu,brain predictions. So far, imaging technologies such as PET and SPECT have 
been the only analytical methods able to quantitatively evaluate brain distribution 
of compounds in humans, but they require radio-labeled compounds, which have 
many disadvantages. Therefore, we believe that QTAP-based reconstruction rep-
resents a breakthrough in evaluating drug distribution in the brain, and should be 
useful to predict drug distribution in the human brain at an early stage of drug 
discovery and development.
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3.7  Conclusions and Perspectives

QTAP is a highly sensitive (~0.1 fmol/μg protein at present) and selective protein 
quantification method that is able to determine absolute expression levels of many 
proteins simultaneously (37 proteins at present), and is applicable to a wide range
of proteins, including transporters, enzymes, receptors, and channels. By apply-
ing QTAP to BBB research, we have shown that it is a useful tool to understand 
the molecular basis of transport functions at the BBB, as well as drug distribution 
in the brain, and species/interindividual/age differences. We have further demon-
strated the usefulness of QTAP for reconstruction of BBB transporter activity and 
drug distribution in the brain from in vitro data. It is noteworthy that QTAP over-
comes major limitations of previous methods available for BBB research, and we 
believe it represents a breakthrough that will open up a new research field, BBB 
pharmacoproteomics.

It has recently been reported that the activities and expression levels of various 
transporters at the BBB are changed in CNS disorders (Loscher and Potschka 2005; 
Miller et al. 2008; Sakata et al. 2011; Zhang et al. 2012). However, in humans, few 
quantitative data are available regarding the changes of transporter activities in CNS 
disorders compared to normal brain. QTAP provides a tool to address this issue and 
is expected to prove useful in discovery and development of drugs to treat CNS 
disorders. Moreover, it should be possible to validate the reconstruction of trans-
porter activity at the human BBB and the prediction of drug distribution in the 
human brain with QTAP by comparison of the QTAP results with in vivo human 
data obtained with imaging technologies, where these are available. The combina-
tion of QTAP-based reconstruction and imaging technologies should open the way 
to prediction of the distribution of a variety of compounds in the human brain in 
normal and disease states.

3.8  Points for Discussion

 1. How does the QTAP technique bring benefits to basic research or drug discov-
ery and development?

 2. Why is it necessary to use the QTAP technique to understand important variations 
including in vitro/in vivo, species, individual, age, gender, normal/disease, 
racial, and strain differences in the activities of functional proteins (transport-
ers, receptors, channels, enzymes, and tight junction proteins) at the CNS 
barriers?

 3. Can the QTAP technique replace antibody-based analysis?
4. What is the advantage of absolute quantification for protein expression, as

opposed to relative comparisons?
5. How can we effectively use the QTAP technique in combination with others,

e.g., global proteomics, mRNA analysis, and functional assays, in CNS barrier 
studies?
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 6. Are protein expression levels always correlated to the activities of functional 
proteins? That is, can we assume that the activity per molecule does not change? 
If not, what kinds of factors could affect the activity per molecule?

7. Why would QTAP-based reconstruction be useful to clarify in vivo activities of
functional proteins (e.g., transporters, receptors, channels, enzymes, and tight 
junction proteins) at the CNS barriers?

8. How much can we increase the success rate of CNS drugs in clinical trials by
using QTAP-based predictions of Kp,brain and Kp,uu,brain in human brain?

9. The protein expression profile at the mouse BBB is significantly different from
that at the human BBB while cynomolgus monkeys show a similar profile to 
human. Based on these data, do you think that the mouse is a useful animal in 
CNS barriers research? How should we deal with the data obtained in mouse 
experiments in the future?

 10. Except for P-gp, which molecules play an important role in controlling drug 
distribution in the human brain and need the QTAP-based prediction of in vivo 
activities in drug discovery and development?
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    Abstract     Drug metabolism is in most cases a detoxifi cation process allowing the 
organism to inactivate and eliminate foreign substances to which it is exposed. 
While the liver is the main site of drug metabolism, drug-metabolizing enzymes that 
catalyze functionalization and conjugation reactions have been detected in the brain, 
and several of these enzymes are notably enriched at blood–brain interfaces. This 
chapter summarizes the principles of drug metabolism, reviews the molecular and 
functional evidence for drug-metabolizing enzyme location at both the blood–brain 
barrier (BBB) and blood–CSF barrier (BCSFB), and discusses their functional 
signifi cance for modulating cerebral drug delivery and brain toxin exposure.  

4.1              Introduction and History of Cerebral Drug Metabolism 

 Drug metabolism is a process whereby xenobiotics (either exogenous non-nutrient 
organic compounds including pharmacological molecules, or environmental 
toxics) are enzymatically transformed in the body to form one or several metabolites. 
These biotransformation reactions largely take place in the liver and strongly infl uence 
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the transport and partitioning of a compound within the body, its toxicity, and its 
rate and route of elimination. About 50 multispecifi c enzymes catalyze the biotrans-
formation of xenobiotics in human. Additional enzymes usually involved in endog-
enous metabolism also participate to the biotransformation of selected drugs. Drug 
metabolism is a multiphase process (Fig.  4.1 ). Phase I is functionalizing and gener-
ally oxidative, but can be reductive in some instances (Cashman  2000 ; Ghersi-Egea 
et al.  1998 ; Nebert and Russell  2002 ). Functionalization enzymes generate metabo-
lites which are more polar than the parent compounds, and more readily eliminated. 
Phase II of drug metabolism correspond to conjugation processes whereby a hydro-
philic moiety such as a glucuronic acid, a sulfate, or a cysteine-bearing molecule 
(e.g., glutathione) is bound to the parent drug or the phase I metabolite (Duffel et al. 
 2001 ; Eaton and Bammler  1999 ; King et al.  2000 ). Figure  4.2  summarizes the main 
pathways of drug metabolism and enzymes involved in these pathways. Phase III of 
metabolism involves transport processes mediating the effl ux of metabolites out of 
the producing cells and their excretion from the body. The best known phase III 
transport proteins belong to the ATP binding cassette (ABC) C subfamily of trans-
porters, and are often referred to as multidrug-related resistance proteins (Ishikawa 
 1992 ). They accept a large range of drug conjugates as substrates. Overall these 
different metabolic and transport steps allow the biotransformation of drugs to 
polar metabolites that are readily excreted out of the body. The produced metabo-
lites are usually inactive or less active than the parent compounds. Yet, in some 
instances, they can be pharmacologically more active, such as for morphine-6- 
glucuronide which has stronger analgesic properties than morphine (Christrup  1997 ). 

  Fig. 4.1    General principle 
of drug metabolism       

 

X. Declèves et al.



103

transdiols

Drug

hydroxylated metabolites, ... Epoxides

Phase I

Reduced metabolites

CYP
FMO
(MAO)

- dealkylation
- hydroxylation
- dehalogenation
- …

EH

NADPH Cytochrome P-450
reductase...

Phase II

UGTs (UDPGA)
SULT (PAPS)
GST (GSH)

glucuronoconjugate
sulfoconjugate
glutathione conjugate

N-acetyl cysteine
conjugate

GGT, Dipeptidase, 

NAT

Free radicals

Electrophilic species

SOD (O2-.)
Catalase (H2O2)
GPx (various peroxides)
GSH (electrophilic molecules)
Glutathione reductase (GSSG)

GST
GSH

Drug

Phase IIIMRPs, SLC21, …

  Fig. 4.2    Main pathways of drug metabolism. Functionalization enzymes (Phase I) generate 
metabolites which are more polar than the parent compounds, and more readily excretable. They 
include the numerous isoforms of cytochrome P-450 (CYP), also called mixed function oxidase, 
the fl avin monoamine oxidases (FMO), and also more specifi c oxidation enzymes such as mono-
amine oxidases (MAO). They also include enzymes such as NADPH-cytochrome P-450 reduc-
tase responsible for xenobiotic (e.g., nitro-compounds) reduction. Oxidative and reductive 
processes can lead to the formation of reactive metabolites such as epoxides, or can generate 
oxygen derived free radicals. These are in turn inactivated by epoxide hydrolases (EH), conjuga-
tion to glutathione, or reactive oxygen species-inactivating enzymes. Phase II of drug metabo-
lism corresponds to a conjugation process whereby a hydrophilic moiety such as a glucuronic 
acid, a sulfate or a cysteine- bearing molecule (e.g., glutathione) is bound to the drug or the phase 
I metabolites. This biotransformation is catalyzed by uridine diphosphoglucuronosyl transfer-
ases (UGTs), glutathione-S- transferases (GSTs), or sulfotransferases (SULTs). Glutathione con-
jugates can be further metabolized along the mercapturic acid pathway involving two 
ectoenzymes, gamma-glutamyltranspeptidase (GGT) and dipeptidase, and N-acetyltransferase 
(NAT). Usually inactive or less active than the parent compounds, the produced metabolites in 
some instances can be pharmacologically more active or toxic.  Red stars  refer to classes of 
metabolites that can be potentially harmful. Names or abbreviations of enzymes appear in  italic . 
Phase III of drug metabolism refer to the effl ux of the conjugates out of the cells, which primarily 
involves transporters of the multidrug resistance- associated protein family (MRPs) and of the 
SLC21 family of organic anion transport proteins. Other abbreviations:  SOD  superoxide dismutase, 
 GPx  glutathione peroxidase,  GSH  and  GSSG  reduced and oxidized glutathione, respectively. 
Modifi ed from Strazielle et al. ( 2004 )       
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They can also be more toxic as exemplifi ed by the high carcinogenicity of 
 hydroperoxide metabolites of benzo[a]pyrene (Gelhaus et al.  2011 ) (Fig.  4.2 ). 
A specifi c feature of drug metabolism is that at least in the liver the expression of 
many phase I and phase II isoenzymes and some phase III transporters can be tran-
scriptionally induced upon exposure to drugs or other exogenous compounds. This 
occurs through different mechanisms. For instance, binding of polycyclic aryl 
hydrocarbons to the cytosolic aryl hydrocarbon receptor (AhR) induces the translo-
cation of this receptor into the nucleus, which subsequently activates an enhancer 
DNA element called xenobiotic responsive element (XRE) present in the promoter 
of a number of drug- metabolizing enzyme genes. Other xenobiotics such as pheno-
barbital, dexamethasone, and fi brates interact with nuclear receptors such as the 
constitutive androstane receptor (CAR), the pregnane X receptor (PXR), and the 
peroxisome proliferator activated receptor (PPAR), respectively (Aleksunes and 
Klaassen  2012 ; Tolson and Wang  2010 ; Xu et al.  2005 ). Finally, electrophilic com-
pounds can induce the nuclear translocation of the nuclear factor (erythroid-derived 2)- 
like 2 (nrf2). The activation of the nrf2 pathway enhances the transcription of genes 
bearing the antioxidant response element (ARE), which include genes of glutathi-
one-S-transferases (GSTs) and enzymes involved in the antioxidant cellular capacity 
(Calkins et al.  2009 ). The overall benefi t of these induction mechanisms is an increase 
in the protective activities towards drugs or xenobiotics to which cells are exposed.

    Following the pioneer discovery of hepatic drug metabolism as a major process 
for xenobiotic detoxifi cation in mammals, an era of research on extrahepatic sites 
for drug metabolism opened. Brain, as other organs, was scanned for drug- 
metabolizing enzyme (DME) activities. These enzymatic activities often measured 
in tissue homogenates were found to be low to very low in the whole brain com-
pared with their liver activities, and have been considered insignifi cant, until the 
complexity and specifi city of the morphological and cellular organization of this 
organ was taken into account to refi ne the fi ndings. 

 The brain is constituted of numerous anatomically differentiated structures, 
whose parenchymal tissue is composed of intermingled cells of different types, 
namely, neurons, glial cells including astrocytes, myelin-producing oligodendro-
cytes, as well as microglial cells bearing immune functions. Besides, the brain has 
an internal circulatory system of its own. The cerebrospinal fl uid (CSF) circulates 
through the ventricular cavities lined by the ependyma into various membrane-fi lled 
cisterns and subarachnoid spaces of the brain before being resorbed in the venous 
circulation. Exchanges between the brain and the periphery, i.e., blood, are con-
trolled by specifi c cellular interfaces. Within the neuropil, the blood–brain barrier 
(BBB) is located at the endothelial wall of the brain microvessels, while the epithe-
lium of the choroid plexuses forms a barrier between the blood and the CSF 
(BCSFB) (Fig.  4.3 ). Cells at both the BBB and BCSFB are sealed by tight junctions, 
so that only those drugs which are lipophilic enough to cross lipid membranes have 
access to the brain.

   Given this extensive heterogeneity, differences in the expression levels of DME 
were therefore searched among cerebral regions and cell subpopulations. Both 
phase I and phase II enzymes were found to be heterogeneously distributed among 
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  Fig. 4.3    Schematic drawing of the brain parenchyma illustrating the intermingled neural cell 
types and the main sites of exchange between the blood and the brain. Exchanges between the 
blood and the brain occur mainly across the microvessel walls forming the blood–brain barrier 
(BBB) and the choroid plexus epithelium forming the blood–cerebrospinal fl uid barrier 
(BCSFB). The cells forming these barriers are sealed by tight junctions ( black dots and lines ). 
The fenestrated choroidal vessels allow extensive exchanges between the blood and the choroi-
dal stroma. CSF–brain exchanges take place across the ependyma, or the pia–glia limitans (not 
shown here). Drug metabolism at these interfaces may infl uence the cerebral bioavailability of 
drugs and other xenobiotics. Within the neuropil, neurons, astrocytes, microglia, and oligoden-
drocytes harbor different levels of detoxifi cation systems. Figure as originally published in: 
Gazzin et al .  ( 2012 ) Transport and metabolism at blood–brain interfaces and in neural cells: 
relevance to bilirubin-induced encephalopathy  Front .  Pharmacol . 3:89. doi:   10.3389/fphar.
2012.00089           
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regions and between neurons and glial cells (Bhamre et al.  1993 ; Miksys and 
Tyndale  2002 ; Minn et al.  1991 ; Monks et al.  1999 ; Teissier et al.  1998 ) In addition, 
a clear enrichment in cytochrome P-450 (CYP) dependent monooxygenases, mono-
amine oxidases (MAOs), epoxide hydrolases, several phase II enzymes, and 
 antioxidant enzymes was demonstrated in the cells forming the blood–brain inter-
faces, both in rodent and human. Some of these enzymes proved to be sensitive to 
exogenous inducers (Ghersi-Egea et al.  1988 ,  1993 ,  1994 ; Hansson et al.  1990 ; 
Johnson et al.  1993 ; Riachi et al.  1988 ; Tayarani et al.  1989 ; Volk et al.  1991 ) This 
suggested a putative new function of these enzymes as a metabolic barrier between 
the blood and the brain (reviewed in Ghersi-Egea et al.  1995 ). 

 Since these pioneer works, various studies have explored this potential new 
 barrier aspect of blood–brain interfaces. They initiated the identifi cation of phase I 
and II enzyme isoforms and aimed at establishing the functional relevance of drug 
metabolism at the barriers. This paper describes our current understanding of 
drug metabolism at both the BBB and BCSFB and explores the mechanisms 
 regulating the expression of DME in these interfaces.   

4.2     Current Status 

4.2.1     The Blood–Brain Barrier 

4.2.1.1     Anatomical and Functional Features of the Blood–Brain Barrier 

 The BBB is formed by the endothelial cells lining the brain capillaries and microves-
sels (Ballabh et al.  2004 ; Cardoso et al.  2010 ; Zhang and Harder  2002 ) (Fig.  4.3 ). 
These cells are the main determinants of the BBB phenotype in humans and other 
animals (Khan  2005 ) and are referred to as brain microvessel endothelial cells 
(BMVECs) in this review. Only brain microvessels possess the properties of a fully 
effi cient BBB, since the degree of leakiness across the endothelium varies inversely 
to the vessel diameter (Hawkins and Davis  2005 ). Although BMVECs are respon-
sible for the BBB phenotype in vivo, these cells are in dynamic contact with other 
cells such as astrocytes, pericytes, and neurons that form the neurovascular unit. 
The mature BBB phenotype is believed to result from the particular interaction 
between the BMVECs and these other cells in the surroundings (Ballabh et al.  2004 ; 
Calabria and Shusta  2008 ; Cardoso et al.  2010 ; Lee et al.  2006 ). The walls of the 
brain microvessels are mainly lined with endothelial cells and BMVECs are funda-
mentally different from the endothelial cells lining the vessels in peripheral tissues 
(Choi and Kim  2008 ). The BMVECs have narrow junctional complexes (tight and 
adherens junctions), reducing gaps or spaces between cells and restricting free 
 passive diffusion of blood-borne substances by paracellular route into the brain 
(also known as brain interstitial fl uid) (Zlokovic  2008 ). BMVECs tightness is 
known to be 50–100-fold higher than that in peripheral microvessels (Abbott  2002 ). 

X. Declèves et al.



107

It also provides this endothelium with a particularly high transendothelial electrical 
resistance (TEER) of 1,500–2,000 Ω cm 2  (Hawkins and Egleton  2006 ). BMVECs 
also differ from peripheral endothelial cells by several factors: (a) the uniform thick-
ness of their cytoplasm, (b) absence or restricted fenestrae, (c) poor endocytotic 
activities, (d) continuous basement membrane, (e) negative charged surface, and 
(f) large number of mitochondria (Ballabh et al.  2004 ; Cardoso et al.  2010 ; de Boer 
and Gaillard  2006 ; Persidsky et al.  2006 ). In the following paragraph, the review 
focuses only on phase I and phase II drug-metabolizing enzymes at the BBB. 
Transporters potentially involved in phase III of drug metabolism are described in 
other chapters of this book.  

4.2.1.2       Molecular Characterization, Relative Expression, and Functional 
Signifi cance of Drug-Metabolizing Enzymes at the Blood–Brain 
Barrier 

   Phase I of Drug Metabolism 

 One of the primary functions of peripheral metabolism is to render substrates more 
polar, thus more water soluble, facilitating their removal from the body via the urine 
or bile. In the BBB, the presence of Phase I DME in BMVECs raises the question 
of their role in physiology and pharmacology. Rendering substrates more polar is 
probably not the primary function of phase I DME in the BBB. We may hypothesize 
that metabolism at the BBB may be more considered as a mechanism of brain pro-
tection by inactivating pharmacologically active compounds or toxic substances, 
thus preventing their access to the neuropil. While this is the general case, the oppo-
site can happen in the case of prodrugs where an inactive parent compound may be 
transformed into a pharmacologically active metabolite as exemplifi ed in the intro-
duction. These metabolites can be benefi cial to the brain if they are derived from a 
prodrug and harmful if they are toxic metabolites. 

 MAOs are phase I DME evidenced in the 1960s that metabolize neuroactive 
monoamines like adrenaline, noradrenalin, dopamine, serotonin, and their precur-
sors and are thus important for controlling neurochemical signaling in the brain 
(Van Gelder  1968 ). MAOs are present in the mitochondria of BMVECs which con-
tain up to 5-times more mitochondria than vascular endothelial cells in the periph-
ery (Betz et al.  1980 ). The MAOs at the BBB may be considered as a second line of 
defense together with luminal drug transporters for the brain against chemical 
assault (Minn et al.  1991 ). They may also protect the brain from exogenous pyridine 
derivatives (Riachi and Harik  1988 ). The expression pattern of the genes encoding 
the two MAO subunits ( A  and  B ) was recently established in freshly isolated human 
brain microvessels (Shawahna et al.  2011 ). The metabolic hyperactivity of the 
BMVECs may explain the high concentration of  MAOA  transcripts quantifi ed in the 
isolated human microvessels which were almost 6-times more abundant than  MAOB  
transcripts. 
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 The CYP superfamily contains a substantial number of enzymes that mainly 
catalyze phase I oxidative reactions. These CYPs are responsible for the trans-
formation of at least 60 % of the FDA-approved drugs. Although they are pres-
ent mainly in the liver, some extrahepatic isoforms may be important for 
inactivating drugs and toxicants. CYP activity and expression have already been 
found in isolated rat and human brain microvessels (Ghersi-Egea et al.  1993 , 
 1994 ) and whole human brain (reviewed in Dutheil et al.  2008 ), but the expres-
sion pattern of the genes encoding the main CYP isoforms in isolated human 
brain microvessels was only recently established (Dauchy et al.  2008 ). The main 
CYPs responsible for metabolizing most of drugs in the liver were absent from 
the BBB (Decleves et al.  2011 ). The gene expression profi le of CYPs showed 
that  CYP1B1  and  CYP2U1  were the main isoforms signifi cantly expressed in 
isolated brain microvessels (over 90 % of all CYP mRNAs quantifi ed).  CYP1B1  
was 15-times more abundant in the brain microvessels than in the cerebral cor-
tex. More recently, these transcriptomic data were confi rmed at protein levels 
using a sophisticated targeted absolute quantitative proteomic approach. Using 
isolated human brain microvessels from brain biopsies sampled as far as possi-
ble of the disease focus in patients suffering from epilepsia or glioma, these two 
isoforms were detected among 13 CYP proteins studied (Shawahna et al.  2011 ). 
Despite the small amounts of their mRNAs, some CYP isoforms, like CYP1A1 
and CYP3A4, are of special interest. Ghosh and collaborators recently colocal-
ized by immunohistochemistry CYP3A4 with Von Willebrand factor (vWF) in 
endothelial cells isolated from epileptic patients (Ghosh et al.  2010 ). This sug-
gests that some CYPs such as CYP3A4 can be induced at the BBB in this dis-
ease state. The high expression of CYP2UI observed by gene expression profi le 
analysis (Dauchy et al.  2008 ) confi rm the expression of this CYP observed pre-
viously at the genomic and proteomic level at the BBB (Karlgren et al.  2004 ). 
Since no drugs have been identifi ed as metabolized by CYP2U1, its role in the 
detoxifi cation of drugs is still poorly understood. CY2U1 may be implicated in 
the metabolism of endogenous compounds like arachidonic acid into hydroxye-
icosatetraenoic acid, and thus may help to regulate cerebral blood fl ow. CYP1B1 
is implicated in the metabolism of some xenobiotics but is well known in the 
metabolism of endogenous compounds like estradiol, melatonin, and arachi-
donic acid derivatives (Vasiliou and Gonzalez  2008 ). It is also readily induced 
via the regulatory pathway mediated by AhR (see Sect.  4.2.1.3 ). This raises the 
question of the infl uence of CYP1B1-mediated metabolic pathways on tamper-
ing the integrity of the BBB. These substances can penetrate the BMVECs 
because they are highly lipophilic and not substrates of ABC effl ux transporters. 
CYP1B1 expressed in cells derived from human ovaries and intestine can be 
induced by cigarette smoke (Josserand et al.  2006 ; Vidal et al.  2006 ), a process 
that may occur also at the BBB. While epoxide hydrolase, well expressed at the 
BBB, is usually a detoxifying enzyme inactivating carcinogenic epoxides, the 
sequential action of CYP1B1 and epoxide hydrolase may substantially increase 
the number of reactive metabolites like diol-epoxides (Jacob et al.  2011 ) poten-
tially deleterious for BBB integrity.  
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   Phase II of Drug Metabolism 

 Phase I reactions often render substrates suffi ciently polar to undergo excretion. 
However, many other substrates need additional phase II metabolism in which they 
are conjugated to other substrates to make them suffi ciently polar to undergo excre-
tion. While most substrates undergo phase I followed by phase II metabolism, some 
are directly conjugated and eliminated without any phase I reaction. Phase II reactions 
leading to more polar phase II metabolites are carried out by enzymes belonging to the 
following main families (Fig.  4.2 ): UDP-glucuronosyltransferases (UGTs), glutathi-
one  S -transferases (GSTs), sulfotransferases (SULTs). Two other conjugation enzyme 
families are  N -acetyltransferases (NATs) and methyltransferases (MTs). 

 UGT transcripts or proteins were not detected in freshly isolated human brain 
microvessels (Shawahna et al.  2011 ), and UGT activity toward planar compounds 
such as 1-naphthol was not detected in human brain capillaries (Ghersi-Egea et al. 
 1993 ), suggesting the absence of glucuronidation at the human BBB. On the contrary, 
homogenates of rat brain microvessels have been found to be rich in this UGT activity 
(Ghersi-Egea et al.  1988 ). Similarly, results reported by Benzi and collaborators, 
based on in situ brain perfusion in the monkey indicated that this organ contained 
effi cient glucuronidation (Benzi et al.  1967 ). This set of data suggests therefore inter-
species differences. UGTs seem to be important for the conjugation of drugs in hepatic 
and intestinal tissues. While the presence of some isoforms in the brain, and particu-
larly in neurons, could modulate the concentrations of neurotherapeutics like mor-
phine within the brain, UGTs do not seem to interfere with the entry of drugs at the 
BBB. The UGT1A6 and UGT2B7 in human neurons seem to account for the gluc-
uronidation of the neurotransmitter serotonin and endogenous morphine. 

 GSTs are dimeric proteins that also form a multigenic family of membrane- 
bound and cytosolic enzymes. Alpha, mu, and pi classes of cytosolic GSTs are 
considered to be mainly involved in drug metabolism and detoxifi cation pathways 
(Hayes et al.  2005 ). Measureable quantities of GST mRNAs and proteins, GSTP1 
being the most abundant GST enzyme, were found at the BBB (Shawahna et al. 
 2011 ). These fi ndings are consistent with those of previous studies showing consid-
erable expression of GSTs from the α, π, and μ isoforms in postmortem human brain 
tissues (Listowsky et al.  1998 ). Some GST isoforms, like GSTA4, are more abun-
dant in fetal and adult human brains than in the liver (Liu et al.  1998 ). In the rat 
BBB, GSTpi colocalizes with Abcc2/Mrp2, the regulation of both genes being 
coordinated by the pregnane-X-receptor (PXR) (Bauer et al.  2008 ). In contrast, we 
detected neither ABCC2/MRP2 transcripts nor proteins in human microvessels 
(Shawahna et al.  2011 ). The high concentration of GSTs at the human BBB may be 
due to the need to neutralize oxidative compounds. GSTP1 has also been detected 
in the cerebral capillary endothelium of a sample obtained from epileptic patients 
(Shang et al.  2008 ). Although glutathione can interact directly with electrophiles, 
GST-mediated conjugation is quite often found in several tissues, including the 
CNS. The concentration of glutathione may differ from one brain region to another 
depending on the developmental stage of the neurons, with concentrations being 
higher in newly developed neurons, suggesting that it is involved in neuroprotection 
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(Sun et al.  2006 ). As glutathione is negatively charged at physiological pH it cannot 
penetrate the cell membrane. Its presence in the cytoplasm of BMVECs is due to the 
ability of selected cells to synthesize glutathione. Glutathione and glutathione con-
jugates are often transported from the cytoplasm to the mitochondria by SLC trans-
porters (OATPs) and often extruded by phase III ABC effl ux pumps, ABCCs 
(MRPs) and ABCG2/BCRP. We have found considerable amounts of the human 
γ-gamma- glutamyltranspeptidase (GGT) protein (Shawahna et al.  2011 ). This is the 
only enzyme that can cleave the γ-glutamyl bond of glutathione. Thus, GSTs at the 
BBB may neutralize reactive oxygen species (ROS) involved in oxidative stress. 
They could also be involved in drug-resistant epilepsy, preventing the accumulation 
of antiepileptic drugs by conjugating them with glutathione in the cerebral cortex 
where the epileptic foci are located. 

 SULTs are well characterized phase II metabolizing enzymes that were discov-
ered in the 1960s. They catalyze the sulfation of numerous endogenous and exoge-
nous substrates. There are two forms of SULT: the membrane-associated SULTs 
generally implicated in protein sulfation in the Golgi apparatus and the cytosolic 
SULTs that catalyze the sulfation of a wide range of soluble substrates including 
xenobiotics. Low concentrations of  SULT1A1  transcripts were detected in isolated 
human brain microvessels (Shawahna et al.  2011 ). Since SULTs are involved in the 
conjugation of numerous substrates including hormones and steroids, they play a 
key role in the metabolism of aromatic monoamines including catecholamine neu-
rotransmitters, neurosteroids, and catecholamine metabolites in the CNS (Rivett 
et al.  1982 ). SULT isoforms are believed to be localized within the neurons where 
they control the activities of many substrates including thyroid hormone and neuros-
teroids. They are also implicated in the synthesis of chondroitin sulfate, keratan 
sulfate, and the proteoglycans that are involved in cell–cell interactions and differ-
entiation. Lastly, SULTs may be implicated in the metabolism of drugs like acet-
aminophen and methyldopa (Gamage et al.  2006 ). 

 Some MTs like catechol-O-methyl transferase (COMT) and thiopurine methyltrans-
ferase (TPMT) are ubiquitous enzymes, being distributed throughout the body including 
the CNS. While COMT and TPMT metabolize exogenous substrates, their main func-
tion is to catalyze the O- and  S -methylation of endogenous substrates like catechol-
amines and purines (Gottwald et al.  1997 ; McLeod et al.  2000 ). COMT was initially 
found in glia, but immunoreactivity investigations have also detected it in neurons 
(Karhunen et al.  1995 ). TPMT and histamine  N -methyltransferase (HNMT) are soluble 
enzymes usually found in the cytosol of brain endothelial cells and neurons (Nishibori 
et al.  2000 ; Stanulla et al.  2009 ). The gene expression and protein level of these three 
MTs has been recently quantifi ed in freshly isolated human brain microvessels 
(Shawahna et al.  2011 ), but no quantitative data are available for other animal species.   

4.2.1.3      Regulation of Drug-Metabolizing Enzymes at the Blood–Brain Barrier 

 Certain phase III ABC effl ux transporters and DMEs have shown common tran-
scriptional regulatory pathways as it was fi rst described for ABCB1/MDR1/P- -
glycoprotein and CYP3A4 (Synold et al.  2001 ). The transcription factors able to 
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up-regulate CYP as well as Phase II DMEs (UGT, GST, SULT, …) and phase III 
transporters are PXR, CAR, AhR, PPAR, and Nrf2. This is particularly true for tis-
sues involved in the pharmacokinetics of drugs such as the liver and the gut but 
limited investigations have been carried out to understand regulator mechanisms 
and key factors at the BBB. PXR has been shown to be present and functional at the 
BBB of transgenic mice expressing human (hPXR) but few data are available on 
the presence of PXR at the human BBB. Zastre and collaborators showed that the 
ABCB1 gene in a human cerebral microvessel endothelial cell line (hCMEC/D3) 
was up-regulated by PXR agonists (Zastre et al.  2009 ). Only low amounts of  CAR  
and  PXR  genes can be detected in freshly isolated human brain microvessels 
(Dauchy et al.  2008 ). The low levels of PXR transcripts are not in agreement with 
recent reports showing that hPXR induced P-gp activity at the BBB of transgenic 
mice (Bauer et al.  2006 ), and that pig PXR, which is very similar to hPXR, induced 
P-gp in pig cultured brain endothelial cells (Ott et al.  2009 ). Similarly, CAR has 
been shown to induce the expression of ABC transporters in isolated rat brain 
microvessels and in the hCMEC/D3 human brain endothelial cell line (Chan et al. 
 2010 ; Wang et al.  2010 ). Unfortunately, induction of DMEs via PXR or CAR acti-
vation has not yet been studied at the BBB. In contrast to PXR and CAR, high levels 
of  AhR  transcripts were found in rat (Jacob et al.  2011 ) and human BMVECs 
(Dauchy et al.  2009 ). AhR is another transcriptional factor implied in the regulation 
of certain genes involved in drug metabolism. AhR does not belong to the nuclear 
receptor superfamily unlike PXR and CAR. However, AhR belongs to a family 
known as basis helix–loop–helix/Per-ARNT-Sim (bHLH/PAS). This family 
includes also ARNT (AhR nuclear translocator), which functions as an AhR partner 
when it heterodimerizes. Similar to the nuclear receptors, AhR heterodimerizes in 
the nucleus to regulate the transcription of the target genes (Barouki et al.  2007 ) 
AhR ligands are hydrophobic in nature and can be endogenous or exogenous. 
Xenobiotics able to activate AhR are mainly polycyclic aromatic hydrocarbons 
such as dioxins (environmental pollutants), benzo[a]pyrene (tobacco), and 
β-naphthofl avone but also some medications such as omeprazole (Denison and 
Nagy  2003 ). The list of genes regulated by AhR differs from that of PXR and CAR. 
However, some similarities are observed as AhR appears to be involved in regulat-
ing the expression of ABC transporters like MRP3 and BCRP. The CYP1A1/
CYP1A2 and CYP1B1 are the best known and most studied AhR target genes and 
these isoforms are able to metabolize many procarcinogens into reactive metabo-
lites. Therefore, any prolonged exposure to AhR ligands, including many environ-
mental pollutants, may lead to an increased formation of reactive metabolites to 
cause toxicity. Activation of AhR by dioxin, one of the most potent AhR ligand, 
strongly induced Cyp1a1 and Cyp1b1 in isolated rat brain microvessels (Jacob et al. 
 2011 ; Wang et al.  2011 ). Interestingly, CYP1B1 has been shown as one of the main 
CYP expressed at the BBB, its function at this location remaining unknown (see 
Sect.  4.2.1.2 ). We hypothesize that ligands of AhR, including polycyclic aromatic 
hydrocarbons (PAHs) like coplanar polychlorinated biphenyls (PCBs) and benzo[a]
pyrene may induce some AhR target genes, including  CYP1A1  and  CYP1B1 , at the 
human BBB. The role of CYP1B1 as a metabolic activator of toxic pollutants to 
form potentially neurotoxic metabolites remains to be determined.   
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4.2.2     The Blood–Cerebrospinal Fluid Barrier 
and the Ependyma 

4.2.2.1    Anatomical and Functional Features of the Blood–CSF Barrier 

 The bulk of CSF is secreted by the choroid plexuses. CSF represents 50 % of the 
extracellular fl uid of the brain in human. It fl ows through the ventricular system, 
then into the midbrain and hindbrain cisterns, velae, and subarachnoid spaces before 
being absorbed into the venous blood via the arachnoid villi or drained into the 
lymphatic system. Exchanges between the CSF and fl uid-fi lled extracellular spaces 
of the brain parenchyma are not restricted as cells forming most of the ependymal 
ventricular wall or the external glia limitans lack tight junctions (Fig.  4.3 ). Drug 
metabolism at these places may however impact on the distribution of xenobiotics 
in the brain (see infra). The BCSFB lies at the choroid plexus epithelium and, down-
stream of CSF fl ow, at the arachnoid membrane. The former site is therefore mainly 
involved in CSF drug delivery. The choroid plexus–CSF system adds a degree of 
complexity to the mechanisms that set the cerebral bioavailability of both endoge-
nous and exogenous bioactive compounds. The CSF circulatory pathway, and the 
interplay between BBB, BCSFB, and CSF have been described elsewhere (Ghersi- 
Egea et al.  2009a ,  b ; Strazielle and Ghersi-Egea  2000b ). 

 The brain contains four choroid plexuses, located in the two lateral, the third and 
the fourth ventricles. The different choroid plexuses display a somewhat different 
gross anatomy but are all organized as an ensemble of villi formed by a monolayer 
of epithelial cells surrounding a highly vascularized conjunctive core (Fig.  4.3 ). The 
choroid plexuses display the highest local cerebral blood fl ow among brain struc-
tures. The fenestrated vessels present in the choroidal stroma are highly permeable 
even to polar solutes, and the actual barrier between blood and CSF is located at the 
epithelium whose cells are sealed by tight junctions (Strazielle and Ghersi-Egea 
 2000a ). Besides the production of CSF from plasma by a tightly regulated secretory 
process (Brown et al.  2004 ), the choroid plexuses also fulfi ll neuroendocrine func-
tions by secreting various biologically active polypeptides and hormone carrier pro-
teins, and participate to the neuroimmune surveillance of the brain (reviewed in 
Chodobski and Szmydynger-Chodobska  2001 ; Engelhardt and Ransohoff  2005 ; 
Szmydynger-Chodobska et al.  2009 ). Choroid plexus functions also include the 
selective blood-to-CSF entry of required molecules such as inorganic anions, nutri-
ents and hormones (Damkier et al.  2010 ; Redzic et al.  2005 ; Schmitt et al.  2011 ), as 
well as the CSF-to-blood export of toxic compounds and metabolites (Kusuhara and 
Sugiyama  2004 ; Strazielle et al.  2004 ). These transport processes are facilitated by 
several factors. The blood–CSF barrier (BCSFB) is located between two circulating 
fl uids. The surface area of exchange is enhanced by the organization of the choroid 
plexus into numerous villi, and by the anatomical peculiarities of the choroidal epi-
thelium which develops an extended apical brush border and basolateral interdigita-
tions (Keep and Jones  1990 ). Nonetheless the molecular exchanges between the 
blood and the CSF across the choroidal epithelium are tightly regulated. Like at the 
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BBB, the presence of tight junctions that link the epithelial cells together strongly 
reduces the nonspecifi c paracellular leakage (Kratzer et al.  2012 ). Different types of 
infl ux and effl ux transport systems account for the selectivity and directionality of 
solute transport. Relevant to effl ux transport proteins, the choroid plexuses express 
high levels of basolaterally located transporters of the multidrug resistance-related 
ABCC protein family, which participate to the low brain penetration of various 
drugs (Gazzin et al.  2008 ; Leggas et al.  2004 ; Wijnholds et al.  2000 ). 

 The detoxifi cation reactions that take place at the choroid plexuses represent 
another neuroprotective facet of CP functions toward toxic compounds, and may 
also decrease the delivery of some drugs into the brain.  

4.2.2.2     Molecular Characterization and Relative Expression of Drug- 
Metabolizing Enzymes in Rodent and Human Choroid Plexuses 

 Choroid plexuses appear to be a major site of drug metabolism in the brain. In rat, 
the choroidal specifi c enzymatic activities of enzymes such as epoxide hydrolases 
(EHs), UDP-glucuronosyltransferases (UGTs) or glutathione-S-transferases (GSTs) 
do reach hepatic levels (Ghersi-Egea et al.  1994 ; Strazielle and Ghersi-Egea  1999 ). 
As in liver, some DME activities in choroid plexus are inducible by foreign com-
pounds (Leininger-Muller et al.  1994 ). This metabolic detoxifi cation capacity is 
another function shared by the choroid plexuses and the liver, besides their ability to 
synthesize and secrete the thyroid hormone carrier transthyretin (Schreiber and 
Richardson  1997 ). They are, however, differences in drug metabolism between the 
two organs, particularly in phase I proteins. 

   Phase I of Drug Metabolism 

 Some CYP-dependent monooxygenase activities have been measured in isolated rat 
choroid plexuses (Ghersi-Egea et al.  1994 ), albeit at lower levels than in the liver. 
The molecular identifi cation and localization of CYPs in the choroid plexus is only 
partial. Immunohistochemical and in situ hybridization studies identifi ed CYP1A1, 
but not 1A2 in rat and mouse choroid plexuses following induction by 
β-naphthofl avone, or the carcinogenic 3-methylcholanthrene. The enzyme was 
located at the choroidal vessel walls rather than at the BCSFB proper. It was shown 
to metabolize heterocyclic amines into reactive intermediates, a metabolic activity 
that is deleterious in this instance (Brittebo  1994 ; Dey et al.  1999 ; Morse et al. 
 1998 ). CYP1A1 was not detected prior to inductive treatment. Immunohistochemical 
evidence for the localization of a CYP2B1,2-like protein in the rat and mouse cho-
roid plexus has been reported (Miksys et al.  2000a ; Volk et al.  1991 ). An antibody 
raised against isoforms of the CYP2D subfamily generated a strong signal in the rat 
choroid plexus, possibly associated with the endothelium (Miksys et al.  2000b ). 
CYP2B and 2D proteins metabolize a large range of xenobiotics including centrally 
acting drugs but no relevant metabolic activities have yet been measured in the 
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choroidal tissue. A thorough evaluation of the choroidal expression of all CYP 
 isoforms involved in the metabolism of xenobiotics, and of associated metabolic 
activities, is therefore called for. No data on CYP expression in human choroid 
plexus have been reported so far. Of note, the activity of NADPH–cytochrome 
P-450 reductase, the enzyme that provides the electrons necessary to the activity of 
microsomal CYPs, is sizably measured in rat choroid plexus homogenate and in 
choroid plexus epithelial cells (Strazielle and Ghersi-Egea  1999 ). Besides its role in 
electron transfer to CYPs, this enzyme can generate free radicals by a CYP-
independent reductive metabolism of drugs, a mechanism that participates in the 
toxicity of compounds able to undergo a single electron reduction (Ghersi-Egea 
et al.  1998 ). Besides CYP-dependent monooxygenases, fl avin-containing monoox-
ygenases (FMO) also play an important role in phase I metabolism of foreign chem-
icals, including psychoactive drugs (Cashman  2000 ). FMO1 mRNA has been 
localized in the mouse choroidal epithelium by in situ hybridization (Janmohamed 
et al.  2004 ). No other information is so far available concerning the choroidal 
expression and function of the different FMO isoforms. 

 Among all brain structures in rat, the choroid plexus display the highest level of 
EH activity toward carcinogenic epoxides. The brain vessels have the second high-
est level of activity (Ghersi-Egea et al.  1994 ; Strazielle and Ghersi-Egea  1999 ). 
Inactivation of carcinogenic epoxides is mainly attributed to the membrane-bound 
form of EH. The enzymatic data match immunohistochemical data showing that the 
highest signal for this isoform is associated with the choroidal epithelium in mice 
(Marowsky et al.  2009 ). One study investigated the localization of the soluble form 
of EH (sEH) in human brain. sEH is involved in the metabolism of lipid-derived 
biologically active endogenous epoxides rather than that of carcinogenic xenobiot-
ics. A high immunohistochemical signal towards sEH was also associated with the 
human choroid plexus (Sura et al.  2008 ), while Marowsky and colleagues ( 2009 ) do 
not specifi cally report such localization in the mouse brain. 

 Finally, other choroidal enzymes with narrower substrate specifi city such as 
MAOs or alcohol dehydrogenases can also participate to the phase I of drug metab-
olism (reviewed in Strazielle et al.  2004 ).  

   Phase II of Drug Metabolism 

 In the rat, the choroidal activity of the UGT isoenzyme(s) responsible for the conju-
gation of planar compounds is high, reaching the hepatic level. This enzymatic 
activity is located in the epithelium and is inducible by exogenous polycyclic aro-
matic hydrocarbons as it is in the liver (Ghersi-Egea et al.  1994 ; Leininger-Muller 
et al.  1994 ; Strazielle and Ghersi-Egea  1999 ). It is likely to be catalyzed by one or 
several UGT1A isoenzymes. High levels of mRNAs were measured in the rat cho-
roid plexus with primers common to all genes of the UGT1A subfamily (unpub-
lished results). There may however be species differences in the conjugation 
capacity to glucuronic acid in the choroid plexus, especially between rodent, pri-
mate and human as discussed for the BBB (See Sect.  4.2.1.2 ). 
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 Detoxifi cation by sulfoconjugation appears to be active in both human and rodent 
choroid plexuses. High levels of SULT1A1 activity towards phenolic compounds, and 
of SULT1A1 protein were reported in fetal human choroid plexus by comparison to 
other brain structures (Richard et al.  2001 ). Adult material was not tested in this study. 
SULT1A1 mRNA level is high in choroidal material of both developing and adult rat 
(unpublished results). Additional functional studies are needed to precisely evaluate 
the impact of sulfoconjugation in the detoxifi cation properties of the BCSFB. 

 Immunohistochemical evidence for the presence of the three main, alpha, mu, and 
pi classes of GSTs involved in drug metabolism and detoxifi cation in the rodent cho-
roid plexuses has been reported (Cammer et al.  1989 ; Johnson et al.  1993 ; Philbert 
et al.  1995 ). Immunoreactivity of GST pi has also been demonstrated in human cho-
roid plexus (Carder et al.  1990 ). More recently, a high GSTalpha 4 (GST 8-8) mRNA 
enrichment has been reported in the rat choroid plexus (Liang et al.  2004 ). The conju-
gation to GSH of 1-chloro-2,4-dinitrobenzene (CDNB), which is a substrate for sev-
eral cytosolic forms and the microsomal form of GSTs, is higher by one order of 
magnitude in choroid plexus than brain parenchyma in the newborn rat. This activity 
is found associated with the epithelial cells in rat choroid plexus, and is also high in 
human choroidal tissue (Ghersi-Egea et al.  2006 ; Strazielle and Ghersi-Egea  1999 ). 
Finally choroid plexus epithelial cells have the ability to effi ciently take up glutathi-
one precursors and to synthesize and recycle GSH (Burdo et al.  2006 ; Lee et al.  2012 ; 
Monks et al.  1999 ; Tate et al.  1973 ). These data suggest an important role of GST-
dependent detoxifi cation pathways at the BCSFB. Of note, GSTs have also been 
detected or shown to be enriched in the ependyma lining the ventricle in rat 
(Abramovitz et al  1988 ; Cammer et al  1989 ; Liang et al  2004 ; Philbert et al  1995 ), 
mouse (Beiswanger et al.  1995 ), and human (Carder et al.  1990 ), suggesting that GST-
dependent detoxifi cation extents to the interface between the CSF and the neuropil.  

   Phase III of Drug Metabolism 

 Different transporters of the ABCC family, including MRP1 and MRP4 are ideally 
located at the basolateral, blood-facing membrane in both rodent and humans to 
export conjugated metabolites into the systemic circulation (Gazzin et al.  2008 ; 
Ginguene et al.  2010 ; Leggas et al.  2004 ). Other basolateral transporters such as 
Oatp1a4 (Oatp2) may also transport drug conjugates at the basolateral membrane. 
The expression and functional signifi cance of drug transporters at the BCSFB have 
been reviewed elsewhere (e.g., Ghersi-Egea et al.  2009b ; Leslie et al.  2005 ; Strazielle 
and Ghersi-Egea  2005 , other chapters in this book).  

   Antioxidant Systems 

 In addition to be a cosubstrate for GSTs, reduced glutathione is also active as a main 
intracellular antioxidant. The reduced/oxidized glutathione redox cycle is active in 
choroid plexus which in rat display enriched levels of glutathione reductase activity 
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compared with the neuropil. Glutathione is also substrate for the glutathione peroxidase, 
an enzyme whose activity is 13 times higher in choroid plexus than in brain paren-
chyma. Catalase and superoxide dismutase also display signifi cantly higher activi-
ties in the rat choroid plexus than in brain tissue (Tayarani et al.  1989 ). Thus the 
choroid plexuses appear to possess a powerful machinery to fi ght reactive chemical 
species including reactive oxygen species.   

4.2.2.3     Pharmacotoxicological Signifi cance and Regulation of Drug 
Metabolism at the Blood–CSF Barrier 

 As for the BBB, most of the data available about drug metabolism in the BCSFB are 
related to the molecular identity, level of expression and localization of the enzymes. 
They also comprise specifi c activities measured in homogenates or subcellular frac-
tions with excess of substrates and cosubstrates. In vivo data demonstrating drug- 
metabolizing enzyme activities in the choroid plexus are scarce. Only one work 
identifi ed a carcinogen metabolic activation at the choroidal endothelium through 
CYP1A1 metabolism following induction with β-naphthofl avone (Brittebo  1994 ; 
Granberg et al.  2003 ). The metabolite irreversibly bound to the site of production and 
could thus be detected. In vivo evidence for the effi cacy of drug metabolism at the 
BCSFB is diffi cult to obtain. Blood-to-CSF concentration ratios for substrates and 
metabolites are diffi cult to interpret. They are not only infl uenced by drug metabolism 
at choroidal, cerebral and extracerebral sites, but also by BBB permeability, BCSFB 
permeability, CSF circulation and CSF–brain extracellular fl uid diffusion. To over-
come these limitations, cellular models of the BCSFB have been developed to address 
transport and metabolism across the BCSFB independently of other brain and periph-
eral parameters. Such a model has been developed in rat and has been validated for 
transport and metabolic studies (Strazielle et al.  2003 ; Strazielle and Ghersi-Egea 
 1999 ). It was used to show that the choroidal epithelium acts as a blood-to-CSF meta-
bolic barrier towards selected xenobiotics through conjugation via either a UGT-
dependent pathway (Strazielle and Ghersi-Egea  1999 ), or a GST-dependent pathway 
(Ghersi-Egea et al.  2006 ). In the latter case, the barrier was effi cient even against high 
concentrations of substrate, as long as the intracellular glutathione pool was not limit-
ing. Following glutathione depletion, the effi cacy of the barrier effect was dependent 
on the rate of glutathione neosynthesis by the choroidal epithelial cells, a synthetic 
pathway that could be enhanced by exposing the cells to drugs such as N-acetylcysteine. 
In both conditions, the conjugated metabolites were mainly effl uxed at the basolateral 
membrane, by mechanisms likely to involve MRP/ABCC transporters. These data 
showed that at least some of the choroidal enzymatic equipment is pharmacotoxico-
logically effi cient. Additional in situ imaging and in vivo metabolic studies are eagerly 
needed to precisely delineate the role of choroidal metabolism in reducing the entry of 
xenobiotics into the CSF and brain or increasing their elimination rate from the brain, 
and in participating to the overall neuroprotective function of blood–brain interfaces. 

 As in liver, choroidal DMEs may be induced by a wide range of xenobiotics 
including drugs. Although examples of choroidal induction have been published 
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only for AhR ligands such as β-naphthofl avone or carcinogenic compounds like 
3-methylcholantrene, (e.g., Leininger-Muller et al.  1994 ; Morse et al.  1998 ), other 
inductive processes mediated by drugs or oxidative stress are likely to take place at 
the BCSFB, because transcription factors such as CAR, PXR, or nrf2 are expressed 
at the choroid plexus (unpublished results). Such inductive mechanisms may 
increase the neuroprotective functions associated with this barrier.  

4.2.2.4     Drug Metabolism Associated with the Blood–CSF 
Barrier During Development 

 The effi cacy of blood–brain interfaces in protecting neural cells during the critical 
period of brain development has been a subject of debate throughout the last decades 
(Ek et al.  2012 ; Johansson et al.  2008 ). More recently evidence both in rodent and 
in human for an early and effi cient establishment of the tight junctions that seal the 
cells forming both the BBB and BCSFB has been gathered. This prevents non spe-
cifi c paracellular leakage between blood and brain during fetal development (Ek 
et al.  2006 ; Kratzer et al.  2012 ). The BCSFB in particular appears to follow a spe-
cifi c pattern of early maturation during brain development. The choroid plexuses 
appears early during the embryonic life and seems to acquire an “adult” morpho-
logical and functional phenotype earlier than most brain structures. This highlights 
the special role of the choroidal tissue in regulating blood–brain exchanges during 
development (Dziegielewska et al.  2001 ). With respect to metabolic capacities 
towards drugs and toxic compounds, the choroid plexuses already possess high 
detoxifi cation capacities in the newborn rat (Strazielle and Ghersi-Egea  1997 ). 
Overall GST activities are higher in newborn than in adult rat choroid plexuses, and 
are also very high in choroidal tissue from fetal human brain (Ghersi-Egea et al. 
 2006 ). Yet the developmental enzyme expression profi le differs from one GST class 
to another (Beiswanger et al.  1995 ; Carder et al.  1990 ). High levels of SULT1A1 are 
also clearly associated with the choroidal tissue in developing human brain (Richard 
et al.  2001 ). The protein level of Mrp1/Abcc1 that can export drug conjugates is 
already high in the choroid plexus of developing animals, by contrast to the protein 
level of the prototypic BBB effl ux transporter P-glycoprotein in microvessels of the 
same animals (Gazzin et al.  2008 ). Taken together, these data suggest that detoxifi -
cation processes are especially active at the choroid plexuses during brain develop-
ment, but additional work is needed to explore this hypothesis.    

4.3     Future Challenge 

 While the presence of specifi c drug-metabolizing enzymes has been clearly established 
at both the BBB and BCSFB, defi nite proofs that their activity can infl uence either the 
cerebral bioavailability or the neurotoxicity of drugs and xenobiotics are scarce. 
Designing in vivo experiments and pharmacokinetic models oriented toward the study 
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of cerebral drug metabolism is therefore mandatory to assess the signifi cance of such 
metabolic pathways. This should be done in both adult and developing animals, owing 
to the substantial metabolic activity of the BCSFB during brain development. 

 No information is available concerning the level of drug-metabolizing enzyme 
expression in brain microvessels from developing animals or from fetal/neonate 
human. The establishment of developmental expression profi les for relevant 
enzymes at both barriers will allow appreciating the degree of maturity of these 
protective interfaces in the developing brain. 

 An in-depth molecular characterization of choroidal DME isoforms is needed to 
build a comprehensive view of drug metabolism at blood–brain interfaces. In par-
ticular, species differences need to be assessed to appreciate the predictive value of 
experimental pharmacokinetic models used to determine the infl uence of metabo-
lism on the cerebral bioavailability of drugs in adult and pediatric patients. 

 Finally, as detoxifi cation processes appear to contribute to the neuroprotective func-
tions of the blood–brain interfaces, their importance in protecting the brain in pathologi-
cal situations, e.g., following exposure to environmental toxins or following oxidative 
insults, needs to be explored more thoroughly. The pharmacological enhancement of 
these metabolic functions could be a strategy to improve neuroprotection in a patho-
physiological context. This could be explored by assessing whether the induction path-
ways known to be effi cient in the liver are also active at the blood–brain interfaces.  

4.4     Conclusions 

 Evidence for the presence and activity of several phase I and phase II drug- 
metabolizing enzymes at blood–brain interfaces has been gathered over the past 
decades. The functional signifi cance of drug-metabolizing enzyme activities at the 
BBB and the fate of the produced metabolites remain to be explored. The high cho-
roidal specifi c activities of selected drug-metabolizing enzymes, concurrent to effi -
cient metabolite effl ux transporters at the BCSFB confers a function of metabolic 
barrier and detoxifi cation to the choroid plexus. The inducibility of these enzymatic 
systems in the BBB and BCSFB opens the interesting possibility to pharmacologi-
cally enhance neuroprotection at blood–brain interfaces.     
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Abstract This chapter presents the pharmacokinetic principles of blood–brain 
 barrier (BBB) transport and the intra-brain distribution of drugs in order to provide 
a basis for understanding drug delivery to the brain from a clinically relevant per-
spective. The most important concentrations to measure when determining drug 
distribution are those of the unbound drug, because it is the unbound drug that 
causes the pharmacological effect by interacting with the target. Therefore, this 
chapter also discusses the pharmacokinetic basis, the kind of information provided, 
and the in vivo relevance of the methods used to obtain reliable, therapeutically use-
ful estimates of brain drug delivery. The main factors governing drug distribution to 
the brain are the permeability of the BBB to the drug (influx clearance), the extent 
of nonspecific binding to brain tissue, and the efflux clearance of the drug. The ratio 
of the influx and efflux clearances provides an estimation of the extent of drug 
equilibration across the BBB, described by Kp,uu,brain. This parameter is important, as 
active uptake and/or efflux transporters influence the absolute brain concentrations 
of unbound drug in relation to those in plasma. The advantage of using Kp,uu,brain dur-
ing the drug discovery process lies in its ability to predict the potential success of 
drugs intended for action within the brain or, conversely, of those with few or no 
side effects in the brain.

Abrain Amount of drug per g brain tissue excluding blood
Aslice Amount of drug per g of brain slice
Atot.brain_inc_blood Amount of drug per g brain tissue including blood
AUCtot,brain Area under the total brain concentration–time curve
AUCtot,plasma Area under the total plasma concentration–time curve
AUCu,brainISF Area under the unbound brain ISF concentration–time curve
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AUCu,plasma Area under the unbound plasma concentration–time curve
BBB Blood–brain barrier
BCSFB Blood–cerebrospinal fluid barrier
BBMEC Bovine brain microvessel endothelial cells
Caco-2 Human epithelial colorectal adenocarcinoma cells
Cbuffer Concentration of drug in the buffer (brain slice method)
Ci Apparent concentration of drug in a peripheral brain compart-

ment i
Ctot,blood Total concentration of drug in blood
Ctot.plasma Total concentration of drug in plasma
Cu,brainISF Concentration of drug in the brain ISF (by definition unbound)
Cu,cell Average concentration of unbound drug in brain cells
Cu,plasma Unbound concentration in plasma
Cu,ss,plasma Unbound steady-state concentration in plasma
Cu,ss,brainISF Unbound steady-state concentration in brain ISF
CLact_efflux Active efflux clearance from brain to blood at the BBB (μl/

min/g_brain)
CLact_uptake Active uptake clearance from blood to brain at the BBB (μl/

min/g_brain)
CLbulk_flow Clearance by bulk flow from brain ISF to CSF (μl/

min/g_brain)
CLi Intercompartmental clearance between brain ISF and the 

peripheral brain compartment i
CLin Net influx clearance of drug to the brain (μl/min/g_brain), 

also called permeability clearance
CLmetabolism Metabolic clearance of drug in the brain or at the BBB (μl/

min/g_brain)
CLout Net efflux clearance of drug from the brain (μl/min/g_brain)
CLpassive Passive diffusional clearance of drug at the BBB
CNS Central nervous system
CSF Cerebrospinal fluid
ECF Extracellular fluid in the brain (also called ISF, interstitial 

fluid)
fu,plasma Fraction of unbound drug in plasma
fu,brain Fraction of unbound drug in brain homogenate
fu,brain,corrected Fraction of unbound drug in brain homogenate after correc-

tion for pH partitioning based on the pKa(s) of the drug
fu,D Fraction of unbound drug in diluted brain homogenate
GI Gastrointestinal
ICF Intracellular fluid in the brain
ISF Interstitial fluid in the brain (also called ECF, extracellular 

fluid)
Ki Inhibition constant
Kin In situ brain perfusion unidirectional transfer constant (a 

clearance estimate equal to PS or CLin) (μl/min/g_brain)
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Kp,brain Partition coefficient (ratio) of total brain to total plasma drug 
concentrations

Kp,u,brain Ratio of total brain drug concentration to plasma unbound 
drug concentration

Kp,uu,brain Ratio of brain ISF to plasma unbound drug concentrations
Kp,uu,cell Ratio of brain ICF to ISF unbound drug concentrations
Kp,uu,CSF Ratio of CSF to plasma unbound drug concentrations
logBB Logarithm of the ratio of total brain to total plasma drug con-

centrations (equal to Kp)
MDCK Madin–Darby canine kidney cells
Mdr1 Gene encoding for P-glycoprotein
[plasma],u/[brain],u Ratio of plasma to brain unbound drug concentrations
Papp Unidirectional apparent permeability coefficient measured in 

the apical-to-basolateral direction (cm/s)
PBS Phosphate-buffered saline
P-gp P-glycoprotein
PET Positron emission tomography
PS Permeability surface area product (in this context equal to net 

influx clearance to the brain) (μl/min/g_brain)
Vblood Volume of blood in brain tissue
Vf Volume of buffer film remaining around the sampled brain 

slice
Vi Apparent volume of distribution of a peripheral brain com-

partment i
VISF Physiological (and apparent) volume of ISF
Vu,brain Volume of distribution of unbound drug in brain 

(ml/g_brain)

5.1  Introduction

The delivery of drugs from the blood to the brain takes place across the brain capil-
lary endothelial cells comprising the blood–brain barrier (BBB). This is depicted in 
Fig. 5.1 in a classical electron micrograph of a capillary, the extremely thin endothe-
lial cell layer and the brain parenchymal cells. Despite its thinness, the BBB is a 
very important organ that controls the brain environment in relation to the blood, 
picking up nutrients, discarding waste products, and hindering the influx of poten-
tially harmful substances, including many drugs. The large surface area of the BBB 
and the high rate of blood flow to the brain ensure fast delivery of drugs to the brain 
(see Chap. 1 for physiological details of the BBB) but do not always ensure ade-
quate drug concentrations within the brain.

This fact, together with the often inadequate methods used for measuring brain 
drug delivery, has caused problems in central nervous system (CNS) drug discovery 
and development. The methods used in the industry are developing rapidly; these 
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methods are discussed further in other chapters. This chapter focuses on the phar-
macokinetic principles of drug delivery to the brain, on the rate and extent of drug 
transport as two separate factors governing drug delivery to the brain, and on the 
pharmacokinetic parameters needed to describe this.

Figure 5.2 provides a more schematic drawing of how drugs are distributed 
across the BBB and into the brain. As depicted, it is only the unbound drug mole-
cules, i.e., those that are not bound to plasma proteins, that are able to transverse 

Fig. 5.1 An electron micrograph of a brain capillary with three erythrocytes, endothelial cell walls 
comprising the BBB, and brain parenchymal cells. The black color indicates intravenously admin-
istered peroxidase that does not pass the endothelial cells. The micrograph shows the two mem-
branes of the BBB, the luminal membrane facing the blood and the abluminal membrane facing the 
brain parenchyma (×20,000). From Reese and Karnovsky with permission from the publisher 
(Reese and Karnovsky 1967)

Brain
ISF

B
B
B

B
B
B Blood

unbound un-
bound

unbound

bound bound

CSF
BCSFB

unbound

LysosomesBrain ICF
pH 7.35 pH ~ 7.3 pH ~ 7.0 pH ~ 5

Fig. 5.2 Schematic illustration of drug distribution and equilibration across the BBB and other 
membranes within the brain parenchyma and unbound drug and drug bound to tissue components. 
The physiological volumes of the intra-brain compartments are brain interstitial fluid (ISF) 
0.2 ml/g_brain and brain intracellular fluid (ICF) 0.8 ml/g_brain, of which the lysosomal compart-
ment is 0.01 ml/g_brain. The figure is adapted from Hammarlund-Udenaes et al. (2008) with per-
mission from the publisher
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membranes, in this case the BBB. The rate at which the drug enters the brain inter-
stitial fluid (ISF, also called extracellular fluid (ECF)) depends on the permeability 
of the BBB to the particular molecule. Together with the passive and active uptake 
and efflux processes at the BBB, this will determine how much drug enters the brain 
ISF. The drug molecules will then be further distributed to and equilibrated within 
the brain cells, specific and nonspecific binding sites, and organelles, depending on 
the physicochemical interactions between the drug and the tissue.

Drug transport between blood and cerebrospinal fluid (CSF) takes place at the 
blood–CSF barrier (BCSFB). There is also some exchange between CSF and brain 
ISF. Transport from the CSF to the ISF involves passive diffusion, while transport 
from the ISF to the CSF involves both passive diffusion and the bulk flow of ISF 
(Cserr et al. 1977; Nicholson and Sykova 1998). See also Chap. 1. The pH of blood 
is 7.4 while that of the brain ISF is around 7.3, of the cell cytosol is 7.0, and of the 
lysosomes is around 5. These pH differences influence drug equilibration, with 
basic drugs accumulating more in low-pH organelles, especially in the lysosomes. 
By definition, the concentrations in the brain ISF are those of the unbound drug, as 
are the concentrations in the intracellular fluid (ICF). The extent of nonspecific 
binding is generally quantitatively much greater than that of specific binding to 
receptors or other target sites.

It is only the unbound drug that is in contact with receptor sites, and experimen-
tal data show that these concentrations are best correlated with clinical effects or 
side effects in the brain (Kalvass et al. 2007b; Large et al. 2009; Watson et al. 2009; 
Hammarlund-Udenaes 2010). The site of action of the particular drug will deter-
mine whether the brain ISF or the brain ICF concentration is more important in 
relation to the pharmacodynamic measurement. It has been clearly shown for dopa-
mine agonists and other drugs that the unbound drug brain concentrations are much 
more closely related to receptor occupancy than the total brain concentrations or the 
concentrations of unbound drug in the blood (Watson et al. 2009; Stevens et al. 
2012). This is clearly shown in Fig. 5.3, which depicts the receptor occupancy of 
several dopamine antagonists in relation to their plasma, total brain, and unbound 
drug brain concentrations.

The amount of drug to be delivered to the brain to achieve the desired effect is of 
course always an issue when deciding on the dose to be administered. However, a 
trade-off between side effects and the desired effects also needs to be taken into 
consideration. For drugs that are very efficiently effluxed at the BBB, there will be 
much lower unbound concentrations in the brain ISF than in plasma. This is advan-
tageous if peripheral effects and avoidance of CNS side effects are desired but is 
less suitable if CNS effects are desired and peripheral side effects are to be avoided.

For measurements based on pharmacokinetic principles, drug delivery can be 
described by three distinctly different parameters. Two of these are important com-
ponents of the transport of the drug across the BBB, and the third describes the 
intra-brain distribution of the drug. The first parameter describes the rate of drug 
delivery to the brain based on the permeability surface area product (PS), which in 
pharmacokinetic literature is often called the net influx clearance (CLin, μl/min/ 
g_brain). This describes the unidirectional net drug transport from blood to brain.  
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The second parameter is the extent of delivery, which can be described either by the 
total drug concentrations in brain and plasma or by unbound drug concentrations at 
steady state. The total drug concentration ratio between brain and plasma is termed 
Kp,brain. Another way of describing the same parameter is logBB, which is also used 
for computational approaches (Young et al. 1988; Abraham et al. 1995; Norinder 
et al. 1998; Norinder and Haeberlein 2002; Sun 2004; Fan et al. 2010; Mensch et al. 
2010a; Muehlbacher et al. 2011; Shityakov et al. 2013). The unbound drug concen-
tration ratio between brain ISF and plasma is termed Kp,uu,brain (Gupta et al. 2006). 
The relationship between the unbound and total drug concentrations in plasma is 
described by the fraction of drug that is not bound to plasma proteins, fu,plasma. There 
are two alternative measurements in brain parenchymal tissue that can be used to 
describe intra-brain distribution, the third parameter. Both these correlate unbound 
to total drug concentrations in the brain. fu,brain is the fraction of unbound drug in the 
brain based on brain homogenate measurements (Kalvass and Maurer 2002), and 
Vu,brain is the unbound volume of distribution within the brain in ml/g_brain tissue 
based on brain slice measurements (Kakee et al. 1996; Friden et al. 2007; Friden 
et al. 2009a). It should be noted that this volume term is not the same as that deter-
mined from in situ brain perfusion or PET studies. In the following  sections, these 
three parameters are described in more detail. In vitro and in vivo methods used for 
determining brain drug delivery are further described in Chaps. 6–8 and 10.

5.2  Historical Aspects on Studying Brain Drug Delivery

Several expressions have been used to describe drug delivery to the brain in the lit-
erature: permeation (Tamai and Tsuji 2000; Abbott et al. 2008), brain penetration 
(Schinkel et al. 1996), extent of brain penetration (Liu et al. 2008), CNS penetration 

Fig. 5.3 Relationships between receptor occupancy and concentrations of neuroleptics normal-
ized for their in vitro affinity for rat striatal D2 receptors. (a) Total plasma concentrations, (b) total 
brain concentrations, and (c) unbound brain concentrations, illustrating the clear advantage of 
unbound brain concentrations when comparing drugs
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(Summerfield et al. 2006), BBB penetration (Gunn et al. 2012), brain delivery 
(Pardridge et al. 1992), and CNS distribution (Dai et al. 2005; Kalvass et al. 2007a). 
The expressions used for the total brain-to-total plasma concentration ratio also 
vary: [brain]/[plasma] (Kalvass and Maurer 2002), Kp (a classical expression in 
pharmacokinetics for the partition coefficient between tissue and plasma (Rowland 
and Tozer 2011)), Kp,brain (Gupta et al. 2006), and B/P (Maurer et al. 2005). 
Expressions for the brain-to-blood (or vice versa) unbound drug concentration 
ratios have been described as Kp,uu (Gupta et al. 2006), Kp,free (Liu et al. 2005), and 
[plasma],u/[brain],u (Kalvass et al. 2007a).

Kalvass and Maurer made a seminal contribution in 2002 by initiating investiga-
tion into how to find out whether drugs are actively effluxed at the BBB (Kalvass 
and Maurer 2002), after P-glycoprotein (P-gp) had been found in the BBB (Cordon- 
Cardo et al. 1989; Thiebaut et al. 1989; Tsuji et al. 1992) and after the development 
of the P-gp knockout mouse model (Schinkel et al. 1996). They introduced the in 
vitro brain homogenate binding method in this context and simplified the estimation 
of extent of drug binding from diluted brain homogenate samples. The ratio of the 
fraction of unbound drug in plasma to that in brain (fu,plasma/fu,brain) was compared 
with the ratio of total brain to plasma concentrations (Kp,brain). Kalvass and Maurer 
concluded that, if the two ratios are the same, the drug will be transported across the 
BBB mainly by passive means. Efflux was indicated by differences between the 
ratios, i.e., this was an indirect way of describing BBB transport properties. We 
know today that the ratio of fu,plasma/fu,brain itself as an indication of partitioning 
between brain and blood is misleading, as the main cause of deviations in Kp,brain 
from this ratio is active transport at the BBB. The authors also compared CSF con-
centrations to brain and plasma concentrations and found that CSF concentrations 
overpredicted brain exposure for P-gp substrates.

Maurer et al. continued the work with a comparison of plasma and brain concen-
trations for 33 compounds (Maurer et al. 2005). Differences in fu,plasma/fu,brain within a 
threefold range were allowed to cope with experimental errors and differences con-
sidered of little consequence for pharmacology or pharmacokinetics. The authors 
stated, “Because the brain to plasma ratio (Kp) is determined largely by nonspecific 
binding, efforts to optimize this parameter may actually lead to an unproductive or 
counterproductive design of drugs that are unnecessarily basic, lipophilic, and sim-
ply have a greater degree of nonspecific partitioning into brain tissue” (Maurer et al. 
2005). This has proven to be a very relevant statement which partly explains the 
poor success rate in developing new drugs for CNS diseases (Kola and Landis 2004; 
Kaitin 2008). They also surmised that the underprediction of tissue distribution of 
bases, but not of neutral compounds and acids, based on fu,brain values could be the 
result of disruption of the subcellular acidic organelles such as lysosomes during 
homogenization.

Data from the literature were used by Kalvass and coauthors to compare more 
drugs, using the correlations developed earlier by Kalvass and Maurer (2002 and 
Kalvass et al. 2007a). They commented that Kp,brain was still (in 2007) used to opti-
mize brain delivery (values of ≥1 were arbitrarily given an interpretation of good 
brain delivery and values <<1 of poor brain delivery) and issued another warning 
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that this classification could be misleading, as Kp,brain is also influenced by the 
 relative extent of binding to plasma proteins and brain tissue (Kalvass et al. 2007a). 
A ratio based on plasma-to-brain concentrations of unbound drug was proposed 
([plasma],u/[brain],u), and a log–log graph which plotted the in vivo P-gp efflux ratio 
vs. [plasma],u/[brain],u was developed. Their conclusions on the BBB transport of 
the studied drugs were based on the quadrant into which the drug fell. This way of 
estimating BBB transport was further discussed by Avdeef in his book (Avdeef 
2012). Kalvass et al. found indications of active uptake at the BBB and also found 
that efflux transport mediated by transporters other than P-gp was not able to be 
accurately predicted by the P-gp efflux ratios in Mdr1a(+/+) and Mdr1a(−/−) mice. 
For 10 of the 34 drugs studied, the extent of efflux in vivo was greater than could be 
explained by P-gp, and active uptake into the brain was indicated for 3 drugs. Thus, 
the in vivo P-gp efflux ratio for knockout and wild-type mice was not sufficient to 
predict brain delivery, and the [plasma],u/[brain],u ratio was better predictive than the 
P-gp efflux ratio alone (Kalvass et al. 2007a). Despite this, most drug companies 
continue to trust P-gp efflux ratios in vivo or in vitro as the parameter of choice.

Concepts around the BBB transport of drugs were developed further by our 
group with the proposal of the term Kp,uu by Gupta et al. to succinctly describe the 
brain ISF-to-blood concentration ratio for unbound drug (Gupta et al. 2006). Before 
the publication of this expression in 2006, the efficiency of net active efflux or 
uptake for individual drugs had been described as the “ratio of unbound brain to 
unbound blood concentrations” (Bouw et al. 2000; Xie et al. 2000; Bouw et al. 
2001; Tunblad et al. 2003; Tunblad et al. 2004a; Tunblad et al. 2004b; Bostrom 
et al. 2005; Tunblad et al. 2005). BBB transport properties were thus separated from 
protein binding in plasma and binding to brain constituents, treating the three 
parameters as independent, individual properties of the drugs. It was indicated that 
the permeability of the brain to the drug (PS, CLin) and the extent of equilibration 
across the BBB (Kp,uu,brain) were not correlated (Hammarlund-Udenaes et al. 1997; 
Hammarlund-Udenaes 2000; Hammarlund-Udenaes et al. 2008). The brain slice 
technique was also developed for studies of nonspecific binding to brain tissue in a 
high-throughput model and was compared with the brain homogenate method 
(Friden et al. 2007; Friden et al. 2009a; Friden et al. 2011).

Doran et al. concluded that most CNS drugs have some degree of P-gp-meditated 
transport and that this does not hamper their clinical use (Doran et al. 2005). They 
studied the total brain-to-plasma, CSF-to-plasma, and CSF-to-brain concentration 
ratios in Mdr1a(+/+) and Mdr1a(−/−) mice without taking into account differences 
between the drugs in nonspecific binding in the brain. They found that despite being 
a good P-gp substrate, risperidone has sufficient clinical effect in the CNS because 
of its high potency; the question of the correct dose in relation to peripheral side 
effects is also pertinent here.

At around the same time, Liu and co-workers published on properties that govern 
the equilibration of drug concentrations between brain and blood (Liu et al. 2005). 
They concluded that rapid permeation alone does not guarantee rapid equilibration. 
What is required is a combination of rapid permeation and low brain tissue binding. 
The authors used permeability as a surrogate for efflux clearance, although they are 
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not strictly interchangeable. Nonetheless, the combination of efflux clearance from 
the brain and the extent of brain binding determines the equilibration time across the 
BBB (Hammarlund-Udenaes et al. 1997; Liu et al. 2005; Syvanen et al. 2006).

Liu et al. proposed the direct extrapolation of fu,plasma to describe fu,brain as they (Liu 
et al. 2005) and others (Kalvass and Maurer 2002; Maurer et al. 2005) found a good 
correlation between the two (r2 = 0.69 (Liu et al. 2005)). Although the use of fu,plasma 
for fu,brain has not been evaluated any further, its use can be questioned today if a 
good estimation of Kp,uu,brain is the goal. Even a twofold difference between the two 
will result in a twofold difference in the value of Kp,uu,brain and could skew informa-
tion on the parameter needed for selection of the best drug candidates (see further 
Sect. 5.3.2.2).

Liu and Chen also discussed the extent and rate of brain penetration by looking 
at ways to increase the Kp,uu,brain by reducing the efflux clearance or increasing the 
influx clearance (Liu and Chen 2005). In this chapter, Kp,brain is considered unsuit-
able for evaluation of the potential success of a candidate as a CNS drug. Liu et al. 
later proposed strategies for studying transporters at the BBB, including “(1) Drug 
discovery screens should be used to eliminate good P-gp substrates for CNS targets. 
Special consideration could be given to moderate P-gp substrates as potential CNS 
drugs based on a high unmet medical need and the presence of a large safety margin. 
(2) Selection of P-gp substrates as drug candidates for non-CNS targets can reduce 
their CNS-mediated side effects” (Liu et al. 2008).

Several articles in the area have also been published by Summerfield and co- 
workers. In one study, they used Mdr1a/b(+(+) and Mdr1a/b(−/−) mice to investi-
gate total brain-to-blood ratios (Kp,brain) in vitro, covering a wide range of 
physicochemical properties (Summerfield et al. 2006). They also compared fu,brain 
and fu,blood. They concluded that the in vitro estimation of fu,brain/fu,blood overpredicted 
the Kp observed in vivo because the in vitro ratio assumes that the concentrations in 
brain and blood are equal, while in reality they are not, because of active transport 
in the BBB. In their next study, they investigated 50 marketed drugs, compared in 
situ brain perfusion permeability with in vitro permeability, and then correlated 
these parameters with physicochemical information (Summerfield et al. 2007). In 
their 2008 publication they studied species differences in plasma and brain binding 
and found a good correlation in brain binding between rat, pig, and humans, thereby 
improving the prediction of drug distribution to the brain in humans; they also pub-
lished a table defining PET and pharmacokinetic expressions (Summerfield et al. 
2008). The use of PET and in vitro equilibrium dialysis to assess BBB transport of 
candidate drugs in CNS drug development was advocated in a recent publication 
(Gunn et al. 2012). An integrated approach involving permeability, active efflux, 
and brain distribution and focusing on unbound drug was proposed by Jeffrey and 
Summerfield (Jeffrey and Summerfield 2010).

Hakkarainen et al. compared the in vitro apparent permeability coefficient (Papp) 
from three cell culture systems with in vivo microdialysis measuring Kp,uu,brain for 
nine drugs (Hakkarainen et al. 2010). Unfortunately, the use of an in vitro microdi-
alysis probe recovery method in this otherwise thorough paper potentially affected 
the accurate measurement of the ISF concentrations and thus the Kp,uu,brain values. 
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When the results for two P-gp substrates were omitted, the authors found an 
extremely good correlation between the permeability of BBMEC cells and the 
microdialysis results (r = 0.99) and noted that the lower the permeability, the lower 
the Kp,uu,brain. When the drugs known to be P-gp substrates were included, the rela-
tionship became nonsignificant, as would be expected since lower Kp,uu,brain values 
indicate more active efflux and are not correlated with permeability per se, as dis-
cussed below.

5.3  Parameters Describing Drug Delivery to the Brain

5.3.1  Rate of Brain Drug Delivery

5.3.1.1  What and Why

Permeability as a measurement of drug delivery to the brain has historically been 
the most common way of optimizing drug delivery to this area. Permeability mea-
surements give an estimate of the unidirectional rate of transport of a drug across the 
BBB in situ or in a cell model in vitro. Rather than telling us how much drug has 
equilibrated across the BBB at steady state, these measurements tell us how fast the 
drug is transported across the BBB into the brain.

Permeability measurements are based on the tradition of studying gastrointesti-
nal (GI) absorption. Physiological differences between the GI tract and the BBB, 
however, make this concept less translatable. Many articles have compared perme-
ability values from in silico predictions, in vitro cell models, in situ methods, and in 
vivo methods (Levin 1980; Abbott 2004b; Liu et al. 2004; Bickel 2005; Garberg 
et al. 2005; Summerfield et al. 2007; Abbott et al. 2008; Di et al. 2009; Friden et al. 
2009b; Hammarlund-Udenaes et al. 2009; Fan et al. 2010; Mensch et al. 2010a; 
Mensch et al. 2010b; Avdeef 2011; Avdeef and Sun 2011; Chen et al. 2011; 
Broccatelli et al. 2012; Di et al. 2012; Lanevskij et al. 2013). Quite commonly, 
methods measuring the rate of permeation are compared with those measuring the 
extent of permeation (Pardridge 2004; Hakkarainen et al. 2010).

5.3.1.2  Methods and Relationships

Permeability is described by the rate of permeation in cm/s, obtained by dividing the 
PS value estimated from in situ brain perfusion (called Kin) by the luminal surface 
area of the vascular space, estimated to be 150 cm2/g_brain in vivo in rats 
(Fenstermacher et al. 1988), or by dividing by the surface area of the cell culture in 
vitro. The in vitro measurement is called Papp, the apparent permeability coefficient. 
In vitro methods include BBB-specific cell models as well as Caco-2 or MDCK 
cells (Chap. 6).
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The in situ brain perfusion method is a very elegant way of rapidly determining 
permeability in an animal model (Takasato et al. 1984). It can also be performed in 
genetically modified mice to study the influence of active transporters (Dagenais 
et al. 2000). Examples of CLin (Kin) values from in situ brain perfusion and microdi-
alysis studies are given in Table 5.1. It can be clearly seen, when Mdr1a(+/+) and 

Table 5.1 Examples of in situ/in vivo CLin values obtained by in situ brain perfusion or 
microdialysis

Drug
CLin (μl/
min/g_brain)

CLin in Mdr1a (−/−) 
mice (μl/min/g_brain) Species Reference

Alfentanil 1,940 2,290 Mouse (Zhao et al. 2009)
Antipyrine 492 – Rat (Avdeef and Sun 

2011)
Atenolol 1.8 – Rat (Avdeef and Sun 

2011)
Cimetidine 7 11 Mouse (Zhao et al. 2009)
Colchicine 9 19 Mouse (Zhao et al. 2009)
Diazepam 2,500 2,500 Mouse (Zhao et al. 2009)
DPDPE 0.547 6.36 Mouse (Dagenais et al. 

2004)
Fentanyl 1,840 2,280 Mouse (Dagenais et al. 

2004)
Fexofenadine 3 13 Mouse (Zhao et al. 2009)
Imipramine 1,860 – Rat (Avdeef and Sun 

2011)
Loperamide 100 1,030 Mouse (Dagenais et al. 

2004)
Methadone 420 1,090 Mouse (Dagenais et al. 

2004)
Morphine 10.4 12.9 Mouse (Dagenais et al. 

2004)
Morphine 11.4 – Rat (Bouw et al. 2000; 

Tunblad et al. 
2004b)

Morphine-3- 
glucuronide

0.11 – Rat (Xie et al. 2000)

Morphine-6- 
glucuronide

1.66 – Rat (Bouw et al. 2001; 
Tunblad et al. 
2005)

Oxycodone 1,910 – Rat (Bostrom et al. 
2006)

Phenytoin 334 347 Mouse (Zhao et al. 2009)
Quinidine 34 541 Mouse (Zhao et al. 2009)
Ritonavir 23 80 Mouse (Zhao et al. 2009)
Sufentanil 340 295 Mouse (Zhao et al. 2009)
Terfenadine 1,740 2,020 Mouse (Zhao et al. 2009)
Valproate 243 181 Mouse (Zhao et al. 2009)
Verapamil 315 1,370 Mouse (Zhao et al. 2009)
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Mdra1a(−/−) mice are compared, that CLin is decreased in the presence of P-gp. 
CLin therefore describes the net influx clearance across the BBB. In general, the 
permeability of the BBB to a drug appears to be less critical to drug delivery than 
the influence of active efflux transporters. More about the pharmacokinetic aspects 
and relationships of the transport processes at the BBB can be found in Sect. 5.3.5.

5.3.2  Extent of Brain Drug Delivery

5.3.2.1  What and Why

The extent of drug delivery to the brain is based on steady-state measurements of 
the ratios of total concentrations in brain and plasma (the partition coefficient Kp,brain 
or logBB), total concentrations in brain and unbound concentrations in plasma 
(Kp,u,brain), or unbound concentrations in brain ISF and plasma (Kp,uu,brain). In com-
parison to absorption from the GI tract, the amount of drug delivered to the brain 
can be compared with the bioavailability of drug in the brain, although the deter-
mining forces are somewhat different.

The most important advantage of using Kp,uu,brain instead of Kp,brain lies in its abil-
ity during the drug discovery process to predict the success of drugs intended for 
action within the brain or, conversely, for the avoidance of side effects in the 
brain. Kp,uu,brain is the parameter that most closely relates to the drug’s pharmaco-
dynamic profile, if the receptors are situated facing the brain ISF. If the relevant 
receptors are intracellular, further investigations are required (see Sect. 5.3.4 and, 
in more detail, Chap. 10). The Kp,uu,brain value is not influenced by plasma protein 
binding and brain parenchymal binding that would otherwise confound its inter-
pretation. It gives a concrete value to the net result of passive and active transport 
across the BBB.

When Kp,uu,brain is combined with the target binding properties of the drug, it is 
possible to estimate the required plasma concentrations, and thus the doses, for 
pharmacological success. There is no clear cutoff point below which a drug is not 
suitable for action within the brain, but the lower the Kp,uu,brain value, the higher is the 
dose required to obtain pharmacologically relevant concentrations in the brain given 
similar potency. The trade-off is more between a dose that can be administered in 
relation to clinical effect vs. side effects and a dose that is economically defendable 
(Chap. 13).

5.3.2.2  Methods and Relationships

The Kp,brain ratio can be determined by measuring steady-state drug concentrations 
or the area under the concentration–time curves in brain tissue, excluding  capillary 
blood concentrations (AUCtot,brain) and plasma (AUCtot,plasma) after a single dose:
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Measuring the AUC after a single dose is comparable to taking samples of brain 
and blood at one time point during steady state. The AUCs can then be substituted 
by the steady-state drug concentrations.

Kp,uu,brain can be determined directly from microdialysis samples from brain and 
plasma sites or by measuring total brain and plasma concentrations at steady state 
combined with plasma protein binding (giving the fraction of unbound drug in 
plasma, fu,plasma) and brain slice or brain homogenate measurements of nonspecific 
binding to brain parenchyma (Friden et al. 2007, 2009a, 2010:
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Here, AUCu,brainISF describes the concentrations of unbound drug in brain ISF, and 
AUCu,plasma describes the concentrations of unbound drug in plasma. Vu,brain measured 
with the brain slice method may be replaced by 1/fu,brain after correction for pH par-
titioning if a brain homogenate is used to determine the nonspecific brain binding, 
as described in (5.2b):
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Thus, Vu,brain is similar but not equal to 1/fu,brain, which can result in different results 
if pH partitioning is not compensated for (Friden et al. 2011). More about the simi-
larities and differences between these parameters is given in Sect. 5.3.3 and in  
Chap 10. As the combined method involves measuring three individual parameters, 
the experimental error in each of them will affect the Kp,uu,brain estimate (Kalvass 
et al. 2007a). Microdialysis is described in more detail in Chap. 7.

The concentration of drug in brain ISF is determined by diffusion, transport, 
metabolism, and binding processes, as described in Fig. 5.1. The differential equa-
tions describing the equilibration across the BBB between unbound drug in plasma 
and the brain ISF compartment are
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VISF describes both the physiological volume of the ISF and the apparent volume 
of distribution in the ISF, as it is assumed that there is no binding in this 
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compartment. CLin and CLout describe the net influx and efflux clearance across the 
BBB. CLin is equivalent to PS. Vi and Ci are the apparent volume of and drug con-
centration in a possible deeper brain compartment i, and CLi is the inter- 
compartmental clearance between this compartment and the ISF. The plasma 
unbound drug concentration (Cu,plasma) is the driving force for the brain concentra-
tions. Further equations necessary to describe the plasma concentration–time profile 
are beyond the scope of this chapter.

At steady state, there is no change in concentration in brain ISF, dCu,brainISF/dt = 0, 
and the drug concentrations in plasma (Cu,ss,plasma) and brain (Cu,ss,brainISF) are in equi-
librium. If Cu,brainISF = Ci, which can be assumed since Ci describes a hypothetical 
compartment, the relationship in (5.3) becomes

 
CL CLin u ss plasma out u ss brainISF* * ., , , ,C C=

 
(5.5)

As Kp,uu,brain is a steady-state parameter, it is not influenced by the further parti-
tioning of the drug into brain cells:
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It can be seen in (5.6) that Kp,uu,brain is determined by the relative size of the net 
influx and efflux clearances. This means that influx and efflux clearances can both 
be small or large and still result in the same Kp,uu,brain. This explains why the perme-
ability per se is not the most important parameter for estimating the extent of drug 
delivery to the brain. While rapid delivery to and elimination from the brain are 
clinically important for, for example, anesthetic drugs, the steady-state concentra-
tion in the brain is more important than the rate of delivery to the brain when a drug 
is to be administered repeatedly over time. The range of CLin values within which 
brain delivery is still sufficient can, therefore, be quite wide. This is exemplified in 
Table 5.1 by the good clinical effects of morphine despite its low permeability clear-
ance vs. the lack of clinical effect of loperamide despite its higher permeability 
clearance. This phenomenon is also illustrated in Fig. 5.4.

Equation 5.6 can be further developed to include the different processes govern-
ing the uptake and elimination of drug from brain ISF:
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CLpassive is the passive diffusional clearance across the BBB, which is assumed to 
be equal in both directions. CLact_efflux describes the active efflux transport back across 
the BBB to the plasma (Syvanen et al. 2006). CLact_uptake describes the active uptake 
transport across the BBB into the brain. Both active transport parameters can include 
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one or several transporter functions and can, if of interest, be further divided into the 
individual processes. CLbulk_flow is the bulk flow of ISF from brain to CSF, reported to 
be 0.1–0.3 μl/min/g_brain (Cserr et al. 1977; Rosenberg et al. 1980; Abbott 2004a). 
CLmetabolism describes the elimination of a drug through metabolism within the brain.

Equation 5.7 assumes that CLpassive is the same, independent of direction of trans-
port across the BBB. In reality, this may not be correct for the two membranes of the 
BBB (luminal vs. abluminal), as a result of different fluid flow rates and diffusion 
properties. The equation suggests that active efflux of a drug will reduce CLin and 
that active uptake will reduce CLout. An experimental illustration of this is provided 
by the clear effect of P-gp on CLin that was found by Dagenais et al. (Dagenais et al. 
2004). They used in situ brain perfusion methodology in Mdr1a(+/+) and Mdr1a 
(−/−) mice. The PS of loperamide increased tenfold from 100 μl/min/g_brain in 
Mdr1a(+/+) mice to 1,030 μl/min/g_brain in Mdr1a (−/−) mice (Table 5.1). It should 
also be borne in mind that CLin and CLout are the net clearances across both the 
luminal and abluminal membranes of the brain endothelial cells when, in reality, 

Fig. 5.4 Illustration of the absolute values of CLin and CLout and their relationships with the result-
ing brain concentration–time profile of unbound drug with time on the x-axis and concentration on 
the y-axis. The blue line, similar in all parts of the figure, describes the unbound drug concentration 
in blood after a short intravenous infusion of a fictive drug. The other lines describe the brain 
unbound drug concentrations. The relative values of CLin and CLout are in (a) CLin = 1 and CLout = 5 
giving a Kp,uu,brain of 0.2; (b) CLin = 5 and CLout = 5, giving a Kp,uu,brain of 1.0; (c) CLin = 10 and 
CLout = 50 giving a Kp,uu,brain of 0.2; and (d) CLin = 50 and CLout = 50, giving a Kp,uu,brain of 1.0. In (a) 
and (b), CLout values together with the size of Vu,brain (the same in all simulations) result in a longer 
half-life for the drug in the brain than in blood. In (c) and (d), the half-life in the brain follows that 
in blood because of the more rapid processes in the brain than in blood. A comparison of (a) and 
(c), and (b) and (d), respectively, shows that the Kp,uu,brain is the same, independent of a tenfold dif-
ference in CLin and independent of differences in half-lives in the brain
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transporters are usually situated in either the apical or the basolateral membrane and 
are rarely situated in both membranes (Chap. 2).

If the only method of transport is passive or if the influx and elimination  processes 
are of the same magnitude, the unbound concentrations in the brain will equal those 
in plasma when equilibrium is reached between the two sites. Kp,uu,brain will be 
smaller than unity if efflux dominates the transport process (Gupta et al. 2006; 
Hammarlund-Udenaes et al. 2008) and greater than unity if active uptake dominates 
(Bostrom et al. 2006; Hammarlund-Udenaes et al. 2008). The relationships and 
their interpretation are further described in Table 5.2.

Table 5.2 Relationship between the rate and the extent of equilibration across the BBB. More 
than one transporter may be acting on the drug, and transport can be in either direction. Further 
examples from a combination of iv infusion, brain slice, and plasma protein binding measurements 
can be found in Friden et al. (2009b)

Parameter 
value Relationship Interpretation

In vivo examples  
and references

Kp,uu ≈ 1 CLin ≈ CLout Net influx and efflux clearances are 
similar either because the drug is 
only passively transported across 
the BBB or because the active 
influx and efflux rates are similar. 
Note that the absolute sizes of the 
clearances are not important, 
only the relationship between the 
two.

Codeine (Xie and 
Hammarlund-Udenaes 
1998)

Diazepam (Dubey et al. 
1989)

Kp,uu < 1 CLin < CLout Elimination processes from the brain 
are more efficient than influx 
processes. This may be because 
of more active efflux transport at 
the BBB, metabolism within the 
brain parenchyma, or bulk flow 
(the latter requires clearances to 
be quite low, as bulk flow is 
0.1–0.3 μl/min/g_brain)

Morphine (Bouw et al. 2000; 
Tunblad et al. 2003; 
Bostrom et al. 2008)

Risperidone and 
9-hydroxyrisperidone

(Liu et al. 2009; Doran et al. 
2012)

Ofloxacin, perfloxacin (Ooie 
et al. 1997)

6-Mercaptopurine, proben-
ecid (Deguchi et al. 
2000)

Atenolol, methotrexate, 
paclitaxel (Friden et al. 
2009b)

Quinidine, indinavir, 
dexamethasone (Uchida 
et al. 2011a)

Kp,uu > 1 CLin > CLout Influx processes across the BBB are 
quantitatively more efficient than 
efflux/metabolism/bulk flow 
processes. This can only be 
accomplished if the drug is 
actively transported from blood 
to brain

Oxycodone (Bostrom et al. 
2006)

Diphenhydramine (Sadiq 
et al. 2011)

Nicotine (Tega et al. 2013)
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Most drugs seem to be effluxed at the BBB. This can be seen in Fig. 5.5, which 
provides the Kp,uu,brain values for drugs that are acids, bases, neutrals, and zwitterions 
(Friden et al. 2009b).

5.3.3  Intra-brain Distribution

5.3.3.1  What and Why

Estimation of the extent of nonspecific binding of a drug to brain tissue is necessary 
in order to relate the total brain concentrations, which are easily measured, to the 
unbound drug concentrations, which are more difficult to measure but more valu-
able for optimizing drug treatment. This is an intra-brain measurement and is not 
related to BBB function.

5.3.3.2 Methods and Relationships

The three methods by which intra-brain distribution can be estimated include micro-
dialysis in the brain in conjunction with a brain sample to provide total brain con-
centrations at steady state (Wang and Welty 1996), the brain homogenate method 
(Kalvass and Maurer 2002; Mano et al. 2002), and the brain slice method (Kakee 

Fig. 5.5 Kp,uu,brain values from a combined study of Kp,brain, fu,plasma, and Vu,brain in rats. Kp,uu,brain, to the 
extent that it can be extrapolated to humans, indicates the clinical usefulness of the drug for action 
in the brain. The brain ISF concentrations are similar (Kp,uu,brain ≈ 1), lower (Kp,uu,brain < 1), or higher 
(Kp,uu,brain > 1) than the unbound concentrations in plasma. Data from Fridén et al. (2009b)
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et al. 1996; Friden et al. 2009a; Friden et al. 2010). The microdialysis and brain slice 
methods result in an estimate of Vu,brain in ml/g_brain tissue, while the brain homog-
enate method results in an estimate of fu,brain.

Microdialysis

Microdialysis can be used to determine both Kp,uu,brain and Vu,brain. In order to calculate 
Vu,brain, it is necessary to measure total brain concentrations at steady state at the 
same time as obtaining the concentration of unbound drug in brain ISF by 
microdialysis.

The expression Vu,brain was introduced by Wang and Welty in their microdialysis 
study of gabapentin influx and efflux across the BBB (Wang and Welty 1996). The 
paper was seminal for improving understanding of how the BBB transport of drugs 
can be evaluated (Hammarlund-Udenaes et al. 2008). Vu,brain can be described by (5.8)
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where Atot,brain_incl_blood is the amount of drug present per g brain, obtained from chem-
ical analysis of the brain tissue sample. It is then necessary to subtract the amount 
of drug in the brain capillaries in order to obtain the amount present in the brain 
tissue itself. Vblood is the physiological volume of blood present in the brain tissue 
sample, and Ctot,blood is the total concentration of the drug in the blood. The volume 
used here is critical for correct estimation of Vu,brain (Friden et al. 2010).

Brain Homogenate

The brain homogenate method results in an estimate of fu,brain. In short, this method 
uses fresh or frozen brain homogenate that is diluted with phosphate-buffered saline 
(PBS) and equilibrated across a dialysis membrane. The method is described in 
detail in Chap. 10. Samples of buffer and homogenate are analyzed, and the fraction 
of unbound drug in the original sample is calculated using (5.9) to compensate for 
the dilution:
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D is the dilution factor of the brain tissue sample, and fu,D is the fraction of 
unbound drug in the diluted brain homogenate sample.

There are several advantages associated with the brain homogenate method: it is 
easy to carry out, using the same equipment as that used for plasma protein binding; 
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high-throughput methodology can be used; and the process can be based on frozen 
tissue. However, it should be borne in mind that homogenizing the sample can 
expose sites that normally do not bind the drug in vivo (Liu and Chen 2005). 
Furthermore, membrane structures are destroyed by homogenization. This excludes 
the measurement of the influence of possible transport processes and pH differences 
between the brain parenchymal cells and organelles.

The brain homogenate method was used by Di et al. to compare fu,brain values 
between species, with subsequent important potential for using animal brain homog-
enates to estimate the nonspecific binding of drugs in human brain (Di et al. 2011). 
Summerfield had earlier studied species differences between rat, pig, and humans 
regarding binding to brain tissue (Summerfield et al. 2008).

Brain Slice

The brain slice method results in an estimate of Vu,brain in ml/g_brain tissue. This 
method, which provides information that is relevant for issues such as nonspecific 
binding of drug to tissues, lysosomal trapping, and active uptake of drug into cells, 
is described in detail in Chap. 10. The brain slice method has been optimized for 
high throughput of drugs, using cassettes of 5–10 drugs that can be studied simulta-
neously, although it is important that the total combined concentration of drugs in 
buffer in the cassette does not exceed 1 μM (Friden et al. 2007; Friden et al. 2009a).

Vu,brain is obtained by dividing the total brain concentration found in the slices by 
the buffer concentration, which describes the ISF unbound concentration. 
Equation 5.10 is adapted from (5.8) to the in vitro situation:
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Aslice is the amount of drug per gram of slice, and Cbuffer is the concentration of 
drug in the buffer. Vf is the volume of buffer film that remains around the sampled 
slice due to incomplete absorption of buffer by the filter paper. Fridén et al. con-
firmed the value of Vf as 0.094 ml/g_slice (Friden et al. 2009a), in agreement with 
the original observation by Kakee et al. (1996).

5.3.3.3 Interpretations and Caveats

The relevant physiological volumes in brain tissue include the volume of brain ISF 
at 0.2 ml/g_brain (Nicholson and Phillips 1981; Nicholson and Sykova 1998) and 
the volume of total brain water at 0.8 ml/g_brain (Reinoso et al. 1997). Thus, drugs 
with values of Vu,brain lower than 0.8 ml/g_brain are predominantly distributed out-
side the brain cells, with minimal binding to proteins or membranes [e.g., moxalac-
tam, which has a Vu,brain of 0.46 ml/g_brain (Friden et al. 2010)]. As the values for 
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Vu,brain increase further above 0.8 ml/g_brain, intracellular distribution and/or bind-
ing to proteins or membranes also increase [e.g., loperamide, which has a Vu,brain of 
370 ml/g_brain (Friden et al. 2010)]. Vu,brain varies between 0.2 and 3,300 ml/g_brain 
for the drugs studied to date. Table 5.3 provides examples of known Vu,brain values 
and the interpretations that can be made based on this information; currently, the 
highest value is for thioridazine (Friden et al. 2009b).

When using Vu,brain to determine Kp,uu,brain (5.2a), Fridén et al. indicated that the 
value of Vblood from the literature (5.8) may be too high (Friden et al. 2010). This 
appeared especially true for drugs with low Kp,brain values. A low Kp,brain can be the 
result of either very efficient efflux at the BBB or a level of plasma protein binding 
that greatly exceeds the nonspecific binding of the drug in the brain. The latter situ-
ation causes a problem when the value for Vblood used in (5.8) is too high. An 
improved method was developed for this estimation (Friden et al. 2010). It should 
be noted that the remaining brain vascular space can vary with the method used to 
sacrifice the animal.

5.3.4  Intracellular Drug Distribution

The intracellular concentrations of drugs cannot be measured directly. However, 
information on the intracellular distribution of the drug can be obtained by combin-
ing brain slice and homogenate data (Friden et al. 2007; Friden et al. 2009a; Friden 

Table 5.3 Interpretation of Vu,brain information. For practical purposes, the value of 0.8 ml/g_brain 
can be approximated to 1 ml/g_brain. The values were obtained using the brain slice method; for 
further descriptions, see Friden et al. (2009b)

Parameter value Interpretation Examples (ml/g_brain)

Vu,brain < 0.8 ml/g_
brain

Restricted distribution of the drug to the 
interstitial fluid. Probably very low entrance 
into cells and very little binding to proteins 
or membranes

Morphine-3- 
glucuronide (0.7)

Moxalactam (0.6)

Vu,brain ≈ 0.8 ml/g_
brain

Free distribution of the drug in ISF and 
intracellular fluid and/or slight binding to 
proteins or membranes

Salicylic acid (1.0)
Zidovudine (1.1)

Vu,brain > 0.8 ml/g_
brain

Binding to proteins or membranes, or distribu-
tion to subcellular organelles such as 
lysosomes. The higher the value, the more 
drug is bound or distributed

Amitriptyline (310)
Atenolol (2.5)
Diazepam (20)
Gabapentin (4.6)
Indomethacin (14)
Levofloxacin (1.7)
Loperamide (370)
Nelfinavir (860)
Paclitaxel (769)
Thioridazine (3,300)
Verapamil (54)
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et al. 2011). Kp,uu,cell describes the steady-state ratio of intracellular to brain ISF 
concentrations of unbound drug, assuming an average concentration ratio for all cell 
types within the brain. In the drug discovery process, this will extend the available 
information about the distribution of new chemical entities and will help in select-
ing optimal drug candidates. It is important to measure Kp,uu,cell, and subsequently 
estimate the average concentration of unbound drug in brain cells (Cu,cell), in relation 
to the pharmacodynamic measurements when the drug has an intracellular site of 
action or when information about possible active transport processes at the ISF– 
cellular interface is required. Kp,uu,cell is calculated as
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Vu,brain is determined from brain slice experiments, and fu,brain is determined from 
equilibrium dialysis of brain homogenates. The details of how to estimate Kp,uu,cell 
and the further division of this parameter into cytosolic and lysosomal components 
are further described in Chap. 11. Maurer et al. have mentioned lysosomal accumu-
lation as a possible reason for differences in the distribution of acidic, neutral, and 
basic drugs between homogenates and in vivo measurements in tissues other than 
brain (Maurer et al. 2005). This appears also to be important in brain tissue when 
comparing brain slice data with data from brain homogenates (Friden et al. 2011).

5.3.5  Combining Rate, Extent, and Intra-brain Drug 
Distribution in Brain Pharmacokinetics

It will be obvious by now that the three main properties of brain drug delivery, CLin, 
Kp,uu,brain, and Vu,brain, describe three individual properties of a drug. Fig. 5.6 provides 
the Vu,brain and Kp,uu,brain values for 41 drugs (Friden et al. 2009b).

It can be seen from the figure that these two properties are not correlated. Two 
examples in the figure highlight this: loperamide and diazepam. The very low 
Kp,uu,brain of loperamide (0.007) indicates that only 0.7 % of the concentration of 
unbound loperamide in plasma will be present in brain ISF and thus that the efflux 
of loperamide at the BBB is very efficient. At the same time, loperamide has a high 
affinity for brain tissue, with a Vu,brain of 370 ml/g_brain. The transport of diazepam 
at the BBB, on the other hand, is mainly passive, with a Kp,uu,brain close to 1 and a 
lower Vu,brain of 12 ml/g_brain. Similarly, the permeability clearance has little in 
common with the size of Kp,uu,brain. As discussed earlier (Fig. 5.4 and Eq. 5.6), the 
influx and efflux clearances can both be small or large but can still result in the same 
Kp,uu,brain.

The time for drug concentrations to reach equilibrium between brain and blood, 
on the other hand, is determined by the efflux clearance and the extent of intra-brain 
binding (Vu,brain), giving rise to an intrinsic half-life in brain, which can be shorter or 
longer than that in plasma. If the plasma half-life is longer than the intrinsic 
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half-life, it will also determine the half-life in brain which will be equal to that in 
plasma, and the intrinsic half-life will not be observed. Thus, the unbound drug 
concentration in plasma is the driving force for the half-life in the brain, and the 
pharmacokinetic profile in plasma is therefore an important determinant of the 
 concentration–time profile in the brain. Only when elimination of the drug is slower 
from the brain than from plasma will the intrinsic half-life in the brain be 
observable.

The determinants of the concentration–time profile of a drug in the brain  
are comparable to the parameters determining the pharmacokinetics in plasma: the 
plasma concentration–time profile is similarly determined by the absorption and 
elimination rates and the extent of binding to tissues. The relative unbound concen-
trations in brain and plasma are determined by the transport process that dominates 
the movement of the drug at the BBB. This may be active efflux, active influx, or 
passive transport as discussed earlier. CLin therefore only influences the brain con-
centrations (cf. bioavailability) in relation to the efflux clearance but will not influ-
ence the concentration–time profile, including the time to reach equilibrium.

Active efflux of a drug will not only decrease CLin but will also increase CLout, as 
described in (5.7), thus increasing the rate of the equilibration processes across the 
BBB, although this depends on how the efflux transporter functions. If it only hinders 
influx (the so-called vacuum cleaner model), the efflux from the brain parenchyma 

Fig. 5.6 Connections between nonspecific binding in the brain, as shown by Vu,brain values  
(ml/g_brain), and Kp,uu,brain ratios for 41 drugs. The scale on the logarithmic y-axis shows the experi-
mentally obtained values for Kp,uu,brain and Vu,brain. The drugs are sorted according to their Kp,uu,brain value 
from smallest to largest. The individual Vu,brain values are plotted alongside the Kp,uu,brain values and show 
that there is very little correlation between the two parameters. Data are from Fridén et al. (2009b)
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will not be influenced, and the active process will not influence the brain elimination 
half-life (Syvanen et al. 2006). It is, however, more likely that the transporter will both 
hinder influx and increase efflux (e.g., P-gp). In this case, the part that increases efflux 
will subsequently affect the elimination process and therefore the time to reach equi-
librium across the BBB, while the part that hinders influx will not affect the elimina-
tion process and therefore neither the time to equilibrium.

Equilibrium across the BBB is thus reached more quickly for strong P-gp sub-
strates than for drugs that are weaker substrates or that are only passively trans-
ported but otherwise have similar properties. Active efflux also has an important 
influence on the time aspects of equilibration across the BBB in the studies compar-
ing drug uptake into the brains of Mdr1a/b(−/−) and Mdr1a/b(+/+) mice. 
Equilibration is expected to take longer in Mdr1a/b (−/−) mice. When sampling at a 
specific time after a single dose, this can influence the difference between the two 
groups of mice. Possible differences in equilibration time therefore need to be taken 
into consideration.

Padowski and Pollack have discussed the theoretical effects of P-gp on the time 
to equilibrium across the BBB (Padowski and Pollack 2011), and the theoretical 
consequences of active uptake and efflux have also been discussed by several 
authors (Hammarlund-Udenaes et al. 1997; Golden and Pollack 1998; Syvanen 
et al. 2006). Liu and Chen have suggested that the parameters determining the half- 
life of equilibration are the permeability of the BBB to the respective drug and the 
extent of binding in the brain (Liu and Chen 2005). As explained in this chapter, 
they could be more clearly described as the efflux permeability and the extent of 
binding in the brain. The slower of the half-lives in plasma and brain will determine 
the half-life in the brain.

Cooperation between P-gp and breast cancer resistance protein (BCRP) in 
increasing the efficiency of the efflux process at the BBB has been clearly described 
by Kusuhara and Sugiyama (2009). The presence and contributions of other, includ-
ing as yet unknown, transporters should also be included in speculations about the 
fate of drugs at the BBB (Kalvass et al. 2007a; Hammarlund-Udenaes et al. 2008; 
Agarwal et al. 2012).

As stated earlier, measurement of unbound drug concentrations in plasma is not 
enough to determine the unbound concentrations in the brain. Binding to brain 
parenchymal tissue is also too different from binding to plasma proteins to allow 
prediction of one from the other. The presence of active transport at the BBB does 
not allow the ratio of the fraction of unbound drug in plasma to that in brain 
(fu,plasma/fu,brain) to be used to predict brain penetration, as discussed in Sect. 5.2.

5.4  CSF Pharmacokinetics vs. Brain ISF Pharmacokinetics

The CSF is an accessible sampling site for measuring human brain concentrations 
of unbound drug, given that CSF concentrations follow brain concentrations. 
However, the role of the CSF as an alternative site for measuring unbound brain 
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concentrations is still under discussion and has not been well established. De Lange 
and Danhof proposed that the CSF may be of limited value in the prediction of 
unbound brain concentrations (de Lange and Danhof 2002). There are both similari-
ties and differences in drug concentrations between brain ISF and CSF. The BCSFB, 
situated between the epithelial cells of the choroid plexus, is different from the BBB 
as a transport site for drugs, and the cells have different origins (epithelial vs. endo-
thelial), which could influence transporter expression. The relevant question for 
drug discovery is whether the transporter functions in the BBB are similar enough 
to those in the BCSFB to allow the extrapolation of CSF data to obtain data on the 
exposure of the brain to unbound drug.

While CSF sampling could be useful in the selection of drug candidates for entry 
into development programs, Lin cautions that CSF concentrations could differ from 
brain unbound drug concentrations (Lin 2008). Fridén et al. have actually demon-
strated the correlations between rat CSF and rat brain ISF concentrations for 41 
compounds (Friden et al. 2009b). In this study, 33 of the Kp,uu,brain values were within 
a ±3-fold range of the Kp,uu,CSF values, which is considered quite good (r2 = 0.80). 
However, Fig. 5.7a shows that the regression line deviates from the line of identity 
for these compounds. CSF concentrations were lower than the unbound brain con-
centrations at high Kp,uu,brain values and higher at low Kp,uu,brain values. This confirms 
earlier work by Kalvass and Maurer, who found that unbound brain concentrations 
were overpredicted by CSF concentrations for drugs with low Kp,uu,brain values 
(Kalvass and Maurer 2002). While the results from Fridén et al. support the use of 
Kp,uu,CSF for comparisons of brain exposure between drugs (Friden et al. 2009b), it 
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Fig 5.7 (a) Correlations between rat Kp,uu,brain and Kp,uu,CSF for 41 drugs. The middle diagonal line 
is the line of identity. The two parallel lines show a threefold difference in range from the line of 
identity. (b) Correlations between Kp,uu,CSF in humans [x-axis, data from Shen et al. (2004)] and 
Kp,uu,CSF in rats (y-axis). Although there is a good correlation between the species, there is a three-
fold deviation from the line of identity. Reprinted with permission from Fridén et al. (2009b). 
Copyright 2009 American Chemical Society
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should be borne in mind that other drug groups could behave differently and that 
individual drug concentrations could deviate from the predicted value quite 
extensively.

Differences in the location and expression of P-gp between the BBB and the 
BCSFB could explain the concentration differences at low Kp,uu,brain values. P-gp and 
BCRP are located in the luminal membranes of the endothelial cells in the BBB. 
According to an early report, P-gp was thought to be located in the apical membrane 
of the epithelial cells of the choroid plexus, which would result in substrates being 
transported towards the CSF (Rao et al. 1999). This has, however, been questioned 
(Sun et al. 2003). It seems unlikely that P-gp would transport substrates into  
the CSF in the epithelial cells of the BCSFB and in the opposite direction, into the 
blood, at the BBB. If this was the case, the CSF would be an even less suitable site of 
measurement for estimating brain ISF concentrations. Although studies have shown 
less efficient P-gp functioning at the BCSFB than at the BBB, the findings do not 
actually support the transport of drugs towards the CSF (Fig. 5.4a). The reason for 
the differences in P-gp function may have been found by Gazzin et al., who mea-
sured the relative content of P-gp and Mrp1 protein in rat and human brain capillar-
ies and choroid plexi (Gazzin et al. 2008). They showed that the P-gp content in rat 
choroid plexus homogenates was only 0.5 % of that in brain endothelial cells, while 
the opposite trend was seen with Mrp1—the microvessel content was only 4 % of 
that in the choroid plexus. The human data showed a similar picture. Thus, although 
it is present at the BCSFB, P-gp seems to have a significantly smaller role than at 
the BBB because of its lower expression.

The correlation between human and rat Kp,uu,CSF is unexpectedly good; however, 
the threefold deviation from the line of identity, with higher CSF-to-plasma concen-
tration ratios in humans than in rats (Fig. 5.7b), is an issue not yet explained (Shen 
et al. 2004; Friden et al. 2009b).

Issues on differences in the time between dosage and sampling, and the sites of 
sampling, in humans vs. rodents should also be taken into consideration when 
studying the use of CSF sampling to estimate drug distribution to the brain. The 
timing aspects of CSF concentration–time profiles vs. brain ISF profiles have been 
studied by Westerhout et al., using a multiple microdialysis probe approach in rats 
(Westerhout et al. 2012). It takes only slightly longer to reach similar concentrations 
of acetaminophen in rat CSF from the cisterna magna and third/fourth ventricles 
than in brain ISF, although the difference is extended for CSF from the subarach-
noid space furthest away from the brain ISF, which is of relevance when sampling 
CSF in humans. Westerhout et al. developed a physiological pharmacokinetic model 
for multiple brain compartments, based on these rat data. After translation of the 
model by changing the physiological parameters to those in humans, they were able 
to successfully predict lumbar CSF data on acetaminophen comparable to those 
available from humans. The model also predicted human ISF concentration–time 
profiles (Westerhout et al. 2012).

In summary, it appears that CSF is an adequate sampling site for obtaining a 
preliminary understanding of unbound brain concentrations, with the caveats of tak-
ing into account the deviations at low and high Kp,uu,brain values. The results support 
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the use of Kp,uu,CSF for reasonable comparisons of brain exposure to drugs. However, 
it should be borne in mind that individual drugs could deviate quite extensively 
from the general correlation.

5.5  Drug Interactions at the BBB

Because transporters play such an important role at the BBB in controlling the traf-
fic of drug molecules into and out of the brain, they are also the targets of clinically 
significant drug interactions. Unfortunately, interaction studies at the BBB in 
humans are few. Cyclosporin is the most potent P-gp inhibitor on the market, dou-
bling the brain concentrations of verapamil and loperamide (Sasongko et al. 2005; 
Hsiao and Unadkat 2012). Quinidine also inhibits P-gp in humans, causing a 20 % 
reduction in the response to CO2 (opiate-induced respiratory depression) when 
administered with loperamide (Sadeque et al. 2000).

The Kp,uu,brain value of a drug can give information on its interaction potential at 
the BBB (Hammarlund-Udenaes et al. 2008). For a Kp,uu,brain close to unity, the inter-
action potential is likely to be very low, given that the drug is mainly passively 
transported. The lower the Kp,uu,brain, the higher the theoretical possibility of an inter-
action with other drugs, depending on whether the low Kp,uu,brain was caused by efflux 
via a single transporter or if there are several transporters acting on one drug. 
Inhibition of the main efflux transporter would thus result in increased brain con-
centrations, while an interaction at an uptake transporter would decrease brain con-
centrations. In practice, it appears that interactions at the BBB are very rare, 
irrespective of the direction of active transport (Sasongko et al. 2005; Liu et al. 
2008; Sadiq et al. 2011). This low incidence of interaction is possibly the result of 
relatively low concentrations of both victim drug and perpetrator in plasma. For 
example, the inhibition constant Ki for an interaction between diphenhydramine and 
oxycodone at the uptake transporter in cell cultures was much higher than the maxi-
mum possible concentration (Sadiq et al. 2011). This is quite different from the situ-
ation in the gastrointestinal tract and the liver after oral administration, where much 
higher concentrations are present and the likelihood of an interaction is subse-
quently much greater.

5.6  Species Comparisons

Species differences in the extent of drug transport at the BBB are the result of dif-
ferences in transporter expression and the capacity/specificity of substrates. It is 
now well known that the expression of P-gp and BCRP proteins in humans is differ-
ent from that in other species; for example, BCRP content is higher than P-gp con-
tent in humans, and P-gp content is higher than BCRP content in rats/mice (Ito et al. 
2011; Uchida et al. 2011b) (see also Chap. 2). This could explain the differences in 

M. Hammarlund-Udenaes

http://dx.doi.org/10.1007/978-1-4614-9105-7_2


153

the results obtained when studying three PET tracers that are P-gp substrates in 
several species (Syvanen and Hammarlund-Udenaes 2010).

While the behavior of morphine at the BBB is very similar in rats, pigs, and 
humans (Kp,uu,brain values are about 0.3–0.6), the Kp,uu,brain in sheep deviates from this 
(1.2–1.9, depending on age) (Bouw et al. 2000; Tunblad et al. 2003; Ederoth et al. 
2004; Tunblad et al. 2004a; Bengtsson et al. 2009). This could be because of differ-
ences in transporter expression between sheep and the other species, i.e., possibly a 
lack of an efflux transporter.

There is a clear need for further translational studies between experimental ani-
mals and humans to learn more about species differences in transporter function at 
the BBB.

5.7  Current Status and Future Challenges

The understanding of the pharmacokinetics of drug delivery to the brain has devel-
oped rapidly, although there is still some confusion on rate vs. extent measurements 
and methods and what they describe. There are now ways of measuring unbound 
concentrations in the brain using high-throughput methodology. However, in vivo 
studies have shown that there are still transport proteins acting as efflux or uptake 
transporters at the BBB that have not yet been identified. The presence and actions 
of transporters other than P-gp therefore need to be included in future thinking 
about brain penetration.

The scientific community and the drug industry are continuously striving to find 
correlations that will simplify measurements and enable prediction of successful 
new CNS drugs. There is, however, a difference between finding a correlation coef-
ficient that is good enough and predicting the fate of an individual compound based 
on this correlation or based on measuring a substitute parameter. The use of log–log 
comparisons and correlation coefficients could actually hide important information. 
Considering what we now know about individual BBB transport properties, it is 
actually easier to select the new compounds that have high and low Kp,uu values and 
assign them to potential clinical use depending on whether the desired effect is 
therapeutic efficacy or the avoidance of side effects in the CNS. Other aspects, such 
as peripheral side effects and affinity to target, are also included in the decision- 
making process (Chap. 13). It is recommended to put as much effort into the deci-
sion on the kind of measurements to be made as into finding correlations between 
measures that may or may not be clinically relevant. The area of BBB transport of 
drugs clearly illustrates the time lag between new scientific findings and adoption of 
these findings in the drug industry. Shortening this time lag would significantly 
improve the success rate in drug discovery/development.

More research is needed before we can extrapolate information from animal 
studies to prediction of clinically relevant brain drug delivery. Some progress has 
recently been made in demonstrating the expression of transporters at the BBB for 
different species, but in vivo examples are needed to confirm these findings and 
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more experimental studies are required. When we have identified most of the trans-
porters, there is a real chance that predictive science will be able to help in the selec-
tion of good compounds for use in the CNS. There is also a need for better predictive 
disease models, understanding of disease mechanisms, and understanding of how 
disease states can influence drug transport into the brain, although these are beyond 
the scope of this chapter.

In an era of increased use of peptides and proteins, there is hope that some of 
these compounds will be available to the brain. The task before us, of understanding 
and improving their uptake into the brain from a quantitative and mechanistic per-
spective, is vast (Chap. 16). A greater understanding and quantitative investigation 
of the role of nanocarrier delivery of drugs to the brain are also required. The 
achievement of successful delivery by these means in humans will require biocom-
patible carriers, and these should be a particular focus.

5.8  Conclusions

The rate and extent of drug delivery to the brain are two individual properties that 
are not numerically related. Data on intra-brain distribution are required to obtain 
the full brain delivery picture in relation to total drug concentrations. The pharma-
cokinetic relationship between the permeability of the BBB (influx clearance) and 
the extent of drug delivery to the brain explains why the permeability per se is of 
lesser importance for brain drug delivery. Recent findings have confirmed the great 
value of focusing measurements on the extent of delivery of unbound drug to the 
brain. This is governed by the net flux of drug across the BBB and ultimately deter-
mines the clinical success rate when receptor occupancy is taken into account.

5.9  Points for Discussion

• What are the reasons for the extent of delivery being more clinically relevant 
than the rate of delivery for estimating the delivery of drugs into the brain?

• What are the essential processes governing the net influx and efflux clearances at 
the BBB, CLin, and CLout?

• For which purposes can Vu,brain measurements be used?
• In what way could estimation of CNS exposure of drugs by the use of ratio of 

total brain to total plasma drug concentrations be flawed?
• How does the exchange of drugs between blood and CSF differ from the exchange 

between blood and brain ISF?
• How is the CSF concentration of the drug related to the brain ISF concentration? 

Discuss the rationale of using a surrogate approach for approximation of brain 
ISF concentration in preclinical and clinical studies (i.e., using other measure-
ments than the direct ones).
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• How may the understanding of intracellular distribution of drug contribute to 
establishment of a link between PK and PD?

• What are the clinically relevant sites of drug–drug interaction regarding brain 
drug delivery?

• What are the key components of interspecies differences in brain drug delivery?
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    Abstract     This chapter reviews the history and modern applications of isolated 
preparations of the three main CNS barrier layers and cell culture preparations 
derived from them. In vitro models give valuable mechanistic information but also 
provide useful assay systems for drug discovery and delivery programmes. However, 
it is important to take into account practical issues including species differences and 
the degree to which the differentiated state of the in vivo barrier is retained. The 
range of models available is reviewed, with a critical evaluation of their strengths 
and weaknesses, and guidance in selecting and optimizing a suitable model for par-
ticular applications. New understanding of the unstirred water layers and paracel-
lular leak pathway in in vitro preparations gives greater insights into the “intrinsic 
permeability” of the membrane, and a variety of techniques permit characterization 
of the transport systems and enzymes contributing to barrier function. Increasingly, 
aspects of CNS pathology are being modelled in cell culture, aiding the optimiza-
tion of drug delivery regimes in pathological conditions.  
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6.1         Introduction 

 From the earliest demonstration of restricted exchange between the blood and the 
brain (Ehrlich  1885 ) leading to the modern understanding of the blood–CNS barri-
ers, animal experiments and clinical observations have provided valuable informa-
tion about the physiology and pathology of the barrier layers. However, obtaining 
mechanistic information from such studies at the cellular and molecular level is 
complex and time-consuming, and it is often diffi cult to obtain suffi cient spatial and 
temporal resolution. The situation was dramatically improved by the introduction of 
in vitro methods (reviewed in Joó  1992 ). 

6.1.1     Background and Early History 

 The fi rst successful isolation of cerebral microvessels (Siakotos and Rouser  1969 ; 
Joó and Karnushina  1973 ) prepared the way for development of in vitro models of 
the blood–brain barrier (BBB), which have contributed to current understanding of 
its physiology, pharmacology and pathophysiology (reviewed in Joó  1992 ). Methods 
have also been developed for in vitro models of the choroid plexus and of the arach-
noid epithelium (blood–CSF barrier, BCSFB). However, this proliferation of in 
vitro models and techniques causes problems for attempts at comparison between 
models and transferability of results obtained with different models, and makes it 
hard for scientists entering the fi eld to select an optimal model for their particular 
interests. This chapter gives an overview of the current status of the most widely 
used in vitro CNS barrier models, with an update on an earlier review (Reichel et al. 
 2003 ), and offers guidance in model selection for specifi c applications, including 
permeability assay for drugs and “new chemical entities” (NCEs). 

 Isolated brain microvessels were the fi rst model system for studying the BBB in 
vitro, offering new opportunities to investigate physiological and pathological pro-
cesses at the cellular, subcellular and molecular level (Pardridge  1998 ). A new gen-
eration of in vitro models emerged with the fi rst successful isolation of viable brain 
endothelial cells (BECs), which could be maintained in cell culture (Brendel et al. 
 1974 ; Panula et al.  1978 ; Bowman et al.  1981 ; see Joó  1992 ). There followed a 
number of advances which allowed improved isolation of endothelial cells from 
brain capillaries with minimal contamination from cells of arterioles and venules, 
both improving the “barrier phenotype” of the endothelial monolayer and minimiz-
ing the contamination by smooth muscle cells, pericytes and glia (Krämer et al. 
 2001 ). The fi rst successful growth of endothelial cells on fi lters (Fig.  6.1a ) allowed 
measurement of transendothelial permeability, and adopting technology developed 
for epithelia (Grasset et al.  1984 ) allowed monitoring of transendothelial electrical 
resistance (TEER) as a measure of tightness to small ions (Rutten et al.  1987 ; Hart 
et al.  1987 ). Many of the techniques for understanding ways to improve the yield, 
viability and expression of differentiated phenotype benefi ted from parallel devel-
opments in growing epithelial cells especially Caco-2 (Wilson  1990 ).
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   Protocols for isolating and maintaining brain endothelial cells have been 
described for a large number of species including mouse, rat, cow, sheep, pig, mon-
key and human, typically producing confl uent cell monolayers after about 9 days in 
culture (Garberg  1998 ; Deli et al.  2005 ). However, with passage, cultured BECs 
tend to show diminished characteristics of the in vivo BBB, e.g. tight junctional 
complexity, specifi c transporters, enzymes and vesicular transport, reverting towards 
the “default” non-brain endothelial phenotype characteristic of early BBB develop-
ment (Daneman et al.  2010b ). DeBault and Cancilla ( 1980 ) fi rst reported that many 
of these BBB features can be at least partly re-established by co-culturing the BECs 
with astrocytes in arrangements allowing either direct contact or humoral exchange. 
Co-cultures with astrocytes followed (Fig.  6.1b, c ) (Dehouck et al.  1990 ; Rubin 
et al.  1991 ; Kasa et al.  1991 ; see Cecchelli et al.  1999 )  

6.1.2     Model Development, Standardization, Refi nement, 
and Innovation 

 During the next stage of development, some of the more sophisticated primary cul-
tured models became so complex to prepare and maintain that they were not practi-
cal for routine assays; this was at least partly the motivation for the generation of 
much simpler models employing immortalized cell lines. However, unlike the well- 
accepted Caco-2 cell line employed for studies of intestinal absorption, or Madin–
Darby canine kidney (MDCK) cells used as reliable epithelial models, there were 
no uniformly satisfactory cell line models for studying the BBB and other CNS 

  Fig. 6.1    Confi gurations for brain endothelial cell–astrocyte co-culture models. The three-letter 
label indicates cell location, in the following order: on the top of fi lter, on the underside of fi lter, 
and in the base of well. Thus panel ( a ) shows a typical monolayer culture with endothelial cells E 
on top of the fi lter and no other cell types present, hence E00, ( b ) shows non-contact co-culture 
with astrocytes A or mixed glia in the base of the well (E0A) and ( c ) shows “contact” (Note that 
depending on the size of the fi lter pores and time in co-culture, the glia may or may not actually 
send fi ne processes through the fi lter to contact the endothelial cells) co-culture with astrocytes 
growing on the underside of the fi lter, no cells in the base of the well (EA0). Redrawn by R Thorne, 
based on Nakagawa et al.  2009 , with permission       
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barriers in vitro, mainly because of the poor development of tight junctions and 
hence generation of models on fi lters that were too leaky for study of transendothe-
lial or transepithelial permeation. 

 The ready availability of molecular biological techniques led to creation of many 
new immortalized and transfected CNS barrier cell line models (Reichel et al.  2003 ; 
Deli et al.  2005 ). There were also attempts to reintroduce lost features by means of 
transfection/transduction, but recent improvements in methods to produce practical 
primary cultures closer to the original has made this approach less attractive. Rather, 
molecular techniques allowing more subtle manipulation of cells for experimental 
purposes (e.g. to introduce imaging tracers, Huber et al.  2012 ) are proving practical 
and popular. 

 In vitro systems generally do not express fully the in vivo properties of the BBB, 
so specifi c modifi cations continued to be introduced to study particular aspects of 
BBB function. As the in vitro systems developed differed with respect to isolation 
procedures, cell culture conditions and confi guration (mono/co-culture), and the cell 
type (origin and species), attempts were made in a European Union Concerted Action 
Programme (1993–1997) to standardize the most popular models to facilitate com-
parison of the data collated from different laboratories (de Boer and Sutanto  1997 ). 
ECVAM (European Centre for Validation of Alternative Methods) also sponsored a 
comparison between different in vitro BBB and epithelial models as CNS drug per-
meability assay systems (Garberg et al.  2005 ; see also Avdeef  2011 ). However, since 
no consensus emerged as to the “best model”, most groups have continued to 
improve, optimize and extend the range of applications of the models they selected 
or developed for historical and practical reasons. Indeed, over the last 10 years, sig-
nifi cant progress has been made, to the point that scientists new to the fi eld have a 
range of good and practical options and can make informed choices. Some key land-
marks in development of in vitro CNS barrier models are shown in Table  6.1 .

6.1.3        Criteria for Useful In Vitro CNS Barrier Models 

 The ideal in vitro CNS barrier model would preserve in a reproducible way all the 
features of the in vivo equivalent, and be straightforward and inexpensive to pre-
pare. The features to reproduce would include all aspects of the “physical, transport 
and enzymatic barrier” functions outlined in Chap.   1    , and where relevant, also their 
immunological features. In the context of this volume, the models should also pro-
vide easy to use, readily available and reproducible assay tools for the reliable pre-
diction of the penetration of compounds including drugs into the CNS in relation to 
both the route and rate of brain entry. 

 Thus far, no single BBB or BCSFB model fulfi ls these stringent requirements. 
However, satisfactory results may be obtained with models expressing the most criti-
cal features of the BBB or BCSFB in vivo that are relevant for the particular interest 
of the study. This means that it is important that users undertake basic model charac-
terization to include the specifi c BBB feature(s) for which the model is then applied.  
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6.1.4     The Physical Barrier and Tight Junctions: Monitoring 
CNS Barrier Tightness In Vitro 

 The expression of functional tight junctions between the BECs is one of the most criti-
cal features due to their consequences for the function of the BBB. In the in vivo BBB, 
complex and extensive tight junctions contribute signifi cantly to the control over CNS 
ion and molecular penetration. This is achieved by (1) very severe restriction of the 

   Table 6.1    Landmarks in development of in vitro BBB models   

 Landmark advance  Reference 

 Isolation of brain microvessels  Siakatos and Rouser ( 1969 ), 
Joó and Karnushina ( 1973 ) 

 Growth of brain endothelial cells in culture     Panula et al. ( 1978 ), Bowman 
et al. ( 1981 ) 

 Growth of brain endothelial cells on fi lters, TEER 
measurement (bovine, human) 

 Rutten et al. ( 1987 ), Hart et al. 
( 1987 ) 

 Clonal bovine brain endothelial cell culture to avoid 
contaminating pericytes, co-culture with astrocytes 
(base of well) TEER >600 Ω cm 2  

 Dehouck et al. ( 1990 ) 

 Addition of differentiating factors to medium to improve 
BBB phenotype (bovine, porcine) 

 Rubin et al. ( 1991 ) (CPT-
cAMP), Hoheisel et al. 
( 1998 ) (hydrocortisone) 

 Development of immortalized cell line models 
 mouse, rat, bovine, porcine, human 

 1988 onwards, see text and 
Table  6.2  

 “Dynamic” BBB model with intraluminal fl ow (DIV-BBB)  Stanness et al. ( 1996 ,  1997 ) 
 Tight porcine brain endothelial cell layer without astrocytes, 

TEER 700 (up to 1,500) Ω cm 2  
 Franke et al. ( 1999 ,  2000 ) 

 Further option for co-culture—astrocytes on the underside of 
fi lter, tighter layer (bovine) 

 Gaillard and de Boer ( 2000 ) 

 Confocal microscopy method for transport studies in isolated 
brain microvessels 

 Miller et al. ( 2000 ) 

 Conditionally immortalized rat, mouse cell lines from brain 
and retina endothelium, choroid plexus 

 Terasaki and Hosoya ( 2001 ) 

 First BBB genomics screen, isolated rat brain microvessels  Li et al. ( 2001 ,  2002 ) 
 Addition of puromycin to kill contaminating pericytes (rat)  Perrière et al. ( 2005 ) 
 Introduction of hCMEC/D3 human immortalized brain 

endothelial cell line 
 Weksler et al. ( 2005 ) 

 Quantitative proteomics of brain endothelium  Kamiie et al. ( 2008 ) 
 Tri-culture models—endothelium, pericytes, astrocytes  Nakagawa et al. ( 2009 ) 
 Transcriptome analysis of purifi ed brain endothelium  Daneman et al. ( 2010a ) 
 Method to measure and correct for unstirred water layers, 

paracellular permeability for cells on fi lters, allowing 
improved in vitro – in vivo correlation (IVIVC): 

 Adveef ( 2011 ) 

 Introduction of promising in vitro BBB model from human 
pluripotent stem cells (hPSCs) 

 Lippmann et al. ( 2012 ) 

 Microfl uidic BBB model prototypes  Booth and Kim ( 2012 ), 
Prabhakarpandian et al. 
( 2013 ), Griep et al. ( 2013 ) 
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paracellular pathway, and thus (2) limitation of fl ux of permeant molecules mainly to 
transendothelial pathways, (3) associated expression of specifi c carrier systems for 
hydrophilic solutes essential for the brain (e.g. nutrients) and (4) differential (i.e., 
polarized) expression of receptors, transporters and enzymes at either the luminal or 
abluminal cell surface allowing the BBB to act as a truly dynamic interface between 
the body periphery (blood) and the central compartment (brain), capable of vectorial 
transport of certain solutes. 

 As discussed in Chap.   1    , the tight junctions of the choroid plexus and arachnoid 
express different claudins than those of brain endothelium, and are leakier than 
those of the BBB; however, their presence in the epithelial barrier layers has a simi-
lar effect on the properties of these epithelia, e.g. in polarization of function and 
regulation of transepithelial transport. 

6.1.4.1      Methods to Measure Barrier Permeability and TEER 

 In vitro models to be used for transendothelial/transepithelial drug permeation stud-
ies need to have suffi ciently restrictive tight junctions to impede paracellular perme-
ation, mimicking the in vivo situation. Paracellular permeability can be assessed 
using inert extracellular tracers (Avdeef  2011 ,  2012 ); for tighter layers, small tracer 
molecules can be used, such as radiolabelled sucrose (MWt 342, hydrodynamic 
radius r: 4.6 Ǻ or 0.46 nm) or mannitol (MWt 182, r 3.6 Ǻ), or fl uorescent markers 
such as Lucifer Yellow (MWt 443, r 4.2 Ǻ) or sodium fl uorescein (MWt 376, r 4.5 Ǻ), 
and for leakier layers larger tracers used such as inulin, dextrans and serum albumin. 
However, the use of these tracers is labour-intensive and time-consuming, inevitably 
involving additional assays and analytical delays, has poor time-resolution, and fl uo-
rescent tracers may interfere with analysis of permeation of for example fl uorescent 
substrates of membrane transporters. 

 For less-invasive monitoring, measurement of transendothelial/epithelial electri-
cal resistance (TEER) is simpler, gives real-time readout and has a variety of appli-
cations: (1) to monitor the status of the barrier layer, especially for cells grown on 
opaque fi lters where visual inspection of confl uence is not possible, (2) to determine 
the culture day on which optimum tightness is reached for experiments, (3) in qual-
ity control of cells grown on fi lters, establishing the baseline permeability of cell 
monolayers on individual fi lters to allow exclusion of poor monolayers that fall 
below a satisfactory threshold tightness and (4) to follow changes in resistance over 
time, e.g. to follow the effects of particular growth conditions or a drug or pharma-
cological agent on barrier integrity and tight junction function. 

 Two main types of system are used (Fig.  6.2 ) (Benson et al.  2013 ). In the fi rst and 
simplest (Fig.  6.2a ), voltohmmeter (VO), a pair of current and voltage electrodes in 
“chopstick” array are used; in the second, more recently developed instruments use 
the method of impedance spectroscopy (IS) (Fig.  6.2b ). Both permit monitoring of 
TEER across cell layers but IS allows continuous analysis over hours to days, and 
also gives information about the electrical capacitance which can reveal additional 
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features of the barrier properties such as cell shape and the degree of cell-substrate 
adhesion. The earliest IS devices involved growing cells on solid microstructured 
electrodes, so these systems were not suitable for use in association with drug per-
meability screening. More recently developed systems permit use of cells grown on 
porous fi lters, and simultaneous monitoring of multiple fi lters, e.g. in a 12- or 
24-well format.

  Fig. 6.2    Methods to measure TEER. ( a ) Resistance measurement in voltohmmeter (VO) system 
using “chopstick” electrodes. The electrodes (E1, E2) either side of the cell monolayer on the 
porous fi lter are used to determine the electrical resistance. The ohmic resistance across the cell 
layer (TEER), the cell culture medium in the upper and lower compartments (R Med ), the membrane 
of the fi lter inserts (R pm ) and electrode-medium interface (R E ) all contribute to the total electrical 
resistance. I AC , alternating square wave current. ( b ) Measurement of TEER and capacitance in 
Impedance Spectroscopy (IS) system. Equivalent circuit diagram showing the contribution of the 
transcellular and paracellular pathways to the total impedance, Z, of the cellular system.  TEER  
transendothelial electrical resistance,  C   EL   capacitance of the electrodes,  C   Ci   capacitance of the cell 
layer,  R   medium   ohmic resistance of the medium,  R   membrane  , ohmic resistance of the membranes. For 
tight endothelia and epithelia, TEER is dominated by the transcellular pathway. TEER is deter-
mined from the circuit analysis using Z measured at different frequencies of alternating current. 
From Benson et al.  2013 , with permission       
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6.1.4.2        TEER Measurement Based on Ohm’s Law: 
V = IR (Voltage = Current × Resistance) 

 In the most widely used VO applications (Fig.  6.2a ), such as the WPI (World 
Precision Instruments) “EVOM” system (or Millipore/Millicell equivalent), an AC 
(alternating current) square wave, here at 12.5 Hz, is passed between voltage elec-
trodes either side of the cell layer, and the resulting current measured, giving the 
ohmic resistance R. When multiplied by the surface area of the membrane this gives 
TEER in Ω cm 2 . A few papers in the literature give the units of TEER as “Ω/cm 2 ” 
which is incorrect, and this suggests that the authors do not fully understand the 
theory or methodology. An AC voltage source is preferred over DC as the latter can 
have polarizing effects on the electrodes or damage the cells. Earlier designs of 
chopstick electrode pairs (e.g. WPI STX2) were fl exible, making diffi cult the place-
ment of the electrodes and maintenance of a constant distance apart; recent improve-
ments in design give fi xed electrode spacing (e.g. STX100C) and hence better 
reproducibility. The “Endohm” chamber system with large plate electrodes to fi t in 
the fi lter cup (above) and the well (below) the cells on the fi lter, samples a larger 
area of membrane including the more uniform central area, and can give more 
reproducible readings (Cohen-Kashi Malina et al.  2009 ; Helms et al.  2010 ,  2012 ; 
Patabendige et al.  2013a ,  b ); however, the “plunger” action of inserting the upper 
electrode can disturb the cells, particularly the brain endothelial cells, which are 
much thinner and more fragile than the CNS barrier epithelial cells.  

6.1.4.3       Impedance Spectroscopy Systems 

 An IS device (Fig.  6.2b ) that has proved reliable in the context of BBB and choroid 
plexus epithelial (CPE) models is the “cellZscope” system (nanoAnalytics), avail-
able in different formats capable of accommodating 6, 12 or 24 fi lter inserts and 
giving continuous readout of TEER (Benson et al.  2013 ). The system is computer- 
controlled, and TEER and capacitance are derived from an electric equivalent cir-
cuit model within the software. There is an optimum frequency range appropriate 
for deriving TEER and capacitance. One drawback of this system is the indirect 
method for calculating TEER, which relies on use of the equivalent circuit and cer-
tain assumptions about the way current will fl ow through the system at different 
frequencies. A nanoAnalytics technical note comparing TEER measured with the 
cellZscope system and with chopstick electrodes shows good correspondence when 
the system parameters are set correctly. However, there are some discrepancies in 
the impedance literature measuring TEER across cultured choroid plexus epithelial 
(CPE) cells. Wegener et al. ( 1996 ,  2000 ) grew porcine CPE cells on gold fi lm elec-
trodes and recorded TEER 100–150 Ω cm 2 , rising to 210 Ω cm 2  in presence of the 
differentiating agent 250uM CPT-cAMP, while other studies reported TEER 
>1,500 Ω cm 2  in serum-free medium (reviewed in Angelow et al.  2004 ). Using a VO 
device Stazielle and Ghersi-Egea ( 1999 ) recorded 187 Ω cm 2  in primary rat CPE, 
while Baehr et al. ( 2006 ) reported 100–150 Ω cm 2  in pig choroid plexus, and 
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commented this would be equivalent to ~600 Ω cm 2  in an impedance system. Using 
a VO system with a stable continuous subcultivatable porcine CPE cell line, 
Schroten et al. ( 2012 ) reported TEER >600 Ω cm 2 . In general the values up to 
~600 Ω cm 2  fi t better with evidence for leakier tight junctions in CPE than BBB 
(Bouldin and Krigman  1975 ), but it is clear that more “side-by-side” comparisons 
of VO and IS systems using a particular in vitro model would be helpful to clarify 
the situation. .  

6.1.4.4     Relation Between Permeability and TEER 

 Since 1990 steady progress has been made in the standard (fl at fi lter) in vitro sys-
tems, to the point where some of the best are able to reach the level of tightness of 
the in vivo BBB (>1–2 kΩ cm 2 ) which is essential for the ionic homeostasis of the 
brain interstitial fl uid required for neuronal function. For assessing solute and drug 
transport across the BBB, the tighter the monolayer the better the resolution 
(dynamic range) for determination of transendothelial permeability. Dynamic range 
can be established experimentally from the permeability ratio between a high and 
low permeant compound e.g. propranolol  vs . sucrose. High dynamic range gives 
better discrimination and rank-ordering of compounds with similar physical chemi-
cal properties within a series. However, even models with medium-range tightness 
are capable of providing adequate resolution for certain applications, particularly if 
the models show reproducible tightness refl ected in consistent values for solute per-
meability. Recent improvements in understanding, separating and correcting for the 
components of in vitro systems that affect cell permeation (unstirred water layer/
aqueous boundary layer, and porosity of paracellular pathway) also provide ways to 
determine the true transcellular endothelial permeability,  P  C  (Avdeef  2011 ,  2012 ). 

 TEER effectively measures the resistance to ion fl ow (“charge” transfer) across 
the cell layer, carried by the chief charge carriers in body fl uids and physiological 
saline solutions, Na +  and Cl − . The  conductance  “ g”  is the reciprocal of resistance 
( g  = 1/ R ), and is a combined measure of both the ionic permeability of the cell layer 
and the total number (concentration) of available ions.  Permeability  (cm s −1 ) is the 
ability of a solute (including ions) to move through a membrane channel or pore, i.e. 
is a measure of “mass” transfer, and is a property of the membrane or cell layer. 
Hence conductance is related to permeability. 

 Traditionally BBB groups have measured either the apparent permeability of the 
monolayer ( P  app ) or the endothelial permeability  P  e , corrected for permeability of 
the fi lter. Since TEER is inversely related to permeability, a plot of permeability vs. 
TEER will give a falling exponential curve. Measuring TEER and permeability of a 
paracellular marker (e.g. sucrose, mannitol, some small fl uorescent tracers) on the 
same fi lter with attached monolayer are a useful way of monitoring the status and 
reproducibility of the preparation, both for quality control and for experimental 
studies (Gaillard and de Boer  2000 ; Lohmann et al.  2002 ). 

 Where the monolayer properties including  P  app  are reproducible, a VO-measured 
TEER above ~150 Ω cm 2  may be suffi cient to ensure  P  app  is relatively independent 
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of TEER, i.e. giving accurate values for  P  app  (Gaillard and de Boer  2000 ) (Fig.  6.3 ). 
Indeed, many groups have adopted a quality threshold of 200–250 Ω cm 2  for perme-
ability assays. Lohmann et al. ( 2002 ) using monocultured porcine brain endothelial 
cells and measuring TEER with an impedance system found TEER in the range 
300–1,500 Ω cm 2 ;  P  e  was quite variable at low TEER so they set a threshold of 
600 Ω cm 2  for cells to be used for experiments. It is clear that the appropriate thresh-
old should be selected for the particular cell model, TEER measuring system used 
and type of study.

6.1.5         Barrier Features Related to Transporters, Enzymes, 
Transcytosis, and Immune Responses 

 As with TEER, reasonable compromises may also be made with other aspects of the 
BBB. Indeed, it is generally accepted that for a particular application the model 
needs only to be characterized for those features which are both relevant and critical 
for the point of interest. For example, for an in vitro BBB system useful to screen 
small drug compounds for their CNS penetrability the model needs to be suffi -
ciently tight and should possess relevant polarized carrier and effl ux systems in 
order to produce useful information. Similarly, for examination of transendothelial 

  Fig. 6.3    Relationship between apparent permeability  P  app  and TEER. TEER was measured at the 
start of permeability experiment (0 h) then hourly up to 5 h and mean values (1–5 h) calculated; 
fi tted profi les are from permeability data for sodium fl uorescein (FLU) and FITC-labelled 4kDA 
dextran (FD4) calculated over the 5 h experiment. Above ~150 Ω cm 2  the scatter of data points is 
less and permeability is relatively independent of TEER, meaning that where TEER >150 Ω cm 2  
the measured  P  app  accurately refl ects permeability of the monolayer. The graphs illustrate the point 
that for leaky monolayers (here < ~120 Ω cm 2 ), permeability measurements are less reliable. From 
Gaillard and de Boer  2000  with permission       
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or transepithelial permeation of large molecules and nanocarrier systems where 
vesicular routes may be involved it is important that the cell system chosen refl ects 
the specialized features of such transport in the polarized in vivo barrier system. 
However, for many drug permeability projects the model may not need to show the 
full complement of immunological responses which will only be necessary in those 
systems used to study the immune response of the CNS barriers. The existing in 
vitro model systems have very different levels of characterization, and have gener-
ally been chosen for utility in a particular area of research interest.   

6.2     Current Status: Overview of Current In Vitro BBB 
Models 

 Isolated brain capillaries can be used in suspension or fi xed onto glass slides. By 
contrast, all cell-based systems require specifi c growth surface coatings and cell 
culture media for growing BECs. Although the cell preparations and culture condi-
tions are all based on the same principle, in order to obtain functional in vitro BBB 
models several small but signifi cant differences between the systems, as well as 
preferences between laboratories have been introduced (Garberg  1998 ; de Boer and 
Sutanto  1997 ), an ongoing process as shown by recent papers (Abbott et al.  2012 ; 
Patabendige et al.  2013b ; Watson et al.  2013 ). In the following sections current in 
vitro models of the BBB are briefl y surveyed; for greater detail on specifi c systems 
the reader is referred to the corresponding key publications. 

6.2.1     Isolated Brain Capillaries 

 Brain capillaries can be isolated from animal as well as human autopsy brains using 
mechanical and/or enzymatic procedures (Pardridge  1998 ; Miller et al.  2000 ). 
Typically, the capillary fragments consist of endothelial cells ensheathed by a base-
ment membrane containing pericytes to which remnants of astrocytic foot processes 
and nerve endings may cling. Often preparations contain small venules and pre- 
capillary arterioles and hence smooth muscle cells. Isolated brain capillaries are 
metabolically active, although a signifi cant loss of ATP and hence activity during 
the isolation procedure has been reported (Pardridge  1998 ). As the luminal surface 
of isolated brain microvessels cannot easily be accessed in vitro, most studies inves-
tigate the abluminal properties and function of the BBB. More recently, transendo-
thelial transport of fl uorescent drugs from the brain side to the blood side has been 
studied in real time using functionally intact brain microvessels by means of confo-
cal microscopy (Miller et al.  2000 ) (Fig.  6.4 ). The technique has been used with 
porcine, rat and mouse microvessels and has given detailed insights into the cellular 
and molecular mechanisms regulating transport at the BBB and blood–spinal cord 
barrier, especially for P-glycoprotein (P-gp) (Miller  2010 ; Campos et al.  2012 ).
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   After isolation, brain microvessels can be stored frozen at −70 °C, thereby 
providing a versatile tool for several applications and a viable source for the cultiva-
tion of brain microvessel endothelial cells (Audus et al.  1998 ). In earlier studies 
isolated brain capillaries were used to examine receptor- and adsorptive-mediated 
endocytosis and solute transporter systems (Pardridge  1998 ; Fricker  2002 ) and 
more recently to isolate and identify BBB mRNA and proteins (Shawahna et al. 
 2011 ; Ito et al.  2011a ). Isolated brain capillaries from both animals and humans 
with a neurological disorder or genetic alteration are contributing to elucidation of 
the role of the BBB in CNS pathophysiology (Wang et al.  2012 ; Hartz et al.  2012 ).  

6.2.2      Primary and Low Passage Brain Endothelial Cells 

 Apart from isolated brain microvessels, the system next closest to in vivo are pri-
mary BECs which are isolated from or grow out of brain capillary fragments. 
Primary as well as low passage BECs retain many of the endothelial and BBB- 
specifi c characteristics of the BBB in vivo although many of the features are 
 down- regulated or even lost if not re-induced. 

6.2.2.1     Rat and Mouse Models 

 Due to the much higher yield of BECs from bovine and porcine brains compared to 
rat brains (up to 200 million, compared to 1–2 million cells per rat brain), the former 
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  Fig. 6.4    Isolated mouse brain capillaries to study P-glycoprotein function. P-glycoprotein trans-
port function measured as luminal accumulation of fl uorescent P-gp-specifi c substrate NBD-CSA 
(NBD-cyclosporin A) in isolated brain capillaries from ( a ) Wild type and ( b ) CF-1 P-gp-defi cient 
mice. ( c ) Image analysis.  Methods : Brain capillaries were isolated from wild type (CF-1™) and 
CF-1 P-glycoprotein-defi cient mice (KO; CF1- Abcb1a mds). P-glycoprotein transport activity was 
determined by exposing capillaries to 2 μM NBD-CSA for 1 h and measuring luminal fl uorescence 
using confocal microscopy and image analysis. Data are mean ± SEM for 7 capillaries for each 
preparation of 20 mice; shown are arbitrary units (0–255). Statistics: ***  P  < 0.001 (Student’s 
 t -test). (Hartz AMS and Bauer B, unpublished data, with permission)       
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species currently represent the most popular source for in vitro BBB models both in 
academia and industry. However, primary cultured rat and mouse systems continue 
to be useful for investigation of pharmacology and transport, in studies where spe-
cifi c antibodies for larger species are lacking, and for comparison with standard in 
vivo rodent (rat, mouse) models used for PKPD analysis. The use of primary rodent 
models for transendothelial permeability measurements was until recently limited 
by the relatively leaky monolayers generated (TEER 150–200 Ω cm 2 ) due to the 
small fl aws caused by contaminating pericytes, which are less of a problem in the 
bovine and porcine systems (Patabendige et al.  2013a ,  b ). However, recent improve-
ments in methods have allowed generation of purer primary cultures and co-cultures 
with glia (Fig.  6.1b ), giving higher TEER up to ~500 Ω cm 2  or more (Coisne et al. 
 2005 ; Abbott et al.  2012 ; Watson et al.  2013 ). The advantage of growing glia in the 
base of the well (Fig.  6.1b ) is that the fi lter with endothelial cells can be easily 
moved to a fresh well away from the glial “feeder” layer during experiments.  

6.2.2.2     Bovine Models 

 Bovine BEC cultures are widely used, but differences between the procedures have 
developed historically in different BBB groups. Pioneered by Bowman et al. ( 1983 ) 
and later modifi ed by Audus and Borchardt ( 1986 ) in the USA, bovine BEC are 
typically isolated by a combination of mechanical and enzymatic protocols and gen-
erally grown in mono-culture (Miller et al.  1992 ). These endothelial cell monolay-
ers typically give TEER in the range 160–200 Ω cm 2  and sucrose permeability 
10–20 × 10 −6  cm/s (Raub et al.  1992 ; Shah et al.  2012 ). The model has been used 
especially in US groups to study BBB transport (e.g. Wallace et al.  2011 ) and the 
mechanisms of drug action and permeation. Early studies also tested its ability to 
act as a drug permeability screen (Priya Eddy et al.  1997 ), but the relatively leaky 
paracellular pathway makes it less suitable than other models (see below, and 
Avdeef  2011 ). 

 In Europe, the group of Cecchelli and co-workers (Dehouck et al.  1990 ; Cecchelli 
et al.  1999 ) pioneered the omission of enzymatic steps in the bovine BEC isolation, 
using instead micro-trypsinization and sub-culturing of endothelial cell islands 
(clones) that grow out of brain capillaries selectively attached to a defi ned extracel-
lular matrix. The BECs, which can be further subcultured (~8 passages) and stored, 
are grown in co-culture above rat astrocytes (base of well, Fig.  6.1b ) to halt or coun-
teract the loss of specifi c BBB markers. Due to the inductive effect of astrocytes 
typical TEER values are 200–400 Ω cm 2  higher than for mono-cultures (e.g. 
~660 Ω cm 2  co-culture cf 420 Ω cm 2  monoculture, Dehouck et al.  1990 ). The model 
has been successfully used to rank-order compounds according to their BBB perme-
ability (Lundquist et al.  2002 ); higher throughput variants of the model have been 
introduced for drug screening and toxicity testing (Culot et al.  2008 ; Vandenhaute 
et al.  2012 ). The model has also been used for proteomic (Pottiez et al.  2011 ) and 
transporter study, and it is one of the few models which have proved suitable for 
study of receptor-mediated transcytosis (Candela et al.  2010 ). 
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 A co-culture involving bovine brain endothelial cells and rat astrocytes grown 
on either side of a porous membrane (Fig.  6.1c ) was reported by the group of de 
Boer (Gaillard and de Boer  2000 ), advocating its use as permeability screen which 
simultaneously allows detection of drug-induced changes in BBB integrity as mon-
itored by TEER. Basal TEER values in this model are in the range 350–800 Ω cm 2 . 
A complication is the continuing presence and infl uence of the astrocytes during 
any transport experiment, particularly for lipophilic compounds which may become 
trapped in the astrocytes, or compounds subject to metabolism by enzymes highly 
expressed in the astrocyte layer (Dutheil et al.  2010 ). However, it is argued that the 
close association of endothelium and astrocytes mimics that in vivo, hence providing 
a good model for studying fl ux across the “combined barrier”. 

 A recent variant of this model using increased buffer capacity in the medium 
gives higher TEER, allowing high-resolution examination of polarized solute trans-
port (Helms et al.  2010 ,  2012 ).  

6.2.2.3     Porcine Models 

 Galla and co-workers (Franke et al.  1999 ,  2000 ) developed a model based on por-
cine BECs (PBEC model) cultured without serum or astrocytic factors but in the 
presence of the endogenous differentiating agent hydrocortisone. In their hands, this 
model gives among the highest TEER values measured in vitro thus far (400–
1500 Ω cm 2  with VO monitoring, or higher in IS systems, with sucrose permeability 
down to 1–4 × 10 −6  cm/s). The model has been used as a screening tool for CNS 
penetration of small drugs (Lohmann et al.  2002 ) and nanocarriers (Qiao et al. 
 2012 ) and for a number of mechanistic studies of BBB transporters and cell–cell 
interaction in the neurovascular unit (NVU). Using this model Cohen-Kashi Malina 
et al. ( 2009 ,  2012 ) showed an increased TEER of the PBECs, from 415 Ω cm 2  in 
monoculture, to 680 Ω cm 2  in non-contact co-culture with astrocytes (Fig.  6.1b ), to 
1,112 Ω cm 2  in contact co-culture (Fig.  6.1c ). The model was suffi ciently tight and 
polarized to examine the role of endothelial and glial cells in glutamate transport 
from brain to blood (Cohen-Kashi Malina et al.  2012 ). A different PBEC method 
originally developed in the group of Rubin (Eisai, London), based on the method for 
isolation of bovine brain endothelial cells (Rubin et al.  1991 ) has recently been 
reintroduced (Skinner et al.  2009 ) and further optimized (Patabendige et al.  2013a , 
 b ), able to give (VO) TEER >500 Ω cm 2  in monoculture and higher in co-culture 
with astrocytes (Fig.  6.1b ). The model shows good functional expression of trans-
port proteins (Patabendige et al.  2013a ) and receptor-mediated transcytosis (RMT) 
for interleukin-1 (Skinner et al.  2009 ).  

6.2.2.4     Human Models 

 The poor availability of human brain tissue makes primary human BECs a precious 
tool for the study of the human BBB at the cellular and molecular level 
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(Dorovini- Zis et al.  1991 ). The source material usually derives either from autopsies 
or biopsies (e.g. temporal lobectomy of epilepsy patients) and the most popular 
applications are studies related to the BBB in CNS diseases. Some human brain 
endothelial cells are commercially available, although batch-batch variation may 
pose problems. Human BEC monolayers are fragile in culture, contributing to low 
TEER values (~120–180 Ω cm 2 , Mukthar and Pomerantz  2000 ; Giri et al.  2002 ) but, 
nevertheless, these models have been used to study (among others) drug transport 
(Riganti et al.  2013 ), nanoparticle permeation (Gil et al  2012 ) and conditions rele-
vant to Alzheimer’s disease (Giri et al.  2002 ) and multiple sclerosis (Larochelle 
et al.  2012 ; Liu and Dorovini-Zis  2012 ).   

6.2.3     Immortalized Brain Endothelial Cell Lines 

 Primary cultured BECs have been successfully used as in vitro model of the BBB; 
however, their widespread and routine use has been restricted mainly by the time- 
consuming and often diffi cult preparation of the system which limits the continuous 
and homogeneous supply of biological assay material. Therefore, attempts have 
been made by several laboratories to immortalize primary BECs thereby avoiding 
the lengthy process of cell isolation. 

 The fi rst generation of immortalized CNS barrier cell lines (fi rst publication 
1988–2000) involved introducing genes such as polyoma virus T antigen (bEND3 
cells), Adenovirus EIA gene (RBE4) or SV40 large T antigen (many) (Table  6.2 ). 
More recently, conditionally immortalized cell lines have been established by using 
transgenic mice and rats harbouring the temperature-sensitive SV40 large T antigen 
gene (tsA58 T antigen gene) (Terasaki and Hosoya  2001 ; Terasaki et al.  2003 ). The 
advantage is that only small amounts of tissue are needed to establish a cell line, and 
the cell lines generated show better maintenance of in vivo functions. The gene is 
stably expressed in all tissues and cell cultures can easily be immortalized by acti-
vating the gene at 33 °C (Ribeiro et al.  2010 ). The technique has been used to gener-
ate both brain endothelial and choroid plexus cell lines.

   Of immortalized brain endothelial cell lines introduced 1988–2000, several have 
proved reliable and popular and are still in use (Table  6.2 ). The models have been 
characterized to varying degrees, but all share a common weakness, i.e. insuffi cient 
tightness when grown as a cell monolayer on a porous membrane. Moreover, a good 
and robust immortalized human model was still lacking. Since then the situation has 
signifi cantly improved, as detailed further below. 

6.2.3.1     Comparison of Immortalized Cell Line Models Created 

  Bovine and porcine cell lines.  As good primary cultured bovine and porcine BECs 
are now routinely produced in several groups, the use of immortalized bovine and 
porcine models showing more restricted features (Reichel et al.  2003 ) is less 
widespread. 
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      Table 6.2    The most widely used current immortalized cell line models of BBB   

 Cell line 
 Species, 
transfection  1st publication 

 Recent 
references 

 Number of 
publications 
to 6–2013 

 Publication 
rate/year, rank 
order 2013 

 RBE4  Rat (2)  Roux et al. 
( 1994 ) 

 Roux and 
Couraud 
(    2005 ); 
Karstedt 
et al. ( 2013 ); 
Vilas- Boas 
et al. ( 2013 ) 

 137  2 

 hCMEC/D3  Human (5)  Weksler et al. 
( 2005 ) 

 Weksler et al. 
( 2013 ) 

 111  1 

 MBEC4  Mouse (1)  Shirai et al. 
( 1994 ) 

 Watanabe et al. 
( 2013 ) 

 40  4 

 *bEND3  Mouse (3)  Williams et al. 
( 1988 ,  1989 ) 

 Watanabe et al. 
( 2013 ) 

 37  5 

 TR-iBRB2  Rat retina (4)  Hosoya et al. 
(    2001   ) 

 Usui et al. 
( 2013 ) 

 33  3 

 GP8.3  Rat (1)  Greenwood 
et al. ( 1996 ) 

 Giurdanella 
et al. ( 2011 ) 

 21  6 

 GPNT  Rat (1)  Regina et al. 
( 1999 ) 

 Thornton et al. 
( 2010 ) 

 14   

 TR-BBB13  Rat (4)  Hosoya et al. 
( 2000 ) 

 Tega et al. 
( 2013 ) 

 12  9 

 RBEC1  Rat (1)  Kido et al. 
( 2000 ) 

 Okura et al. 
( 2007 ) 

 10  10 

 cEND  Mouse (3)  Förster et al. 
( 2005 ) 

 Burek et al. 
( 2012 ) 

 9  7 

 *bEND5  Mouse (3)  Wagner and 
Risau (    1994 ) 

 Steiner et al. 
( 2011 ) 

 9  11 

 SV-HCEC  Human (1)  Muruganandam 
et al. ( 1997 ) 

 Dasgupta et al. 
( 2011 ) 

 5  12 

   Transfection vectors/method  (1) SV40 large T antigen; (2) Adenovirus E1A gene; (3) Polyoma 
virus middle T antigen; (4) Transgenic (Tg) rat or mouse harbouring temperature-sensitive SV40 
large T antigen; (5) Sequential lentiviral transduction of hTERT and SV40 large T antigen 
 *Available from ECACC (European Collection of Animal Cell Cultures) and ATCC (American 
Type Culture Collection)  

  Rat and mouse cell lines.  For rat, the RBE4 and GP8/GPNT cell lines remain popular, 
and have proved useful for a broad array of topics ranging from mechanistic trans-
port studies to receptor-mediated modulation and infl ammatory responses. Many of 
the currently available immortalized rat and mouse cell lines, especially condition-
ally immortalized lines, have been generated in Japan and are widely used, often in 
parallel in vivo/in vitro studies, and especially for identifi cation and examination of 
carrier-mediated transport (Ito et al.  2011b ,  c ; Lee et al.  2012 ; Tega et al.  2013 ). In 
an interesting breakthrough, Förster et al. ( 2005 ) returned to the earlier cell trans-
duction technology used for bEND3 and bEND5 to generate mouse cEND cells, 
which uniquely among immortalized brain endothelial cell lines can produce tight 

N.J. Abbott et al.



179

monolayers, with reported TEER up to >800 Ω cm 2 . The details of the immortalization 
method have been published and the cells have been used for studies on the involve-
ment of glucocorticoids on tight junction regulation, and on hypoxia and multiple 
sclerosis (Burek et al.  2012 ). 

  Human cell lines.  A good human in vitro system is clearly an invaluable asset for 
BBB studies, and several attempts have been made to generate immortalized human 
BECs suitable for examination of the physiology, pharmacology and pathology of 
the human BBB in vitro, and as a screening tool for CNS penetration. Immortalization 
proved much more diffi cult than for BECs of other species, but several human cell 
line models were reported (Reichel et al.  2003 ; Deli et al.  2005 ). A major advance 
was the introduction of the hCMEC/D3 cell line by Weksler et al. ( 2005 ), building 
on signifi cant prior experience of the authors in developing the rat RBE4, GP8.3 and 
GPNT cell lines. Several papers reporting the characterization of the model fol-
lowed, and it was made widely available to other laboratories. Like most cell line 
models it suffers from poor development of tight junctions, but it has rapidly been 
adopted as the immortalized model of choice for studies where TEER is not a major 
issue, e.g. some studies of uptake and effl ux. A recent review has summarized many 
of the useful applications of the model, and gives a balanced view of its strengths 
and weaknesses (Weksler et al.  2013 ). The model has been used for studies of trans-
port systems including receptor-mediated transcytosis, but it is important to check 
that the properties refl ect the in vivo condition, more fully expressed in primary 
cultures grown with astrocytes (see Sects.  6.2.2.1–3 ).  

6.2.3.2     Applications of Immortalized Cell Lines 

 It is generally diffi cult to make BEC cell lines switch from the exponential growth 
phase after cell seeding to a more static phase of cell differentiation after the cells 
have reached confl uence. Therefore, immortalized cell lines are less applicable for 
studies requiring a tight and stable in vitro barrier, but they have proved useful for 
mechanistic and biochemical studies requiring large amounts of biological material, 
e.g. to establish kinetics and structure-affi nity relationships for BBB carrier systems 
and intracellular regulatory pathways. As continuous cell lines may gradually devi-
ate from the normal BEC phenotype, both the basic characteristics and the particu-
lar feature of interest should be monitored through successive passages and the 
results validated with primary cells or in vivo data in order to ensure the relevance 
of the information obtained. 

 Of the 20 or so BBB (and blood–retinal barrier) cell line models mentioned in the 
literature since 1988, only 12 have 5 or more publications currently traceable in 
PubMed (Table  6.2 ), the top 5 being RBE4, hCMEC/D3, MBEC4, bEND3 and 
(retinal) TR-iBRB2. Groups that have developed immortalized cell lines tend to use 
these in their own studies, and pairing of in vivo studies (typically rat or mouse) to 
measure barrier permeation, and examination of cellular and molecular events in 
one or more cell lines is a popular and helpful approach. 
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 One of the greatest limitations of the most readily available immortalized BEC 
lines is still their insuffi cient tightness, rendering these systems unsuitable for use in 
simple BBB permeability screens. Therefore, some groups have turned to other cell 
lines which, although of non-brain origin, either express suffi cient brain endothelial 
features for functional and permeation studies such as ECV304/C6 (Hurst and Fritz, 
 1996 ; Neuhaus et al.  2009 ; Wang et al.  2011 ), or prove on validation to be useful 
predictors of passive and P-gp-mediated CNS penetrability of compounds, such as 
MDCK cells engineered to over-express human P-gp (MDCK- MDR1) and Caco-2 
cells (Summerfi eld et al.  2007 ; Hellinger et al.  2012 ).   

6.2.4     Tri-Culture, Dynamic Flow and 3-D Models 

 It would be expected that in vitro models that retain more features of the in vivo 
NVU would be more successful in showing a functional BBB phenotype. In cell 
culture models the inclusion of pericytes can be benefi cial, depending on the dif-
ferentiation state of the pericytes (Thanabalasundaram et al.  2011 ); barrier-inducing 
and -stabilizing effects of pericytes (plus astrocytes, tri-culture model) on BBB 
function have been demonstrated (Fig.  6.5 ) (e.g. Nakagawa et al.  2009 ; Vandenhaute 
et al.  2011 ), and a practical commercial rat tri-culture model is available.

   Growth in porous tubes with luminal fl ow, and external astrocytes to aid barrier 
induction (Stanness et al.  1996 ,  1997 ; Janigro et al.  1999 ), proved an important 
innovation, with convincing demonstration from this “dynamic in vitro” (DIV) 
BBB model (Fig.  6.6 ) not only of improved tight junctional tightness, but also of 
other BBB features, refl ecting the differentiating effects of fl ow (Cucullo et al. 
 2011 ; Naik and Cucullo  2012 ). Indeed, even the hCMEC/D3 cells show improved 
TEER (reported up to ~1,200 Ω cm 2  with or without astrocytes) in the DIV-BBB 
format (Cucullo et al.  2008 ). However, the complexity of the geometry (multiple 
hollow fi bres) in this model, and the assumptions made in calculating TEER from 
the current measured, make it diffi cult to compare TEER values with those from fl at 
fi lter confi gurations.

  Fig. 6.5    Confi guration for tricellular BBB co-culture model, refl ecting the organization of the 
neurovascular unit (NVU). As for Fig.  6.1b , but here with addition of pericytes. Endothelial cells 
E on the top of the fi lter, pericytes P on the underside of the fi lter and astrocytes A in the base of 
the well (EPA arrangement). Redrawn by R Thorne, based on Nakagawa et al. ( 2009 ), with 
permission       
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   Generation of more-complex 3-D cultures has also been reported (Duport et al. 
 1998 ; Hatherell et al.  2011 ). However, tri-culture, DIV and 3-D models are more 
diffi cult to set up and maintain than standard mono or co-cultured models (Fig.  6.1 ), 
and have not yet been fully assessed for the whole range of BBB features including 
vesicular transport (Naik and Cucullo  2012 ; Abbott  2013 ). It is possible to isolate 
brain slices that preserve semi-intact capillaries and some BBB features (Kovács 
et al.  2011 ) with promise for studies of cell–cell interaction within the NVU, but 
such preparations are not suitable for quantitative studies to assess compound per-
meability and transport.  

6.2.5     Application of In Vitro Models for BBB Drug 
Permeability Assay 

 A realistic in vitro assay system for screening and optimizing NCEs should com-
bine as many features as possible of the in vitro BBB yet be suitable for medium-to- 
high throughput screening. Most pharmaceutical/biotech companies already have 
screens for intestinal permeability (generally Caco-2), and for “P-gp-liability”, 
often MDCK-MDR1 cells (Summerfi eld et al.  2007 ), so a convenient and pragmatic 
system is to expect early stage screening on such models, and later refi nement in a 
more “brain-like” system. A possible “screening cascade” involving early in silico 
modelling, then non-brain epithelial models, and fi nal CNS barrier models may be 
practical (Abbott  2004 ). However, given the very different morphologies of endo-
thelial cells and these epithelial cells (Fig.  6.7 ) (especially in cell thickness, luminal 

  Fig. 6.6    Dynamic in vitro BBB model, DIV-BBB. Diagram showing cartridge containing replace-
able bundle of hollow porous polypropylene fi bres (capillary tubes) ( yellow ) suspended in the 
chamber and in continuity with a medium source through a fl ow path consisting of gas-permeable 
silicon tubing. A servo-controlled variable-speed pulsatile pump generates fl ow from the medium 
source through the capillary tube bundle and back. The circulatory pathway feeds both endothelial 
cells (EC) growing on the luminal surface of the capillary tubes and glia growing abluminally on 
their outer walls. The model has been used to assess the effects of fl ow on endothelial physiology, 
pathophysiology and leukocyte traffi cking. From Cucullo et al. ( 2002 ), with permission       
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membrane microstructure and glycocalyx composition, junctional structure and 
organelle content) together with physiological differences in transporter and enzyme 
function and transcytosis mechanisms, caution still needs to be applied in such a 
sequential screen (see also Lohmann et al.  2002 ).

   Most studies for CNS-specifi c permeability screening have focused on the BBB 
as the largest surface area blood–CNS interface, closest to neurons, but there is 
growing awareness of the need for assay systems of the choroid plexus refl ecting 
especially the transport and enzymatic importance of this barrier (Strazielle and 
Ghersi-Egea  2013 ). A medium-high throughput BBB system using bovine endothe-
lial cells exposed to glial-conditioned medium is available (Culot et al.  2008 ), and 
primary cultured porcine cells are also suitable either as monocultures or co- cultures 
with astrocytes (Patabendige et al.  2013a ). Hellinger et al. ( 2012 ) compared a rat 
tri-culture model (TEER ~200 Ω cm 2 ) with Caco-2 and MDCK-MDR1 cells in 
screening 10 compounds (selected for predominantly passive permeation, effl ux 
transport or both), and concluded that for passive permeability and P-gp-liability the 
epithelial layers gave better resolution, while the BBB model would have advantage 
in refl ecting other in vivo BBB transporters. The situation would be improved with 
use of a tighter in vitro BBB model, e.g. bovine or porcine.  

  Fig 6.7    Electron micrographs of cell cultured rat brain endothelium, VB-Caco-2 and MDCK- 
MDR1 cell cytoarchitecture, with drawings below. VB-Caco-2 cells were created by growing 
Caco-2 cells in 10 nM vinblastine (VB, P-gp substrate) for at least six passages to elevate P-gp 
expression.  ER  endoplasmic reticulum,  ID  interdigitations,  m  mitochondrion,  N  nucleus,  TJ  inter-
cellular tight junctions,  V  microvilli. From Hellinger et al. ( 2012 ), with permission       
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6.2.6     In Vitro–In Vivo Correlations (IVIVC) 

 Since the earliest in vitro BBB permeability assays (e.g. Dehouck et al.  1990 ; 
Cecchelli et al.  1999 ) there has been interest in comparing the performance of the in 
vitro models against permeability data generated in vivo, typically by constructing 
an in vitro  vs . in vivo permeability plot and determining the correlation (IVIVC). 
In vivo data used have been either measurements of Brain Uptake Index (BUI) or 
permeability data derived from in situ brain perfusion, the  K  in  (unidirectional infl ux 
coeffi cient) or the derived  P  c  (transcellular permeability). However, the relatively 
leaky tight junctions (high paracellular permeability), and presence of unstirred 
water layers (or aqueous boundary layers, ABL) in vitro (Youdim et al.  2003 ) 
weaken the correlation (Avdeef  2011 ). 

6.2.6.1     Unstirred Water Layer, Paracellular Permeability, Intrinsic 
Permeability Calculation 

 Building on quantitative biophysical models validated in epithelia, and applying his 
software  p CEL-X, Avdeef ( 2011 ) used literature values (to 2008) of permeability 
from several different in vitro BBB and epithelial models, and deconvoluted the 
apparent permeability  P  e  of the endothelial barrier into its three components:  P  ABL , 
 P  C  and  P  para : ABL, transcellular and paracellular permeabilities, respectively. 
Finally,  P  0 , the intrinsic (charge-corrected) permeability was calculated from  P  C  by 
incorporating the p K  a  value(s) of the molecule;  P  0  represents the uncharged form of 
an ionizable molecule. Figure  6.8  shows the log-log IVIVC of  P  0  data from mono- 
cultured porcine brain endothelium  vs .  P  0  data from rodent in situ brain perfusion 
studies. The correlation coeffi cient  r  2  for the IVIVC (0.58) was greater than that for 
the uncorrected in vitro data,  P  e   vs. P  C  in situ (0.33). The porcine BBB model also 
performed better than bovine, rodent and human models in this study. By applying 
the method to permeability data from the tightest current in vitro BBB models the 
correlations are expected to improve. The method helps to identify the most reliable 
in vitro models for predicting in vivo permeability, and to correct the data obtained 
from leakier models.

6.2.7         How to Select an Appropriate In Vitro BBB Model 

 It is clear that a wide range of models is available for studies of the BBB relevant to 
normal physiology and pathological situations, and to test and optimize CNS deliv-
ery of appropriate therapies. Careful selection with a variety of controls in place can 
give valuable information about the role of the BBB in pathology, and the rate and 
extent of entry of therapeutics into the CNS. These models are helping to refi ne a 
variety of formulations and constructs to improve their value in a range of diseases. 
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 For scientists starting a new BBB project without prior experience, collaboration 
with an established group or groups is recommended, including adopting their well- 
characterized cell or cell line models if these are suitable for the application planned 
(Table  6.3 ).

6.2.8        Epithelial CNS Barriers 

6.2.8.1     Choroid Plexus Epithelial (CPE) Cells 

 The choroid plexus is relatively straightforward to isolate with cell viability main-
tained for several hours, permitting studies of uptake and effl ux, but without defi ned 
polarity (Gibbs and Thomas  2002 ). When polarity of transport is important, perfu-
sion and isolation of sheep choroid plexus permits studies of vectorial transport 
across the epithelium (Preston et al.  1989 ). Primary culture models of rodent, porcine 

  Fig 6.8    In vitro–in vivo correlation (IVIVC) analysis of brain endothelial permeability. Log 
intrinsic endothelial permeability  P  0  calculated from  P  e  permeability data from four data sets gen-
erated in two different monocultured porcine brain endothelial cell (PBEC) models (Franke et al. 
 1999 ,  2000 ; Lohmann et al.  2002 ; Zhang et al.  2006 ) is plotted against log  P  0  derived from an 
extensive rodent in situ brain perfusion data set; see text and Avdeef ( 2011 ) for details of the cal-
culation method using  p CEL-X software (from “ in-ADME.com ”   http://www.in-adme.com/Index.
html    ). The correlation coeffi cient from the data is greater than that for the raw  P  e   vs. P  C  data,  P  e  
being uncorrected for aqueous boundary layer (ABL) and paracellular permeability  P  para . From 
Avdeef ( 2011 ), with permission       
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and human CPE have been developed (see Baehr et al.  2006 ), but the most readily 
available human material is from foetal material or CP papilloma, which may not 
accurately refl ect normal function (Redzic  2013 ). Resistances of 100–600 Ω cm 2  
have been observed (see also Sect.  6.1.4.3 ), some models are tight enough for dem-
onstration of CSF secretion, and the models have been used for a variety of studies 
of transport, metabolism and leukocyte traffi c (Redzic  2013 ; Strazielle and Ghersi-
Egea  2013 ; Monot and Zheng  2013 ). A stable continuous sub- cultivatable porcine 
cell line (PCP-R) (Schroten et al.  2012 ) and some immortalized cell lines (human 
Z310, Monot and Zheng  2013 ; rat TR-CSFB3, Terasaki and Hosoya  2001 ) have 
been introduced. The models have generally not been used for drug permeability 
screening.  

6.2.8.2     Arachnoid Epithelial Cells 

 It has recently proved possible to culture arachnoid cells in vitro, which express 
claudin 1 and generate a TEER of ~160 Ω cm 2  with restriction of larger solute per-
meation (Lam et al.  2011 ,  2012 ; Janson et al.  2011 ). Characterization of the expres-
sion patterns of drug transporters and enzymes in arachnoid tissue and arachnoid 
barrier (AB) cells shows expression of both P-gp and breast cancer resistance pro-
tein (BCRP); an immortalized cell line of AB cells showed P-gp expression on the 

   Table 6.3    How to select an appropriate in vitro BBB model (see text)   

 Property of interest  Recommended cell model(s)  Check 

 Transendothelial permeability 
of small compounds 
(<500 MWt), detecting 
both passive and 
transporter- mediated fl ux 

 Primary cultured cells: 
 –without astrocytes: porcine 
 –with astrocytes: bovine, porcine 
 –with astrocytes and pericytes: 

bovine, rat; porcine 

 Check TEER; aim for high 
TEER and high dynamic 
range, giving better 
discrimination and rank 
ordering within a drug 
series 

 ABC effl ux transporters  Primary cultured system 
showing in vivo pattern, 
polarity/localization (bovine, 
porcine) 

 Check relative expression 
compared to human BBB, 
may permit prediction of 
PK in human 

 Transporters mediating brain 
entry or exit of small 
compounds via SLCs, ABC 
transporters 

 Many models including cell 
lines show suffi cient 
expression, suitable for 
uptake and effl ux studies 

 Check expression of 
transport system of 
interest, compare with in 
vivo or primary culture 

 Metabolic enzymes affecting 
drug permeation 

 Many models show suffi cient 
expression 

 Check model has been 
characterized for enzymes 

 Receptor-mediated endocytosis 
and transcytosis 

 Primary cultured cells with 
astrocytes, found critical for 
full expression and function 

 Check receptor expression 
and polarity show 
features of BBB-type 
transcytosis rather than 
“default” non-BBB 
phenotype 
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apical (dura-facing) membrane, and BCRP on both apical and basal (CSF-facing) 
membranes (Yasuda et al.  2013 ). Microarray analysis of mouse and human arach-
noid tissue showed expression of many drug transporters and some drug metaboliz-
ing enzymes. The consistency across in vitro models and isolated tissue makes it 
likely that these proteins contribute to the blood–CSF barrier function, and confi rm 
that useful in vitro models can be generated and applied to examine these functions 
in detail.    

6.3     Future Directions and Challenges 

 It is clear that in vitro models will continue to play important roles in generating 
mechanistic information about cellular and intercellular events in CNS barrier lay-
ers, capable of informing a range of applications in health and disease, drug discov-
ery and drug delivery. Some emerging technologies and their combination offer 
clear future directions—the challenge will be to make them effective and advance 
understanding. 

6.3.1     Human Pluripotent Stem Cells 

 A promising new development from the Shusta group is an in vitro BBB model 
derived from human pluripotent stem cells (hPSCs), involving initial co- 
differentiation of endothelial and neural cells, then purifi cation and further matura-
tion of the endothelial cells to develop a full BBB-like phenotype (Lippmann et al. 
 2012 ,  2013 ). It will be interesting to see how well this model replicates the in vivo 
behaviour in further characterization studies and applications, and whether it proves 
suitable for screening BBB permeation of a range of drug chemistries, including 
those subject to transfer by carrier-mediated mechanisms, and nanocarriers and 
engineered peptides and proteins, candidates for RMT. The reproducibility and 
transferability of the methods will also be critical features of this new model.  

6.3.2     Microfl uidics 

 Modern CNS barrier investigation involves many new and expanding technologies. 
The growing sophistication of live cell imaging allows real-time monitoring of 
intracellular events (e.g. transport function, transcytosis, metabolism, regulation) 
and intercellular events including signalling. Electrical measurement with VO and 
IS systems (see Sects.  6.1.4.1 – 6.1.4.3 ) gives information about barrier integrity, cell 
shape, cell–substrate interaction and the differentiating effects of fl ow. Hence there 
is growing interest in developing in vitro models that permit use of many of these 
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technologies in a single “microfl uidic” platform capable of mimicking more closely 
the in vivo conditions. Pioneering studies have recently been published, establishing 
the feasibility of the method and scope for miniaturization (Booth and Kim  2012 ; 
Griep et al.  2013 ; Prabhakarpandian et al.  2013 ), so far with BBB cell-line models 
RBE4, bEND3 and hCMEC/D3. Many questions could be addressed in such systems, 
including the contribution of differential fl ow rates/shear stress to the observed hetero-
geneity of endothelial cytoarchitecture and function in different segments of the 
 vasculature (Ge et al.  2005 ; Macdonald et al.  2010 ; Saubaméa et al.  2012 ; Paul et al. 
 2013 ;  cf  Ballermann et al.  1998 ). Given the complexity of the microfl uidics chambers 
these are not likely to be suitable for high-throughput permeability assays at least in 
the short term, but meanwhile the generation of detailed mechanistic information is 
likely to be the most valuable output. An important advantage will be the ability to test 
barrier cells from different species, and with different pathologies, under equivalent 
conditions.  

6.3.3     Transcriptomics, Proteomics and PKPD Modelling 
and In Vitro–In Vivo Extrapolation 

 Transcriptome examination and quantitative proteomics of freshly isolated brain 
capillaries and purifi ed brain endothelial cells have helped determine the degree to 
which in vitro models refl ect the in vivo condition, and how closely models from 
other species resemble the phenotype of the human CNS barriers (Kamiie et al. 
 2008 ; Daneman et al  2010a ; Ohtsuki et al  2011 ; Hoshi et al.  2013 ). In future it 
should be possible to combine information from in vivo and in vitro studies (Ito 
et al.  2011b ,  c ) with quantitative proteomics (Uchida et al.  2011a ,  b ,  2013 ) to gener-
ate data for PKPD and “physiologically based pharmacokinetic” (PBPK) model-
ling, and for prediction of human CNS free drug concentrations (Shawahna et al. 
 2013 ), based on data including information generated in in vitro models from differ-
ent species (Ball et al.  2012 ). The ultimate aim will be to permit reliable in vitro–in 
vivo extrapolation (IVIVE) to human brain (Ball et al.  2013 ).  

6.3.4     Challenges for the Field 

  We need: 

    1.    Generation of reliable and tight in vitro models of the human BBB, choroid 
plexus and arachnoid barriers, reproducing the in vivo condition.   

   2.    Development of an accepted “industry standard” in vitro BBB model, robust, 
reliable, predictive of human drug PK and capable of operation in medium-to- 
high throughput screening of NCEs.   

   3.    Better understanding of TEER measurement in different systems, with accepted 
calibration protocols, reference thresholds, and inter-system correlations.   
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   4.    Better integration of in silico, in vitro and in vivo models to provide complementary 
information and more complete characterization of permeability routes and 
transport systems; we need more projects designed with parallel in vitro and in 
vivo assessment.   

   5.    More computational modelling with software optimized for CNS barrier models, 
before, during and after experiments to better understand and correct for arte-
facts in permeability-measuring systems.   

   6.    Microfl uidics platforms integrating fl ow, TEER and other sensors and permitting 
advanced live cell imaging, suitable for studies of a single barrier cell type, or 
co-cultures refl ecting the in vivo condition as within the NVU.    

6.4        Conclusions 

 In the ~40 year history of in vitro CNS barrier models there have been a number of 
major advances, and of course also many false starts, with natural evolution of the 
fi eld by which useful, reliable and informative models become more widely used, so 
building up the critical mass of basic information from which new developments 
can take off. Groups developing and adopting in vitro models can learn from the 
history and current status of the fi eld to ensure that further progress is soundly based 
and effective, and results reliable and applicable between laboratories and across the 
fi eld. New investigators have available a range of good models and excellent tools, 
and increasingly will work by collaboration to apply them. Exciting times!  

6.5     Points for Discussion 

     1.    Imagine a new project in your lab that requires an in vitro model; (a) defi ne the 
requirements of the model, (b) decide on the most suitable model(s) to use and 
justify this choice.   

   2.    Why are leakier BBB models (TEER <200 Ω cm 2 ) less suitable for transendothe-
lial permeability screening?   

   3.    For transendothelial permeability measurement, why is it useful to (a) measure the 
TEER of each fi lter with cells, (b) make parallel measurements of TEER and per-
meability of a paracellular marker ( P  app  or  P  e ), ideally in each experimental run?   

   4.    What are appropriate paracellular markers for the model(s) you selected in (1)?   
   5.    Why has it proved diffi cult to develop good primary-cultured human BBB 

models?   
   6.    What is an unstirred water layer (aqueous boundary layer, ABL), and why is it a 

problem for in vitro but not in vivo BBB studies? For transendothelial perme-
ation, which types of compound are most affected by the ABL? If the ABL is not 
considered, minimized and corrected for, how would transendothelial permeabil-
ity measurements be affected?   
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   7.    How can in vitro models from different species contribute to prediction of drug 
PK in human brain interstitial fl uid using a process of PBPK?   

   8.    As an exercise, design a microfl uidic chamber suitable for studies of transendo-
thelial and transepithelial permeability using CNS barrier cells. What additional 
features would it provide not generally available for “fl at” (“transwell”) fi lter 
systems? In what ways could these features be important?   

   9.    What are the main differences in generating an in vitro BBB model from human 
pluripotent stem cells and from freshly isolated human brain microvessels? How 
would you select the most “BBB-like” clones from a variety of clones generated 
from hPSCs using different growth conditions and media?         
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Abstract An important property in any central nervous system drug is the ability 
to cross the blood–brain barrier (BBB) and to reach therapeutic concentrations in 
brain at safe and acceptable doses. Multiple parameters influence brain drug bio-
availability, including solubility, membrane permeation, and affinity for influx and 
efflux transporters. This chapter overviews the primary in vivo methods to assess 
brain drug distribution in preclinical and clinical reports. In most studies, two 
parameters, the BBB permeability-surface area product (PS) and brain distribution 
volume or partition coefficient (Kp,brain), are used to characterize the ability of a drug 
compound to gain access to and distribute in brain. Together with the time course of 
systemic drug exposure, these two parameters can be used to predict total drug con-
centration within brain. Further, because unbound drug concentration often corre-
lates better with drug activity, a number of studies also determine the drug free 
fraction (fu) so that the free concentrations can be calculated. Specific methods, such 
as in situ brain perfusion, brain efflux index, and brain microdialysis, are valuable 
to dissect specific elements of BBB drug permeation or transport as well as equili-
bration in brain interstitial fluid and cellular elements. Overall, these approaches 
complement in vivo drug distribution studies and in vitro BBB permeation 
methods.
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7.1  Introduction

The blood–brain barrier (BBB) system represents a series of dynamic cellular interfaces 
at the border between the blood stream and the brain interstitial fluid (ISF) as well as 
cerebrospinal fluid (CSF), which together control drug access to the central nervous 
system (CNS) (Chap. 1). The BBB system is often called the “gate keeper to the 
CNS,” determining the ability of drugs and other compounds to cross into and reach 
therapeutic concentrations in brain ISF. As brain ISF is in direct contact with the 
extracellular faces of many neuronal and glial plasma membrane receptors, drug 
concentration within it correlates best with much of in vivo CNS neuronal signaling 
(Kalvass et al. 2007; Liu et al. 2009). The barrier is thought to be critical to insulate 
the brain from circulating toxins, metals, and neuroactive substances and to provide 
a stable microenvironment for higher synaptic communication.

The BBB is located in mammals at the vascular endothelium which lines the 
blood vessels of the brain. The BBB endothelial cells possess a series of properties 
which are not static but can change with diet, development, gender, disease, drug or 
toxin exposure, and age (Cardoso et al. 2010). The brain vascular endothelial cells, 
like their counterparts in other organs, is their cellular plasma membranes, which 
are highly permeable to metabolic gases oxygen and carbon dioxide, and to many 
lipophilic solutes, such as the neutral lipophilic drugs, antipyrine, diazepam, etha-
nol, and caffeine (Smith 2003). However, unlike the vasculature of many organs, the 
hallmark of the brain endothelium is that it lacks open paracellular channels and 
fenestra which are the primary conduits for vascular exchange for many small polar 
solutes (MW < 5,000). As a consequence, in the brain, plasma-to-tissue ISF equili-
bration times (t1/2) for small polar solutes, such as sodium, sucrose, and inulin, can 
fall in the range of hours to tens of hours, instead of being in the range of seconds to 
minutes, as in other organs (Crone 1986). Such low BBB permeability impedes 
exchange and dampens fluctuations in brain ISF concentration achieved from vas-
cular exposure to such solutes. Further, the BBB expresses a number of other criti-
cal properties, such as active efflux transport, enzymatic catabolism, and CSF sink 
effect, which—when coupled with the low passive permeability of the barrier—
markedly reduce brain equilibrium exposure to a wide range of compounds, includ-
ing many therapeutic drugs. The restriction is not absolute, as indicated above; a 
number of small, moderately lipophilic solutes cross readily into brain by passive 
diffusion or, in some cases, by facilitated transport. The overall impact is that the 
BBB phenotype is highly complex and comprises multiple static and dynamic 
properties.

Because of the complexity of the BBB and the realization that many BBB prop-
erties are not constant but vary with disease, development, and drug exposure, it has 
been difficult to develop a small cassette of in vitro or in silico models that ade-
quately predict drug transport and availability to the CNS. As a consequence in vivo 
testing of brain drug uptake and equilibration is still considered the “gold standard” 
of any CNS drug discovery program.
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In this chapter, the primary techniques used to assay in vivo drug availability to 
brain and CSF are reviewed, assessing strengths and weaknesses of different meth-
ods, with the goal of guiding biomedical researchers in the design of their CNS drug 
screening program. Many newcomers to the field ask the following question: “Does a 
compound cross the BBB?” In truth, all compounds studied to date cross the BBB to 
some extent, albeit for some to a very limited degree. The real questions are “To what 
extent can a compound cross the BBB and reach active concentrations in brain at safe 
and tolerable doses?” and “If a compound shows poor brain distribution, how can this 
be improved?” This chapter aims to guide investigators through these critical ques-
tions, highlighting the latest methods used to assess brain uptake and exposure and to 
probe limiting factors that can be modified to improve brain distribution and effect.

7.2  Current Status

7.2.1  Two Parameters Commonly Used in In Vivo Brain Drug 
Distribution Experiments

In many cases, in vivo CNS drug exposure experiments are designed along classic 
pharmacokinetic lines to measure two primary parameters—the rate at which a 
compound crosses into brain (i.e., BBB permeability-surface area product—PS) 
and the extent to which the compound distributes within the CNS (i.e., brain distri-
bution volume or partition coefficient—Kp,brain) (Hammarlund-Udenaes et al. 2008; 
Liu et al. 2008). These two parameters have parallels to the clearance and volume of 
distribution in systemic blood pharmacokinetics. As the systemic drug clearance 
and volume of distribution can be used to calculate the concentration of drug in 
serum or blood at a time point after i.v. administration, so can the BBB PS and 
Kp,brain be used to calculate the total drug in brain at any point after systemic admin-
istration given a defined serum exposure.

The BBB PS for influx (PSin) is generally determined from the initial rate of drug 
uptake into brain or from pharmacokinetic analysis of the time course of brain total 
drug concentration relative to that in plasma (Ohno et al. 1978; Smith and Rapoport 
1986; Duncan et al. 1991; Liu et al. 2005). Measured BBB PSin for compounds 
ranges >5 orders of magnitude from 1 × 10−6 ml/s/g (inulin) to >5 × 10−1 ml/s/g (diaz-
epam) and is strongly influenced by solute lipophilicity as well as BBB influx or 
efflux transport (Rapoport et al. 1979; Smith 2003). It is defined in terms of free 
drug in the circulation and thus differs somewhat from the BBB Kin, which is defined 
in terms of serum total drug or solute concentration, as noted below. Just as there is 
a PSin for influx of a given drug, there is also a matching PSout for free drug efflux, 
and often they are not equal. PSin can differ from PSout due to facilitated or active 
transport, enzymatic conversion, or bulk flow. In many cases, PSout > PSin. The 
matching BBB efflux parameter for total drug is kout.
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Equilibrium drug distribution within brain (Kp,brain), on the other hand, is more 
complex and is influenced by multiple parameters, including BBB active transport, 
enzymatic conversion, tissue binding, cellular transport, drug ionization, and lyso-
somal pH trapping (Fridén et al. 2009). Kp,brain is commonly determined from the 
steady-state ratio of total drug concentration in brain divided by that in serum or 
plasma:

 
K C Cp brain tot brain tot plasma, , ,/=

 
(7.1)

where Ctot,brain = total drug concentration in brain and Ctot,plasma = total drug concentra-
tion in plasma. Kp, brain can also be determined from the ratio of area-under-the-curve 
drug concentration in brain divided by that in serum or plasma. Both approaches are 
commonly used in the literature (Kemper et al. 2003):

 
K C t C tp brain tot brain tot plasmad d, , ,/» ò ò  

(7.2)

At steady state, looking only at the average brain concentration or with constant 
rate i.v. infusion, just a single parameter is necessary. Once Kp,brain is measured, the 
steady-state Ctot,brain can be calculated as Kp,brain × Ctot,plasma.

However, ultimately to describe the full time course of drug concentration in 
brain under nonsteady-state or most steady-state conditions, two parameters are 
required in i.v. bolus dose or oral dose administration experiments. Most drugs are 
given orally in discreet doses, and thus there will be maximum drug concentration 
in brain followed by a declining curve as the drug is eliminated, if given as a single-
dose administration. If administered in repeat oral doses to steady state, brain con-
centration will fluctuate between a maximum and a minimum during the dosing 
interval, depending upon the brain Kp, BBB PS, dose and dosing interval, as well as 
plasma concentration. BBB PS is valuable as it gives insight into the time required 
to obtain brain steady-state distribution and thus an accurate estimate of Kp,brain (Liu 
et al. 2005). As pointed out by Padowski and Pollack (2011), brain exposure may 
require longer time for equilibration than 2–5 h, as used in a number of studies. For 
paclitaxel, brain equilibration required 2–4 days. The half time for brain equilibra-
tion can be calculated as

 
t1 2 2/ ln / /= (PS K )p,brain  

(7.3)

Brain equilibration requires 4–5 × t1/2.

7.2.2  Systemic Administration Method

The “gold standard” approach for in vivo characterization of the pharmacokinetics 
of drug penetration and distribution in brain is the intravenous administration 
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method (Fig. 7.1). Drug or test compound is delivered directly into the circulation 
by bolus injection or constant rate infusion. The time course of drug concentration 
is determined in brain and serum by LC-MS/MS or other quantitative analytical 
techniques. The data are then fit to a kinetic model to provide BBB PS and Kp, brain 
(Ohno et al. 1978; Duncan et al. 1991; Liu et al. 2005) (Fig. 7.2). Exposure time can 
be manipulated to allow the analysis of initial brain uptake, equilibrium distribution, 
or brain efflux, depending upon the mode of drug delivery into the circulation and 
penetration characteristics of the compound under study. Autoradiography or scan-
ning mass spectrometry can be utilized to map drug distribution within brain lesions 
in diseases, such as stroke, infection, inflammation, neurodegenerative disease, or 
brain tumors (Fig. 7.3) (Lockman et al. 2010; Taskar et al. 2012). With disease- 
induced damage to the BBB, drug concentrations within brain parenchyma can 
become highly heterogeneous with values ranging >100-fold. Under such condi-
tion, the average concentration within the lesion reflects only part of the variation 
observed under the disease condition. The systemic administration technique is the 
reference standard because it is based upon the in vivo BBB and CNS parenchymal 
tissue, with all their complexity and unique differences. Most preclinical studies 

Fig. 7.1 Schematic diagram illustrating the intravenous (i.v.) administration method where a test 
drug is delivered as an i.v. bolus injection into the venous circulation and then arterial blood sam-
ples are collected at different times until brain drug concentration measurement. The plasma drug 
area-under-the-curve (AUC) concentration integral is calculated using the trapezoidal rule. Brain 
concentration, after vascular correction, is related to the time course of plasma concentration to 
calculate the brain tissue Kp = AUCbrain/AUCplasma
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Fig. 7.2 Example of time 
course of drug concentration 
in brain, brain tumor, and 
plasma following vascular 
injection of paclitaxel (Taxol) 
to immune-compromised 
NuNu mice. Points equal 
mean ± SD for n = 3–6 
animals. Kp is calculated from 
total drug concentration 
measurements as AUCtissue/
AUCplasma

Fig. 7.3 Regional difference in brain and brain tumor uptake of paclitaxel at 2 h after i.v. injection 
of Taxol to immune-compromised NuNu mice, as determined using quantitative autoradiography. 
Coronal sections (20 μm) were prepared from frozen brain tissue using a cryostat. Matching sec-
tions were analyzed for brain distribution of 14C-paclitaxel using autoradiography or stained for 
tumor using Cresyl violet. Texas red dextran was administered 10–15 min prior to death to mea-
sure BBB permeability. The vasculature of the brain was washed out after death using transcardial 
perfusion (1 min)
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utilize rodents, such as rats or mice. Eventually, extension to primates or humans can 
be made with in vivo imaging, such as positron emission tomography. Care must 
be employed to distinguish metabolites from intact drug and drug within brain 
from that residing within the blood circulation within the vasculature of the brain 
(Lockman et al. 2010). Further, in some cases, it is important to distinguish drug that 
has crossed the BBB from that sitting bound to the vascular endothelium or concen-
trated within the BBB endothelial space (Thomas et al. 2009). However, the small 
volume of the vascular endothelium within brain tissue (<1 μL/g) limits the impact 
of BBB partitioning on overall brain tissue pharmacokinetics. Depending upon the 
drug and where it acts within the CNS, results can be expressed as BBB PS and  
Kp, brain for whole brain or for specific regions within the CNS. In normal healthy 
brain, BBB PS varies only about three- to fivefold across the CNS and for many sol-
utes correlates with regional differences in capillary surface area (Takasato et al. 1984).

7.2.3  Free Versus Total Drug in BBB Kinetic Analyses  
and Brain Microdialysis

In many cases, it is valuable to distinguish the concentration of drug that is free or 
unbound from the total drug concentration in brain and serum, because the free drug 
concentration at the receptor site correlates best with pharmacodynamics models of 
activity. Many drugs bind significantly to proteins and lipids based upon lipophilic-
ity and other factors. In such cases, total concentration can differ greatly from the 
free drug concentration that is usually the driving force for drug diffusion and equil-
ibration. The fraction of drug that is unbound (fu) can be determined from total 
concentration by ex vivo equilibrium dialysis or ultrafiltration (Hammarlund- 
Udenaes et al. 2008). Once fu is measured, the free concentration (Cu) can be 
 calculated as

 C f Cu u tot= ´ .  (7.4)

Cu can also be measured directly in brain by microdialysis (de Lange et al. 1997; 
Hammarlund-Udenaes et al. 2008).

The unbound drug concentration in brain ISF is useful for comparison with phar-
macodynamic studies (Kalvass et al. 2007; Liu et al. 2009) as well as for evaluation 
of the role of the BBB in hindering brain drug equilibration. The steady-state ratio 
of unbound drug concentration in brain to that in the circulation is termed Kp,uu and 
is calculated as

 
K C C K f fp uu u brain u plasma p brain u brain u plasma, , , , ,/ /= = ´

 
(7.5)

A Kp,uu value significantly less than 1.0 indicates restriction in brain drug avail-
ability as a consequence of the BBB, most commonly a result of active efflux 
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transport, enzymatic breakdown, or CSF sink effect. In some cases, Kp,uu exceeds 
1.0, which is usually attributed to active influx transport at the BBB. A Kp,uu value of 
~1.0 indicates good brain drug bioavailability, especially when accompanied by a 
reasonably rapid BBB PS for rapid equilibration.

7.2.4  Brain Vascular Correction

Most analytical methods measure total brain drug concentration, and thus a vascular 
correction is usually required in order to obtain that drug which has crossed the 
BBB. This correction can be made either by (a) washing out residual blood in brain 
vasculature at the end of the experiment or (b) subtracting the vascular content, 
calculated as product of the brain blood volume and the blood drug concentration at 
the end of the experiment. Brain blood volume is usually measured using radiotrac-
ers, such as [125I]albumin, [14C]dextran, or [3H]inulin which, under normal condi-
tion, minimally cross the BBB. The vascular correction is most important at early 
uptake times, where blood concentration is frequently large (such as after bolus i.v. 
injection) and parenchymal brain concentrations are small. Brain vascular volume 
varies from 0.005 to 0.025 mL/g, and thus Kp,brain values >0.25 are minimally influ-
enced by vascular contribution.

7.2.5  Influence of Flow on Initial Brain Uptake and BBB PS

In most studies, the initial rate of drug uptake into brain does not directly measure 
BBB PS but the transfer coefficient (Kin) for drug uptake into brain. Kin is related to 
PS as it gives an excellent index of the ease with which a solute can move from 
plasma into brain, but it is not permeability (P). This is because, if the solute is suf-
ficiently permeant at the BBB, the flow rate by which the solute is presented to brain 
can influence its initial rate of brain uptake. The net result is that brain uptake also 
depends upon cerebral blood flow (F) which varies between brain regions and with 
neuronal activity. Brain uptake is also influenced by the capillary surface area (S). 
Renkin (1959) and Crone (1963) modeled this flow dependence using the Krogh 
single-capillary model and derived the following relationship between flow (F), 
capillary permeability (P), free fraction of drug in plasma (fu,plasma), and capillary 
surface area (S),

 
K F F

in
fu plasma PS-e= éë ùû

- ´1 ( , / )

 
(7.6)

(Mandula et al. 2006; Parepally et al. 2006). Thus, in most experiments, Kin is 
directly measured and BBB PS is calculated. Two limiting conditions in (7.6) are 
worth noting, (a) when F >> PS, Kin → PS, and (b) when PS >> F, Kin → F. For practi-
cal purposes, BBB Kin ≈ PS with less than 10 % error when F > 5 × PS, and Kin ≈ F 
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with less than 10 % error when PA > 2.3 × F. Thus, Kin is an acceptable estimate of 
BBB PS when F/PS > 5. When F/PS < 5, Kin is influenced by both PS an F.

7.2.6  In Situ Brain Perfusion and Brain Efflux Index

In some situations, additional information is required regarding the mechanisms 
involved that restrict drug uptake into brain at the BBB. With the normal in vivo 
approach, limits are placed on the degree to which an investigator can control or 
change brain blood flow and free drug concentration or block transport or metabolic 
mechanisms. Knockout animals are available for several key BBB transporters, 
such as p-glycoprotein, breast cancer resistance protein, multidrug resistance pro-
tein- 4, and organic acid-transporting polypeptide. However, with current transporter 
knockouts, the alteration is not just at the BBB but at all sites within the CNS that 
usually express the transporter. This can lead to complexity in evaluating the sepa-
rate role of the BBB in overall brain distribution of the compound.

As alternatives to direct in vivo analysis, in situ perfusion and brain efflux index 
methods are available for more specific studies of BBB transport. These approaches 
complement the standard i.v. administration method but allow greater flexibility in 
studying factors that may alter transport. The in situ perfusion method utilizes the in 
vivo structure of the BBB and cerebral tissues and simply superimposes its own 
vascular perfusion fluid in replacement to the animal’s circulating blood (Fig. 7.4). 
The particular key advantage of this method is the facile control of perfusate solute 
concentration which can be altered over a much greater range than generally toler-
ated in vivo. The concentration dependence of transport is readily measured, as are 
the effects of ion concentrations and inhibitors. The perfusion approach was origi-
nally developed for rats (Takasato et al. 1984) but has been expanded to mice and 
used in multiple studies of BBB drug transport (e.g., André et al. 2013).

Mechanisms of brain-to-plasma efflux can also be investigated with the brain 
efflux index technique of Kakee et al. (1996a, b). This method involves direct 
microinjection of test solute and impermeant reference tracers into brain. At various 
times thereafter, the ratio of test tracer to impermeant reference marker (R) is deter-
mined in brain and expressed as a “brain efflux index” value (BEI), defined as

 
BEI -

brain injectate= ´ ( )éë ùû( )100 1 R R/ ( )
 

(7.7)

From this data a rate coefficient for efflux (kout) from brain is calculated and is 
converted to a transfer coefficient (i.e., clearance) for efflux, as Kout = kout × Kpu where 
Kpu as determined from the steady-state distribution of test solute versus free drug 
concentration in brain slices in vitro. Caution must be exercised with the technique 
as BBB damage from needle tract injections may alter BBB transport or blood flow. 
Similarly, solute dilution in brain parenchyma is significant (>50-fold), forcing the 
necessity to use high levels (e.g., >100 mM) of competitor or transport inhibitor in 
the injection solution in some experiments. Finally, because of the transient nature of 
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the experimental design, it is hard to precisely know the free drug concentration in 
ISF at the BBB as a function of time. Kpu assumes equilibration, but under normal 
circumstances, the efflux index is determined under conditions of changing drug 
concentration. Regardless, the brain efflux index method provides valuable insight 
into the role and characterization of a number of efflux transport systems at the BBB.

7.2.7  Cerebrospinal Fluid

The CSF is in direct contact with brain ISF and can be used to gain some insight as 
to drug distribution in the CNS. CSF is particularly useful when measured at steady 
state, where it provides a reasonable (±two- to threefold) estimate of the drug con-
centration in brain ISF. As CSF is low in protein content, it provides an estimate of 
free drug concentration in brain ISF. Under nonsteady-state conditions, the CSF 
provides a poor index of brain concentration due to multiple factors influencing its 
formation and circulation within brain. This is particularly true when the BBB is 
disrupted in one location, whereas the CSF is sampled from distant locations, such 
as from the lumbar space.

Fig. 7.4 Typical setup for in situ brain perfusion with syringe, infusion pump, temperature control, 
and circulating water bath
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7.3  Future (Challenges/Directions)

Considerable progress has been made over the last 10 years in methods to assess 
in vivo drug distribution and availability to brain, and in correlating drug avail-
ability with in vivo pharmacodynamic effects. Challenges continue to be the low- 
throughput nature of the experimental setup and the complexity of factors 
impacting measurements. In many cases, studies are performed only in healthy 
subjects and do not accurately reflect circumstances in the diseased brain. Further, 
marked continued progress is needed in dissecting out the roles of individual 
transporters beyond P-gp and BCRP. A recent publication by Lin et al. (2013) 
highlights the importance of MRP4 together with P-gp and BCRP in limiting 
brain distribution of camptothecin analogs. Further, species differences in some 
cases can be important, where rodent models do not reflect the situation in human 
brain. Cassette dosing in some cases allows the simultaneous analysis of drug 
distribution for a series of agents at low doses that do not alter drug transport, 
distribution, binding, or clearance (Liu et al. 2012).

7.4  Conclusions

An array of accurate and readily utilized procedures are available to investigators 
to assess the uptake and distribution of drugs in vivo in preclinical models and in 
humans. The gold standard continues to be direct in vivo assessment and offers the 
advantage that all the parameters are present that have importance. Results are 
obtained using the true BBB, not a model, and alterations from disease are readily 
incorporated. More recent studies linking free drug concentration to effect are criti-
cally important as most agents cross to some degree the BBB. By comparing the 
attained free drug concentration in brain to the EC50 for drug effect, one can more 
clearly assess the extent to which BBB transport is limiting and how improvement 
can be made by increasing brain delivery or reducing EC50 with more potent agents.

7.5  Points for Discussion (Questions)

• How do direct measurements of brain drug availability differ from those obtained 
with in vitro models?

• How do BBB PS, brain Kp, and brain Kp,uu differ in what they tell us about brain 
drug availability?

• To what extent is the ratio of brain free drug concentration to EC50 a better index 
of BBB availability than BBB PS or Kp,uu?

7 In Situ and In Vivo Animal Models



210

• How do selected methods like in situ brain perfusion, microdialysis, and brain 
efflux index provide additional insights of brain drug distribution and transport?

• How does the presence of the BBB alter drug distribution to brain distinct from 
other organs of the body?

• What impact does altered BBB function in disease have on drug distribution and 
availability to the CNS?
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Abstract  Positron emission tomography (PET) is a non-invasive medical imaging 
technique that enables the investigation of drug pharmacokinetics in vivo. The tech-
nique is especially powerful for pharmacokinetic studies of new CNS drug candi-
dates as tissue samples from the brain are understandably difficult to obtain. The 
PET technique involves the administration of a radiolabelled molecule whose 
spatio- temporal distribution can be measured using tomography. The radiolabelled 
molecule can be the drug under investigation, a structurally different molecule that 
binds to the same target as the drug candidate or a molecule that interacts with a 
downstream target that is believed to be affected by the action of the drug candidate. 
Such radiolabelled probes allow PET to address several questions central for CNS 
drug development: Does the drug candidate reach the target site? Does the drug 
candidate interact with the desired target? Is the concentration of the drug at the 
target site sufficient to illicit an effect? What is the temporal nature of such an inter-
action? What is the relationship between the target site concentration and the admin-
istered dose and/or plasma concentrations?
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8.1  Introduction

8.1.1  Background

Positron emission tomography (PET) is a medical imaging technique that allows for 
the measurement of a range of biological processes involving receptors, enzymes 
and transporters in addition to the bio-distribution of labelled drugs. The develop-
ment of PET imaging was initiated in the early 1970s with the first operational 
human PET scanner in 1975. Early PET work was dominated by [18F]fluorodeoxy-
glucose ([18F]FDG), a marker for glucose metabolism, which has subsequently been 
translated into a diagnostic tool in the clinic for the detection of tumours in oncol-
ogy. [18F]FDG, a glucose analogue, allows the direct measurement of regional glu-
cose consumption in the body. A high uptake of [18F]FDG indicates increased 
metabolism in a viable tumour and is founded on the Warburg effect (Warburg 
1956) which determines that cancer cells have a higher rate of glycolysis. The effect 
of anti-cancer treatments may be monitored by serial [18F]FDG PET examinations, 
although the long-term response to treatment may not be well predicted by the 
short-term reduction in glycolysis for all drugs. The brain is another organ with high 
glucose consumption, and [18F]FDG can be used to study brain physiology and 
function in health and disease. For example, it has been used in diagnosing 
Alzheimer’s disease which is characterised by a decreased [18F]FDG uptake particu-
larly in temporoparietal areas of the brain.

The number of available PET radiotracers increased during the late 1980s, and 
PET has utilised these imaging tools to study other neurological disorders such as 
anxiety, epilepsy and Parkinson’s disease. In the late 1990s many pharmaceutical 
companies realised the potential of PET in drug development and started to apply it 
particularly in neuroscience applications (Table 8.1). In the past and to some extent 
still today, the selection of new drug candidates for neurosciences relies mainly on 
in vitro techniques which are good and often preferable for studying specific drug–
target interactions but which may fail to mimic the complexity of the in vivo situa-
tion. Although preclinical in vivo studies are used the results can be confounded by 
species differences. The potential to actually study new drug candidates in vivo in 
man at an early phase in drug candidate selection was obviously appealing to the 
pharmaceutical industry. What hampered the use of PET for drug development in 
the 1990s was the availability of lab facilities sufficiently equipped for radiophar-
maceutical research, the lack of labelling methods for introducing the PET radionu-
clide into drug candidates and to some extent the cost. Today, the cost associated 
with PET is still high, but PET is available at more locations, and most small drugs 
or drug-like molecules can be labelled with one of the available PET radionuclides 
which has increased utilisation of PET in the development of new CNS drugs, espe-
cially antipsychotic and anti-depressive drugs (Bergström et al. 2003; Pike 2009; 
Matthews et al. 2012).
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8.1.2  Principles of PET

A PET radiotracer is a molecule labelled with a positron-emitting radionuclide such 
as 11C, 13N, 15O, 18F or 68Ga. Nearly all endogenous and drug-like molecules contain 
carbon (C) which makes them amenable to PET labelling with 11C. By replacing a 
naturally occurring carbon isotope in the molecule with 11C it is possible to generate 
PET tracer whose chemical structure and pharmacokinetic properties are the same as 
the original compound. In addition, nitrogen (N) or oxygen (O) are also common in 
endogenous and drug-like molecules and may also be replaced by positron- emitting 
isotopes. Further, most molecules also contain hydrogen (H). Non-acidic hydrogen 
can often be substituted by fluorine (F) with minor changes of the molecule’s phar-
macological or physiochemical properties. These commonly used PET radionu-
clides have a relatively short half-life, 20.3 min for 11C and 110 min for 18F (see 
Table 8.2), and thus the tracer synthesis time has to be short. All 11C-tracers must be 
injected into the subject shortly after being synthesised, while 18F-tracers have the 
benefit of a longer half-life often resulting in a shelf life of several hours. The short 
half-life of these radionuclides is challenging for the synthesis and production of 
PET radiotracers but allows for repeated scans in single subjects on the same day.

All PET radionuclides contain an excess of protons compared to neutrons, and 
to increase stability one proton is converted into a neutron and during this decay 
event a single positron is emitted. It is the emission of these positrons which is the 
basis for the PET signal. Each emitted positron will travel a few mm in the tissue 
until it collides with an electron causing a positron–electron annihilation that pro-
duces two photons emitted at an angle of 180°. These photons are detected by a ring 

Table 8.1 Application of PET in CNS drug development

Early phase • Biodistribution studies to confirm that the drug reaches the brain or a 
specific target site in the brain at sufficient concentrations

• Brain pharmacokinetics, for example as a guide for dose selection
• Drug–target (receptor occupancy) interactions, for example as a guide 

for dose selection
• Pharmacodynamic biomarkers for proof of concept (reasons to believe)
• Translational preclinical imaging to aid candidate selection or to 

identify and validate biomarkers
• In vivo measures for monitoring safety or toxicity

Late phase • Surrogate markers of response (may be more sensitive and faster to 
measure than clinical outcome)

• Stratification of patients based on potential for successful treatment 
(personalised medicine)

• Pharmacological differentiation of competitor compounds (best in class)
Marketed drugs • Evaluation of ongoing treatment based on biomarkers

• Differentiation between available treatments
• Patient stratification based on disease sub-phenotype or early treatment 

response
• Improved disease classification/diagnosis
• Earlier diagnosis
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of detectors in the PET scanner (Fig. 8.1). The acquisition of PET data may simply 
be a single 3D image representing the average concentration over a particular time 
period (static image) or it can be a 4D image that measures the changing concentra-
tion over time (dynamic image). The raw tomographic data is reconstructed into 

Table 8.2 Radionuclides used in PET and their half-lives

Isotope Half-life Comments
15O 122 s Oxygen (O) is common in drug-like molecules, and 15O labelling does 

therefore not change pharmacokinetic properties. However, the very 
short half-life is a drawback

13N 9.97 min Although not as abundant as O and C in drug-like molecules, nitrogen 
(N) is still fairly common in drug-like molecules, and 13N labelling 
may also be used to avoid alteration in pharmacokinetic properties

11C 20.4 min Essentially all endogenous and drug-like molecules contain carbon (C) 
and 11C labelling, where an isotopically unmodified carbon atom is 
replaced by 11C and is often desirable as this approach does not alter 
the molecule with respect to its pharmacokinetic properties

68Ga 68.3 min Used for labelling of peptides and antibody fragments
18F 110 min Can often replace hydrogen (H) without any major effects on pharmaco-

kinetic properties
89Zr 78.4 h Used for labelling of macromolecules such as antibodies with slow 

pharmacokinetics
124I 100 h Used for labelling of macromolecules such as antibodies with slow 

pharmacokinetics

Fig. 8.1 Decay of 11C. A positron-emitting nuclide, in this figure 11C, is unstable due to a surplus 
of protons. Therefore, one proton is converted to a neutron to increase stability and, at the same 
time, a positron is emitted from the nucleus. The positron travels through tissue for up to a few mm 
until it collides with an electron. The positron–electron annihilation produces two photons that are 
emitted at an angle of approximately 180°. These photons are then detected by the PET scanner, 
and knowledge of which detector pairs registered the coincidence events and their precise timings 
enables the reconstruction of the spatial distribution of the emitted positrons
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quantitative images by applying appropriate corrections for confounding factors 
such as attenuation and scatter. For image quantification, a region of interest is 
often delineated on the PET image around the tissue or the part of a tissue that is of 
interest for the study. The outlined region can be applied to images from different 
time frames to generate a dynamic time–activity curve for the particular region (or 
simply to measure the radiotracer concentration for static acquisitions). Many 
regions can be outlined in the set of PET images, allowing for assessment of 
regional differences in pharmacokinetics. The application of appropriate bio-math-
ematical models to the dynamic data allows for the estimation of quantitative bio-
logical parameters (Gunn et al. 2001) such as those presented in Sect. 8.1.3.

There are three principal ways in which PET can be used to understand drug 
behaviour in vivo:

• Using a labelled drug to understand its administration, distribution, metabolism 
or elimination (ADME)

• Using a separate labelled compound which allows imaging of the target and drug 
action on the target

• Using a separate labelled compound which reflects the effects of drug action on 
cellular or organ physiology

In the first scenario, PET can be used to study the pharmacokinetics of the drug 
molecule directly so that drug uptake in the brain, time to maximum concentrations 
in the brain and brain concentrations over time can easily be obtained. However, if 
the drug is only slowly distributed to the brain, the information obtained in this 
experimental setting might have limited value since a PET investigation cannot be 
extended beyond 3–4 half-lives of the radionuclide. In the second scenario, a radio-
tracer is used as a marker for specific target system. In this case, it is the changes 
in the uptake of the radiotracer after administration of the drug that are studied in 
the PET investigation. For example, if a radiotracer is known to bind to a specific 
receptor, a PET scan before drug administration will allow for a quantitative esti-
mate of the receptor availability in the absence of the drug. A subsequent scan 
following the administration of the drug then measures the change in receptor 
availability caused by binding of the unlabelled drug and enables the construction 
of a dose–occupancy relationship. By performing multiple PET scans at different 
time points it is possible to measure the kinetics of the drug candidate at its target 
site in relation to the plasma pharmacokinetics in order to provide a more compre-
hensive characterisation of the drug (Abanades et al. 2011). The characterisation of 
drug–target occupancy in relation to dose (or concentration) and time in the brain 
provides valuable information to drug development teams that addresses both the 
questions of brain entry and also optimisation of dose levels for larger clinical 
studies of efficacy. Finally, a radiotracer might be used to monitor the effect of the 
drug on cellular function. For example, [18F]FDG is frequently used for studying 
cancer tumours; in this case, a high uptake indicates extensive metabolism and a 
viable tumour, and decreased uptake after treatment may suggest that the treatment 
was successful.
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8.1.3  PET Concepts and Nomenclature

PET measures the total amount of radioactive material in the tissue of interest. At its 
most simplest, this can be quantified as the measured radioactivity, normalised to 
injected dose or normalised to injected dose per body weight, given as

 
% (% )injected dose ID

Radioactivity pertissue weight

Injected rad
=

iio activity
´100

 
(8.1)

or

 
SUV

Radioactivity per tissue weight

Injected radioactivity perbo
=

ddy weight  
(8.2)

where SUV is the standardised uptake value. Both of these measurements reflect the 
radioactive concentration at the site of measurement in relation to the amount of 
radioactivity injected. However, since the amount of radioactivity in the tissue is 
dependent on the amount supplied to it via the plasma, further analysis is required 
to derive parameters that are specific for the tissue, and this involves the parallel 
measurement of radioactivity in whole blood or plasma.

The most common parameter estimated from measurements of radioactivity in 
both tissue and plasma is the brain-to-plasma partition coefficient. The nomencla-
ture for this parameter in PET and pharmacokinetic literature differs, although Innis 
et al. (Innis et al. 2007) have published a suggestion for standardisation of the PET 
nomenclature and Summerfield et al. have presented a table clarifying the PET 
nomenclature in relation to standard pharmacokinetic terminology (Summerfield 
et al. 2008; Syvänen and Hammarlund-Udenaes 2010). In PET, the brain-to-plasma 
partition coefficient is often referred to as the volume of distribution (VT), while, in 
pharmacokinetic studies, it is called Kp (Table 8.3). This PET nomenclature can be 
confusing, since the distribution volume in standard pharmacokinetics refers to the 
apparent volume of distribution for a drug, given in volume units. Kp (VT) can be 
determined from PET data in a number of different ways: by compartmental model-
ling (Gunn et al. 2001), by model-independent graphical analysis (Patlak et al. 
1983; Logan et al. 1990) or simply by comparing steady-state concentrations in 
brain and plasma (Carson et al. 1993). In its most simple definition it is defined as 
the ratio of the concentration in tissue to that in plasma at equilibrium.

The net rate of drug transfer to the brain can be measured with PET if radioactiv-
ity concentrations are measured in plasma in parallel to PET scanning. The perme-
ability surface area product PS, which is equal to the net influx clearance CLin, 
measured in ml min−1 g_brain−1, is comparable to the PET parameter K1, measured 
in ml min−1 cm−3.

In addition to VT and K1, other common outcome measures from PET studies are 
binding potential (BP) and receptor occupancy. BP is a composite parameter that 
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includes both the density of “available” binding sites (receptors) and the affinity of 
the radiotracer for that target. BP can be calculated from separate estimates of VT in 
a target and reference region (devoid of the target site):

 
BP

Target Reference

Reference
=

-V V

V
T T

T  
(8.3)

As a rule of thumb, BP should be between 0.5 and 15 for a good radiotracer can-
didate, as values below 0.5 indicate that the signal-to-noise ratio will likely be too 
low, while BP above 15 indicates near-irreversible kinetics and problems in accu-
rately estimating BP. The receptor occupancy after administration of a drug candi-
date can be calculated based on BP before drug administration (BPbaseline) and BP 
after drug administration (BPdrug) according to (8.4):
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Table 8.3 Terms explaining relationship between PET and pharmacokinetic nomenclature  
in brain biodistribution studies

PET Description

Relation to field of 
standard 
pharmacology

SUV Standardised uptake value; total tissue 
concentrations normalised for injected 
dose per body weight

Not used

% Inj dose Total tissue concentrations normalised for 
injected dose

Not used

VT Equilibrium partition coefficient; total 
brain-to-total plasma concentration ratio

Kp

VND Non-displaceable equilibrium partition 
coefficient; total brain-to-total plasma 
concentration ratio when no specific 
binding exists

Kp in a region 
devoid of 
specific binding

K1 (mL min−1 cm−3) Rate constant for drug transfer from arterial 
plasma to tissue

PS (permeability 
surface product) 
or CLin (net 
influx clearance)

f

f

C

C
ND

P

ND

P

Equilibrium partition coefficient; unbound 
brain-to-unbound plasma concentration 
ratio, where fND and fp are the free fractions 
in the brain tissue and plasma, respectively, 
and can be determined by equilibrium 
dialysis and CND and Cp are total concentra-
tions in tissue (devoid of specific binding) 
and plasma and can be obtained from PET 
and blood sampling, respectively

Kp,uu
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8.1.4  Study Protocols

As discussed above the pharmacokinetic parameter of interest in most PET studies 
is the brain-to-plasma concentration ratio Kp (VT in PET nomenclature). Kp is usually 
estimated from PET experiments in which the tracer is administered as a single 
bolus and application of pharmacokinetic modelling (Gunn et al. 2001; Slifstein and 
Laruelle 2001). For example, Kp can be obtained from K1 and k2 for a single-tissue 
compartment model (Kp = K1/k2) or from K1, k2, k3, and k4 (Kp = K1/k2 (1 + k3/k4)) for a 
two-tissue compartment model (Gunn et al. 2001), or from the slope of a Logan 
graphical analysis (Kp = 1/slope) (Logan et al. 1990). Single-tissue and two-tissue 
compartment models and rate constants are shown in Fig. 8.2. Kp can also be directly 
calculated from the steady-state concentrations of the drug in brain and plasma. 
Steady-state concentrations can be obtained by appropriate infusion protocols based 
on elimination kinetics of the tracer. Using the steady-state approach no assumptions 
have to be made regarding the pharmacokinetic model. There are advantages and 
disadvantages with each of these designs. For example, bolus injections are techni-
cally easier than infusions as a single bolus dose of the radiotracer does not require 
an infusion pump and the injection can be given manually. In addition, it may not be 
possible to get the system into equilibrium within the duration of the scan.

Fig. 8.2 Schematic overview of PET compartment models. (a) A standard single-tissue compart-
ment model (1T2k in PET nomenclature). (b) A two-tissue compartment model (2T4k in PET 
nomenclature). K1 is the transfer of tracer from plasma into tissue, k2 is the rate constant describing 
the transport of tracer back to plasma, k3 is the rate constant describing the association of the tracer 
with the specific binding sites and k4 is considered as the dissociation rate constant of the recep-
tor–tracer complex. For clarity, the blood volume in the PET compartments has been omitted
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The outcome of a drug intervention is often compared between individuals that 
are treated with the drug and individuals that act as controls (non-treated or placebo 
treated). If bolus protocols are used, two groups are needed or, alternatively, each 
individual can serve as its own control, which requires two PET scans: one before 
and one after intervention. When separate control and intervention groups are used, 
it can be difficult to know whether a possible difference between the control and the 
intervention group is due to inter-individual/inter-occasion variability or due to an 
effect of the intervention drug. In this setting, steady-state protocols are appealing 
as the dynamics of drug intervention or drug interaction can be studied in each sub-
ject. For example chemical inhibition of efflux transporters at the BBB can be stud-
ied in real time with infusion of a radiotracer that is an efflux transporter substrate 
(Fig. 8.3) (Syvänen et al. 2006). Also, displacement of radiotracer from specific 
targets by intervention drugs can be visualised with steady-state approaches (Carson 
et al. 1993). The main disadvantage of using infusions is the increase in radioactive 
exposure to both the subject and the attending personnel. A special shield for the 
syringe containing the radiotracer has to be used both for protection of the subject/
personnel and also to avoid any influence on the scanner. The radioactivity in the 
bolus component of the steady-state protocol may have to be decreased somewhat 
in comparison to the amount of radioactivity injected using a single bolus protocol 
since additional radioactivity is infused during the infusion component. However, 
compared to acquiring two separate PET scans, e.g., one before and one after inter-
vention, the steady-state protocols normally result in less radioactivity dose. Steady-
state protocols have been used in human subjects with both 11C and 18F radiotracers 
(Pinborg et al. 2003; Lee et al. 2013).

Fig. 8.3 Effect of P-glycoprotein inhibitor tariquidar on brain distribution of [11C]verapamil. (a) 
[11C]verapamil concentrations in the brain before (0–30 min) and after (30–120 min) P-glycoprotein 
inhibition with 3 (green), 10 (blue) and 25 (red) mg/kg cyclosporine. (b) PET images before 
P-glycoprotein inhibition and (c) after P-glycoprotein inhibition. Intense colours indicate high 
concentrations
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8.2  Current Status

8.2.1  Brain Distribution Studies

PET biodistribution studies use the radiolabelled version of the drug as the radiotracer. 
Hence, PET can be used to study the pharmacokinetics of a drug candidate. 
When the radiotracer is injected in tracer dose this set-up is often referred to as 
microdosing (Bergström et al. 2003). The radiotracer (i.e., the labelled drug) can 
also be co-injected with unlabelled drug, and, since the relationship between 
labelled and unlabelled drug concentrations is known, the tissue pharmacokinetics 
can then be deduced quantitatively at clinically relevant doses. Further, such co- 
injections with unlabelled compound may also reveal whether any BBB efflux 
transporters that are active at tracer dose become saturated at therapeutic dose and 
allow for sufficient drug to enter the brain to elicit a pharmacological response. In 
addition, application of transporter inhibitors with these experimental set-ups may 
provide further confidence about transporter influence on drug distribution into the 
brain (Syvänen and Hammarlund-Udenaes 2010; Syvänen and Eriksson 2013).

Regardless of whether the study is performed as a microdosing study or at clini-
cal doses, a number of factors need to be considered. First, PET measures the total 
radioactivity; so any metabolites carrying the radioactive label will also contribute 
to the signal, thus potentially confounding the results. Hence, the radiotracer data 
needs to be evaluated with respect to metabolism and the appearance of radioactive 
metabolites in plasma and in tissue. The position of the radioactive label will deter-
mine which radioactive metabolites are produced and thus contribute to the signal. 
Ideally for a CNS tracer, the position of the label should be such that only hydro-
philic metabolites are produced, i.e., metabolites that are unlikely to enter the lipo-
philic environment of the brain to the same extent as the tracer. Second, radioactivity 
measured with PET will originate from both radioactivity in the brain tissue as well 
as in the vascular component of the brain. Negligence to correct for vascular activ-
ity, especially for compounds that do not enter the brain readily, may lead to over-
estimation of brain concentrations of the investigational compound. As initial 
biodistribution studies with new drug candidates are often preclinical, a third factor 
to consider is the choice of preclinical species. Ultimately the drug candidates need 
to be effective in humans, but for different reasons, mainly toxicological, it is not 
always possible to directly study a new drug candidate in humans (even when 
using microdosing). Translation between species is complex for CNS active drugs 
as the passage of drugs into the brain is governed not only by passive diffusion but 
also by the presence of active transport mechanisms and protein binding in both 
plasma and brain tissue. Compared to other organs, where molecules can easily 
diffuse between cells, making active transport processes less important for the tar-
get site concentrations, the brain concentrations will be dependent on active influx 
and efflux from the brain. These processes may, in addition to systemic elimination 
and protein binding, differ between species, and significant differences in brain 
concentrations have been reported for both unlabelled drugs and radiotracers 
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across species (Syvänen et al. 2009). In the development of new drug candidates or 
radiotracers it is important to consider this when taking a decision on whether or 
not to proceed with the development of a molecule when it has been discovered 
that it interacts with for example an efflux transporter. Even when a molecule is a 
clear P-glycoprotein (P-gp) substrate in cell lines or rodents, it could reach 
 relatively high brain concentrations in humans. In fact, several radiotracers, e.g. 
[11C]2, 3, 4, 5, 6, 7-hexahydro-1{4-[1[4-(2- methoxyphenyl)-piperazinyl]]-2-phenyl 
butyry}-1H-azepine ([11C]RWAY), 4-(2′-methoxyphenyl)-1-[2′-(N-2″-pyridinyl)- 
p-[18F]fluorobenzamido]ethylpiperazine ([18F]MPPF), [18F]altanserin and [11C]  
(S)- (2-methoxy-5-(5-trifluoromethyltetrazol- 1-yl)-phenylmethylamino)-2(S)-phenyl 
piperidine (GR205171), have been successfully used as PET CNS tracers in humans 
before they were found to be P-gp substrates. These findings are important for the 
interpretation of studies investigating drug delivery to the brain, when extrapolating 
in vitro and preclinical data to humans.

8.2.2  Drug–Target Interactions

PET studies that measure receptor occupancy of a ligand are usually performed with 
a PET radiotracer that is structurally different from the ligand but which binds to the 
same binding site. This is a consequence of the fact that only a small subset of 
ligands actually produces PET radiotracers with a measurable specific signal. The 
successful subset is dependent on good brain penetration and delivery, low non- 
specific binding and suitable affinity for the target of interest. For a ligand to be a 
successful therapeutic drug the rate of entrance is often not as important since drugs 
are dosed to steady-state concentrations and often optimised for high target affinity 
which leads to a slow dissociation. Development of PET probes for a novel target 
should proceed in parallel with the drug development programme itself as the pro-
cess of obtaining an applicable tool in humans will require at least 18 months’ lead 
time. Candidate molecules for the new PET radiotracer can be screened in parallel 
as they will often originate from the same series of molecules and may benefit from 
concomitant medicinal chemistry support. Thus, it is important to start the develop-
ment of the PET radiotracer in parallel to the development of the novel drug so 
that the PET imaging tools are available to be used in first time in human studies. 
It should also be mentioned that performing these measurements in man as early as 
possible is important because there may be species differences that mean that pre-
clinical estimates of the in vivo IC50 are not applicable in humans. For example H3 
histamine occupancy of a candidate drug has been shown to be significantly  different 
between preclinical species and humans (Ashworth et al. 2010).

The main application of PET receptor occupancy studies is in dose finding 
 studies which can involve exploring the relationship between temporal occupancy 
profiles and the plasma concentration of the drug. These studies consist, initially, of 
the acquisition of baseline scans in the absence of the drug to measure the baseline 
receptor availability and subsequently involve the acquisition of further scans at 
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different time points post dosing with the drug (Fig. 8.4). Comparison of the receptor 
availability post dose with the baseline values allows for the calculation of the 
fractional receptor occupancy. Combined with knowledge of the desired receptor 
occupancy, these studies provide confidence in selecting doses for larger later phase 
clinical studies. For example, the cost in terms of time and money (10s of millions 
of dollars) in performing a study at either non-pharmacological doses or at doses 
that produce side effects must be avoided. Receptor occupancy studies may be per-
formed at single dose or repeat dose to characterise the relationship between the 
plasma concentration time course and the target occupancy. A recent study by 
Abanades et al. (2011) has demonstrated how the application of plasma–target 
occupancy models to single-dose PET occupancy data can be used to predict the 
target occupancy data at repeat dose even if the drug kinetics are not direct (i.e. there is 
an increased target residence time of the molecule which means that the effective 
IC50 of the drug is different following single and repeat dose). This is important as 
repeat dosing is the usual dosing regimen applied in patients, and thus the ability to 
characterise this as early in the drug development process as possible is valuable.

Fig. 8.4 Dose–receptor occupancy. Radioligand signal before (upper panel) and after (lower 
panel) administration of cold drug, duloxetine, competing for the same binding site. PET scanning 
after different doses of cold drug and at different time points post dose administration enables 
characterisation of drug–target occupancy in relation to dose (or concentration) and time
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8.2.3  Drug Effects on Cellular or Organ Physiology

Glucose metabolism in tissue is a classical example of PET as a tool to monitor 
cellular function, and as mentioned above the glucose analogue [18F]FDG has been 
used to study brain glucose utilisation. Certain dementias are characterised by 
region-specific decreases in glucose turn-over, and these can be visualised with 
PET, and thus it can aid in their diagnosis. Another example is amyloid imaging 
with the PET radiotracer [11C]PIB (N-methyl-[11C]2-(4′-methylamino-phenyl)-6- 
hydroxybenzothiazole), a derivate of thioflavin-T, which is the most frequently used 
radiotracer in the assessment of amyloid plaques in Alzheimer’s disease. The clini-
cal experiences with [11C]PIB amyloid imaging are that it detects Alzheimer’s dis-
ease pathogenesis early in the course of disease and helps distinguish Alzheimer’s 
disease from other types of dementia, e.g. Lewy body dementia and fronto-temporal 
dementia in the differential diagnosis. However, [11C]PIB amyloid imaging is of 
limited value to measure disease progression, since the signal does not further 
increase as the disease progresses, i.e. there is a ceiling effect with amyloid levels 
plateauing early in the disease process (Engler et al. 2006). Despite this, one recent 
study reported that [11C]PIB brain uptake was significantly lower in patients with 
Alzheimer’s disease treated with a new anti-amyloid antibody compared to patients 
treated with placebo (Rinne et al. 2010). The study also showed that the different 
doses used had similar therapeutic effects but that side effects (vasogenic oedema) 
were observed only at higher doses. The study illustrates the use of PET imaging of 
surrogate markers to evaluate and aid in the dose selection of novel treatments.

Drug development for many CNS diseases is hampered by the lack of knowledge 
about the disease mechanism. Imaging of cellular or organ physiology can be useful 
in the development of a new therapeutic when the exact target site for drug action is 
unknown or when no PET radiotracer is available for the target. Thus, these types of 
studies may provide some indirect evidence about successful drug delivery to the 
target tissue.

8.2.4  Challenges When Using PET for Studies of BBB 
Transport

The effect of a drug intended for a target inside the brain is generally related to the 
unbound (free) drug concentration inside the brain (Hammarlund-Udenaes et al. 
2008; Jeffrey and Summerfield 2009; Watson et al. 2009). PET measures total 
radioactivity, including that associated with both unbound and bound drug as well 
as any metabolites carrying the positron-emitting radionuclide, and hence only Kp 
and Kp,u (ratio of total concentration in brain and unbound concentration in plasma) 
can be calculated. The unbound ratio of drug in brain interstitial fluid to unbound in 
plasma, Kp,uu, cannot be estimated from a PET investigation unless the unbound 
fraction in the brain is deduced by other means. This can be done by combining PET 
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data with in vitro equilibrium dialysis assays of the free fraction of drug molecules 
in brain tissue and plasma (Gunn et al. 2012). Whilst the free fraction in brain may 
be difficult to obtain for human tissue, Summerfield et al. and Di et al. have shown 
that this fraction is well conserved across species (in contrast to the plasma free 
fraction) for a number of test compounds, and thus the estimated tissue free fraction 
obtained in preclinical species might be used (with caution) together with clinical 
PET data (Summerfield et al. 2008; Di et al. 2011). The free fraction in plasma 
should always be estimated in the species under investigation, as species differences 
in plasma protein binding are common.

As a true translational technique PET experiments can be performed according 
to similar protocols in vivo in animals as well as in humans. This means that pre-
clinical studies can precede clinical studies and provide valuable parameter esti-
mates that help refine clinical experimental designs. However, in addition to 
potential species differences, the need for anaesthesia may limit the use of preclini-
cal data for prediction of human response. For example, a number of studies have 
shown that differences in brain uptake may be a consequence of different anaesthe-
sia (Harada et al. 2004). It is important to make an educated choice regarding anaes-
thesia method in preclinical studies so that the anaesthetics used do not interfere 
with the studied target system.

Lastly, when studying a new CNS drug candidate with PET it is always impor-
tant to study the radiotracer concentrations in plasma or, if available, in a reference 
region, since intervention with a new drug candidate could potentially change the 
metabolism or the plasma protein binding of the radiotracer and thus alter the frac-
tion of radiotracer molecules available for transport into and binding within the 
brain. Measurement of radiotracer concentrations in blood is also required for cor-
rection of radioactivity in the blood volume in the brain.

8.3  Future

8.3.1  Macromolecules and Biologics

For decades, the development of small molecular drugs has been the main focus for 
the pharmaceutical industry. Today there is an increasing interest in macromole-
cules and biologics such as peptides, proteins, oligonucleotides and monoclonal 
antibodies. In line with this trend in the development of new drugs, there is also an 
increasing use of PET to explore the biodistribution of macromolecules, and given 
the slow kinetics of these molecules this has led to the use of longer lived radionu-
clides such as 89Zr (t1/2 = 78.4 h) and 124I (t1/2 = 100.3 h) (Hooker 2010; van Dongen 
and Vosjan 2010; van Dongen et al. 2012). These new PET studies have without 
exception been applied in the oncology field, and most studies have focused on 
quantitative evaluation of monoclonal antibody binding to specific targets such as 
B-lymphocyte antigen CD20, cMet (proto-oncogene encoding hepatocyte growth 
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factor) and prostate-specific membrane antigen (PSMA) as a scouting procedure 
prior to radioimmunotheraphy (van Dongen et al. 2012). For this purpose the radio-
tracer should show similar biodistribution as the antibody used in the therapeutic 
radioimmunotheraphy. All published studies so far describe targets outside the 
CNS. However, as macromolecular drugs are also more frequently developed for 
CNS targets, PET biodistribution studies will be important for estimating brain dis-
tribution of these molecules. For example, several pharmaceutical companies are 
developing anti-amyloid antibodies that aim to reduce the cerebral amyloid-β load. 
The exact mechanism is debated; it is not completely clear whether the antibodies 
act within the blood as amyloid binders and thus decrease amyloid concentrations 
in the brain and prevent the subsequent formation of senile plaques which are cen-
tral in Alzheimer’s disease pathogenesis or if they actually exert their action within 
the brain. Hence, it is also of interest to image the levels of these anti-amyloid anti-
bodies inside the brain, and labelled antibodies could potentially be used as diag-
nostics to examine the levels of intrabrain-soluble amyloid (as opposed to insoluble 
amyloid measured with the available PET radiotracers today). The large size of 
antibodies limits the diffusion from the blood into the brain, and for this purpose the 
use of antibody fragments or engineered proteins like diabodies and nanobodies 
might be an option. In addition to being smaller, these proteins are also more rapidly 
cleared from the body and can thus be labelled with shorter lived radionuclides. 
Radiolabelling with 68Ga (t1/2 = 1.13 h) is attractive as generation of 68Ga does not 
require a cyclotron but can be produced from commercially available 68Ge/68Ga 
generators. Taken together, PET imaging using macromolecular CNS radiotracers is 
still in its infancy, but interest in the area is likely to increase in parallel to focus on 
new CNS active macromolecular drugs and biologics.

8.3.2  Novel Technologies

The development of dual-modality scanners, i.e. PET combined with computerised 
tomography (CT) or magnetic resonance imaging (MRI), has facilitated co- 
registration of structural and functional data. PET scanners are now available with 
integrated high-end multi-detector-row CT scanners. Recently dual-PET/MRI scan-
ners have also become available. Thus, PET and CT/MRI scans can be performed in 
immediate sequence during the same session, with the study subject not changing 
position between the two types of scans. The co-registered images display both 
functional and anatomical information so that areas of abnormality on the PET 
imaging can be correlated with anatomy on the CT/MRI images. The combination 
of PET–MRI should enable methods for correction of motion during the scans 
which degrade image quality but is difficult to avoid in long PET scans.

The possibility to reliably quantify drug concentrations in brain has contributed 
to the increasing use of PET in pharmaceutical research. However, in line with the 
different nomenclature in PET pharmacokinetics, different pharmacokinetics 
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methods are often applied in the PET field compared to the field of standard 
pharmacokinetics. In the field of standard pharmacokinetics it is widely accepted 
that non-linear mixed effects modelling, often referred to as population modelling, 
is a preferable choice compared to analyses on solely individual level or naïve 
pooling (Pillai et al. 2005). Mixed effects modelling resolves both intra- and inter-
subject variability, i.e. it gives a description of the pharmacokinetics in the typical 
subject as well as information about variation in the study population through 
simultaneous analysis of all study subjects. Further, estimates of covariate effects 
such as age, sex, weight and disease severity can be obtained. By far, most PET 
studies are today analysed at the individual level, i.e. all pharmacokinetic analyses 
are made for each individual separately, and, after this analysis, population aver-
ages and variability are computed based on the individual pharmacokinetic (PK) 
model parameter estimates. This method requires either rich individual data and/
or simple models for the individual parameters to be identifiable. If this is the case, 
this two-stage approach to obtaining population parameter estimates has been 
shown to be generally unbiased in estimation of the mean parameters, but the vari-
ances and covariances of the estimates are likely to be overestimated in all realistic 
situations (Steimer et al. 1984). Recently population approaches have been applied 
to PET receptor studies, mainly as a method to estimate receptor occupancy of a 
therapeutic drug but also for brain distribution and receptor density studies (Lim 
et al. 2007; Kim et al. 2011; Syvänen et al. 2011; Zamuner et al. 2012). As PET 
studies are expensive and although the radioactivity that the study subject is 
exposed to is relatively low, there is still a need for keeping the number of PET 
scans required at a minimum. The use of mixed effects modelling also in the PET 
field could potentially make PET studies more cost-effective and more informa-
tive. Especially in receptor occupancy studies adaptive designs that use informa-
tion obtained in previous subjects and scans for changing scan protocols for 
subsequent studies are emerging (Zamuner et al. 2010; Abanades et al. 2011; 
Gunn et al. 2011).

8.3.3  PET Chemistry

During the last decade new labelling methods have increased the number of possible 
radiotracers. 11C is most often introduced via a reaction with labelling precursors 
[11C]methyl iodide and, to a lesser extent, [11C]methyl triflate, which are both 
obtained from [11C]carbon dioxide. [11C]Carbon monoxide ([11C]CO) is interesting 
as a synthon (synthetic building block) as PET applications for CNS targets often 
require that the labelled molecule has high specific activity (specific activity = amount 
of radioactivity per mole of molecule), something that favours the use of [11C]CO in 
labelling synthesis as the relatively low abundance of carbon monoxide in air, in 
contrast to carbon dioxide, reduces the risk for isotopical dilution. However, the 
general use in radiopharmaceutical synthesis has been hampered by the low 

S. Syvänen and R.N. Gunn



229

solubility of carbon monoxide in most solvents and the resulting challenge to 
confine [11C]CO in low-volume reaction vessels. Recently two new methods have 
been described which will enable easy use of [11C]CO for labelling (Kealey et al. 
2009; Eriksson et al. 2012). High specific activity allows for administration of low 
amounts of drug (nanomolar range), i.e. a subpharmacological dose. Thus, even 
toxic compounds can be labelled and visualised with PET. Further, as drug doses are 
low, less extensive toxicology testing is required for new labelled drug candidates to 
be studied with PET, and hence, these can be studied in vivo in man at an early stage 
in candidate selection.

8.4  Conclusions

The development of new drugs that elicit their effect inside the brain is complicated 
because of both the protective nature of the BBB and the technical difficulties in 
studying drug concentrations at the CNS target site in humans. With PET, it is pos-
sible to measure drug concentrations non-invasively in the brain, and this has meant 
that the method is playing an increasingly important role in drug development pro-
cesses. Advances in labelling methods, novel tracers, study design, analysis of PET 
data and the introduction of multimodality scanners are likely to further increase the 
number of PET applications in pharmaceutical research.

8.5  Points for Discussion

• How can VT/Kp be estimated from PET measurements?
• Mention three radionuclides that can be used with PET.
• Discuss the advantages and disadvantages when using a radionuclide with a 

short half-life.
• Why is 11C useful for radiolabelling of endogenous and small drug-like 

molecules?
• When is it relevant to perform PET studies at tracer dose (microdosing)? And at 

pharmacological dose?
• Discuss the advantages and disadvantages of bolus-only and bolus-plus-infusion 

regimens.
• Why are metabolites of PET radiotracers a potential confounding factor for the 

read-out?
• Why is it important to correct the PET signal obtained in the brain area for radio-

activity in the vascular space of the brain?
• How can PET be used in drug development?
• What information can be obtained from a receptor occupancy study?

8 Principles of PET and Its Role in Understanding Drug Delivery to the Brain
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Abstract The development and optimization of CNS drug is hampered by the 
inaccessibility of the human brain and the difficulty to quantify human CNS drug 
effects. The use of serial CSF sampling in animals and mathematical modeling of 
plasma pharmacokinetics, in conjunction with CNS effects, provided only useful 
information for drugs that distribute to the brain target site by simple diffusion and 
having direct and reversible CNS effects. Active transport processes across blood–
brain barriers and brain cell membranes may be applicable for many drugs and 
should be taken into account. Also, context dependencies of the rates and extents of 
all transport processes should be included. This indicates the need for cross-
compare designed preclinical experimental approaches and mathematical modeling 
to provide information on contributions of the (main) individual processes, in terms 
of rate and extent, as well as their interplay, to be able to predict human CNS drug 
effects.

Abbreviations

AR Agonist receptor complex density
BBB Blood–brain barrier
BCSFB Blood–cerebrospinal fluid barrier
Ce Concentration of the drug in the effect compartment
CNS Central nervous system
CSF Cerebrospinal fluid
E Effect
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E0 Effect in the absence of the agonist
EC50 Concentration of agonist at half-maximal effect
ECF Extracellular fluid
Em Maximal effect in the biological system
Emax Maximal effect of the agonist
KA Agonist-receptor binding dissociation equilibrium constant
Ke Density of agonist receptor complex that elicits the half maximal effect
K1e First-order rate constant for influx K1e

Keo Rate constant for drug efflux from the hypothetical effect compartment
P-gp P-glycoprotein
PD Pharmacodynamics
PK Pharmacokinetics
PKPD Pharmacokinetic-pharmacodynamic
RT Total receptor density
τ Transducer constant (efficacy parameter)
Ve,app Apparent volume of distribution in the brain

9.1  Introduction

Despite enormous advances in CNS research, CNS disorders remain the world’s 
leading cause of disability and account for more hospitalizations and prolonged care 
than almost all other diseases combined. This indicates a high unmet need for good 
CNS drugs and drug therapies. For a proper CNS effect the drug should have the 
ability to access the CNS “at the right place, at the right time, and at the right con-
centration.” To that end a number of key issues need to be considered.

• Only the unbound drug is able to pass the BBB and to interact with its target to 
drive the effect (Urien et al. 1987; Jolliet et al. 1997; Tanaka and Mizojiri 1999; 
Liu et al. 2005; Hammarlund-Udenaes et al. 2008; Hammarlund-Udenaes 2009; 
Stevens et al. 2012).

• Transport across the blood–brain barrier (BBB) needs to take place for adequate 
drug delivery to the CNS. It is of great importance to understand the mechanisms 
involved in uptake into and efflux from the brain, on one hand being governed by 
BBB functionality (in terms of passive paracellular and transcellular diffusion), 
facilitated diffusion, active influx, active efflux, and absorptive or receptor- 
mediated endocytosis and on the other hand by drug physicochemical properties 
and structure (Mayer et al. 1959; Oldendorf 1974; Betz and Goldstein 1986; 
Suzuki et al. 1997; Kalvass and Maurer 2002; Danhof et al. 2005, 2007; 
Westerhout et al. 2011).

• Not only BBB transport is of importance but also plasma pharmacokinetics and 
intrabrain distribution, the latter indicating spatial and temporal exchange of a 
drug between brain ECF, brain cells, and CSF (De Lange et al. 1995c; Kalvass 
and Maurer 2002; Liu et al. 2005; Westerhout et al. 2011, 2012).
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• Mechanisms that underlie BBB functionality and brain tissue characteristics all 
have their specific rate and extent, being dynamically regulated. Therefore, 
heterogeneity in species, gender, genetic background, tissue, age, diet, disease 
conditions, drug treatment, etc., (Letrent et al. 1999; Karssen et al. 2001; Kooij 
et al. 2010; De Lange et al. 2005; Mulder et al. 2001; Danhof et al. 2007; 
Ravenstijn et al. 2007, 2012; Syvänen et al. 2009; Westerhout et al. 2011, 2012) 
contributes to context-dependent variability in CNS target site PK.

• Then, not only CNS target site distribution is context dependent so is the observed 
effect or the biomarker(s) of the effect. Context-dependent PKPD relationships 
of CNS drugs most of all underlies the relative high failure of CNS drug candi-
dates. Therefore the link between target concentration and CNS response should 
preferentially be obtained within the same subject (De Lange 2013a).

• Information on time-dependency is crucial (De Lange et al. 2005; Hammarlund- 
Udenaes et al. 2008).

The inaccessibility of the human brain for sampling hampers obtaining relevant 
human target site concentrations of CNS drugs, while also it is often difficult to 
quantify human CNS drug effects. This indicates that CNS drug distribution and 
effects in humans should be predicted by other measures.

To decipher and learn more on the factors that govern plasma pharmacokinetics, 
BBB transport intrabrain distribution, as well as their interrelationships and conse-
quences for CNS effects in the different settings, systematic preclinical research on 
CNS drugs will be of help. To that end, investigations should be performed such that 
variables are systematically varied (e.g., inhibition of an efflux transporter, or 
induction of pathological state) in which time-dependency is explicitly included.  
As our brains do not have the capacity to integrate all these data and determine 
contributions of individual mechanisms in PKPD relationships, we need to orga-
nize, condense, and store knowledge in mathematical frameworks, by the use of 
advanced mathematical modeling. This provides the links to the human situation.

This chapter deals with more classical, current, and future approaches to PKPD 
aspects of brain drug delivery in a translational perspective.

9.2  History

9.2.1  CSF Concentrations to Predict CNS Target Site 
Concentration

For a long time monitoring approaches have been searched for to obtain information 
that could be used to predict human target site kinetics and CNS effects. As it is the 
free drug that is available for target binding, in the early 1980s it was anticipated 
that the drug concentration in the cerebrospinal fluid (CSF) could serve as a bio-
marker of the free brain target site concentrations, because in CSF, at least under 
physiological conditions, no binding of drugs to proteins occurs (Bonati et al. 1984).

9 PKPD Aspects of Brain Drug Delivery in a Translational Perspective
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A step forward was then made by the development of the methodology of serial 
CSF sampling. Experiments were designed to obtain the time-course of concentra-
tions in relation to parallelly obtained CNS drug effects, and many samples could be 
obtained from single animals providing the possibility of within-subject cross-over 
designed studies, and minimizing the number of animals to be used. Serial CSF 
sampling in conjunction with measuring CNS effects was applied for pento- and 
heptabarbital, ethanol, and pentylenetetrazole, and by varying the rate and duration 
of an intravenous infusion of a single dose, it could be clearly demonstrated that the 
CSF compartment was pharmacokinetically indistinguishable from the site of action 
of this drug (Danhof and Levy 1984; Dingemanse et al. 1988; Ramzan and Levy 
1986). On that basis CSF concentrations were considered to be of key value for 
studying PKPD relationships of CNS active drugs, and methodologies for sequen-
tial CSF sampling in human became available (Bruce and Oldfield 1988).

9.2.2  Predictions of CNS Drug Response by Compartmental 
PKPD Modeling

In the early 1990s, as an alternative to serial CSF sampling, mathematical modeling 
techniques were developed to describe the effect–time course of a CNS drug on the 
basis of its plasma pharmacokinetics (Campbell 1990). Concentration–response 
profiles often have a sigmoidal shape when the percentage of the maximal response 
(Emax) is plotted against the logarithm of the drug concentration (Fig. 9.1). 
Therefore, the sigmoid Emax model is (still) most generally used to fit a plasma 
concentration–effect profiles to provide estimates of EC50 and Emax values of 
drugs. The sigmoid Emax equation (9.1) is the following:

 E N N N= + × +E E A EC A0 50[( max [ ] ) / ( [ ] )]  (9.1)
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Fig. 9.1 Plasma 
concentration–effect profiles 
often have a sigmoidal shape 
when the percentage of the 
maximal response (Emax) of 
a drug (agonist) is plotted 
against the logarithm of the 
drug concentration
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With E0, the baseline response, E the response observed for a given drug concen-
tration [A] at time t, Emax, the maximal effect of the drug, EC50 is the plasma 
concentration of the drug that produces 50 % of Emax, and h, the Hill coefficient, 
which determines the steepness of the concentration–effect relationship. The EC50 
(“potency”) is simply the concentration of agonist required to provoke a response 
halfway between the baseline and maximum responses. It is usually not the same as 
the dissociation equilibrium constant (KA) for the binding of agonist to its receptor. 
If drug concentrations at the target site are in equilibrium with those in plasma (site 
of measurement) and drug effects are direct and in case the effect is (assumed to be) 
direct and reversible this is a very useful approach, especially as it can also be 
applied to humans.

However, when the drug concentration in plasma is not in equilibrium with its 
site of action, hysteresis occurs and drug levels are out of phase with activity. 
So-called counter-clockwise hysteresis (Fig. 9.2) is observed when the effect 
increases with time for a given drug concentration in plasma. Such situation can be 
caused by pharmacokinetic processes such as slow diffusion of the drug towards the 
target site taking time, active influx of the drug towards the target site, formation of 
active agonistic metabolites, but also by pharmacodynamic processes like relatively 
slow signal transduction processes and sensitization. Clockwise hysteresis, in which 
the effect decreases with time for a given drug concentration, can be caused by toler-
ance, active antagonistic metabolites, learning effects, and feedback regulation.

Hysteresis can be mathematically dealt with by incorporating an “effect site 
compartment” using the COLLAPS algorithm (Sheiner et al. 1979; Veng-Pedersen 
et al. 1991), also called the “link model,” that contains a compartment with hypo-
thetical target site concentrations (the effect site compartment), being linked to the 
plasma concentration by a first-order rate constant for influx k1e and a rate constant 
keo for drug efflux from the hypothetical effect compartment.

 E N N N= + × +E E Ce EC Ce0 50[( max [ ] ) / [ [ ] )]  (9.2)
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Fig. 9.2 Time developments 
of plasma concentration and 
effect are not usually in 
phase. A number of processes 
may cause a delay in effect 
relative to plasma 
concentrations of the drug. 
This will result in a so-called 
hysteresis loop for the effect 
versus drug concentration in 
the climbing and falling 
phase of drug concentrations 
in plasma
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In which Ce is the concentration of the drug (agonist) in the effect compartment.
With inclusion of the effect compartment, simultaneous PKPD modeling may 

provide estimates of EC50, Emax, and Hill factor, as well as the rate of CNS target 
site equilibration as has been shown for benzodiazepines, baclofen, antiepileptic 
drugs, and adenosine receptor agonists and antagonists (Mandema and Danhof 
1992; Mandema et al. 1992; Danhof et al. 1993). Therewith it was demonstrated 
that by using PKPD modeling in preclinical investigations, useful quantitative infor-
mation on the pharmacodynamics of new drugs in vivo could be obtained (Breimer 
and Danhof 1997a, b).

However, compartmental direct effect PKPD modeling cannot distinguish 
between slow diffusion and other active pharmacokinetic processes determining the 
concentration of the drug at the target site, nor does it allow the discrimination 
between drug affinity (binding of the drug to its receptor) and efficacy (ability of the 
drug to cause an effect after binding to the receptor) (De Lange et al. 2005). It, 
therefore, lacks the power to predict drug responses under different physiologic or 
pathologic conditions, where active transport processes are involved, or where both 
affinity and efficacy may be affected. This means that for prediction of CNS drug 
effects a more in depth investigation on PKPD relationships is needed on one hand 
by incorporating information on target site distribution and on the other hand by 
including information on target site interaction and signal transduction.

9.3  More in Depth Investigation on PKPD Relationships  
Is Needed

9.3.1  Drug Transport Processes Between Blood and CNS 
Target Site

In the last decades it has become clear that exchange of drugs between blood and 
brain (Fig. 9.3; Davson and Segal 1996; Fenstermacher et al. 1974) is to a high 
extent governed by active transport processes, and may therefore affect CNS target 
site pharmacokinetics (Greig et al. 1987; Hammarlund-Udenaes et al. 1997, 2008; 
Bouw et al. 2001a, b; De Lange et al. 2005; Girardin 2006; Westerhout et al. 2011), 
as depicted in Fig. 9.4. This indicates that for building a proper PKPD model for 
CNS drugs it is of importance to determine BBB transport as that will help to reveal 
the mechanisms that play a role in the relation between plasma concentrations and 
CNS drug effects, in other words to distinguish target site distribution from target 
interaction and signal transduction processes (Fig. 9.5).

9.3.1.1  Blood–Brain Barrier (BBB) Transport

Among the transporters present at the BBB the P-glycoprotein efflux transporter 
(P-gp) is the earliest discovered best characterized one. By the development of the 
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Fig. 9.3 Exchange of drugs between blood and brain may occur via different transport processes, 
among which multiple active transport mechanisms (Influx transport, efflux transport, pinocytosis, 
and transcytosis). Arrows indicate possible direction and circles indicate drugs with concentration 
gradient

Fig. 9.4 Using simulations on a simple plasma and brain compartment model in which only 
unbound drug concentrations are present, one can clearly see that plasma and brain pharmacoki-
netics may be considerably different, depending on the (virtual) values of CLin and Clout. Left: For 
CLin = Clout, both varying from high (1.0) to low (0.1) values, with that showing greater discrepancy 
between plasma and brain PK. Right: For a fixed value for CLout = 0.5, varying of Clin from high 
(0.5) to low (0.01) shows a decrease of the PK in brain in parallel to plasma PK. Adapted from 
(Hammarlund-Udenaes et al. 1997) 
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so-called P-gp knockout or mdr1a(−/−) mice, Schinkel et al. (1994) demonstrated 
the importance of the efflux by P-gp for brain distribution of many clinically impor-
tant drugs and revolutionized research on active transport mechanisms at the level 
of the BBB. Later, also the multidrug-related transport proteins (MRP’S; Borst et al. 
2000; Wijnholds et al. 2000) and the breast cancer-resistance protein (BCRP; 
Enokizono et al. 2008) were found to play a role in the brain disposition of many 
drugs, with partial overlap on substrates with each other.

For quantitative determination of P-gp efflux at the level of the BBB unbound 
concentrations at either side of the BBB are needed, i.e. unbound plasma and brain 
extracellular (brain ECF) concentrations. Microdialysis is widely considered to be 
the best technique to monitor concentrations in the brain ECF over time (Cremers 
et al. 2009), which combined with simultaneous serial blood sampling from the 
same animal is a powerful approach to study pharmacokinetic properties related to 
BBB transport and intracerebral distribution mechanisms (Wang and Welty 1996; 
De Lange et al. 1994, 1997; Hammarlund-Udenaes et al. 1997). Rate and extent of 
BBB transport for the unbound drug can be determined using this technique, with-
out confounding influence of binding in plasma or brain (Hammarlund-Udenaes 
et al. 2008).

Furthermore, in many cases, CNS targets are membrane bound receptors facing 
the brain ECF, or enzymes within the brain ECF. This makes information on brain 
ECF concentrations highly valuable (De Lange and Danhof 2002; Watson et al. 2009; 
Jeffrey and Summerfield 2010; Westerhout et al. 2011). For intracellular targets, 
however, obtaining in vivo information is more complicated. There are no means to 
directly monitor brain intracellular concentration–time profiles. At best, (at equilib-
rium), brain intracellular concentrations can be derived by combining different 
experimental approaches (Fridén et al. 2007; Hammarlund-Udenaes et al. 2008).

Cplasma

Dose

CECF Ctarget

Situation I Response

Target

BBB

PharmacodynamicsPharmacokinetics

Target interactionBBB functionality

Plasma protein binding Brain distribution Signal transduction

Target site distributionCerebral blood flow

Fig. 9.5 Factors between drug dose and CNS effect. For building a proper PKPD model for CNS 
drugs it is of importance to determine BBB transport and target site distribution to be distinguished 
from target interaction and signal transduction processes
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The use of the microdialysis technique showed that even if drugs cross the BBB 
by passive diffusion, important differences may exist between brain ECF and 
plasma concentration profiles (Wong et al. 1992; Malhotra et al. 1994; De Lange 
et al. 1994, 1995a, b, c-critical factors; Yang et al. 1997; Wang et al. 1997; Bouw 
et al. 2000, 2001a, b) which are influenced upon (induced) changes in BBB proper-
ties (de Lange et al. 1995a, b). That has led to a more general theoretical framework 
on the rate and extent of BBB transport and influences thereof on the relationship 
between plasma and brain ECF concentration profiles (Hammarlund-Udenaes 
et al. 1997, 2008).

Also active transport processes could be determined by microdialysis, with P-gp- 
mediated efflux at the BBB being addressed first. De Lange et al. (1998) studied the 
BBB transport and P-gp functionality in mdr1a(−/−) mice and wild-type for the 
model P-gp substrate rhodamine-123 (R123), and Xie et al. (1999) studied the effect 
of P-gp functionality at the BBB for morphine in these mice, indicating that P-gp 
participates in regulating morphine transport across the BBB, with an approxi-
mately twofold higher extent of brain distribution in the absence of P-gp efflux 
transport. Likewise, for the fluoroquinolone sparfloxacin, a clear effect of P-gp 
functionality on BBB transport was found, with about a fivefold increase in brain 
ECF distribution in the absence of P-gp efflux (De Lange et al. 2000). Another 
example is the increase of imipramine brain distribution by inhibition of P-gp 
(O’Brien et al. 2012). Other active transporters at the BBB were indicated by the use 
of intracerebral microdialysis with probenecid as inhibitor of other active transport 
at the level of the BBB. Xie studied the BBB transport characteristics of morphine-
3- glucuronide (M3G) in the rat and found that its extent of BBB transport increased 
about twofold upon coadministration of probenecid (Xie et al. 2000). The possible 
influence of probenecid on morphine transport across the BBB was studied by 
Tunblad with a ~1.3-fold increase of extent of BBB transport of morphine (Tunblad 
et al. 2005). As final example, microdialysis studies by Sun in rats indicated that 
multidrug-resistance-related proteins (MRPs) or MRP-like transport system(s) play 
a role in fluorescein distribution across both BBB and BCSFB, formerly considered 
as a marker for passive paracellular transport (Sun et al. 2001).

Actually, apart from P-gp and MRP’s many more active transporters have been 
found at the level of the BBB (Begley 2004; de Boer et al. 2003; Kusuhara and 
Sugiyama 2004, 2005; Löscher and Potschka 2005; Boström et al. 2006; Uchida 
et al. 2011, 2012)

9.3.1.2  Intracerebral Distribution

Apart from plasma pharmacokinetics and BBB transport also other factors processes 
may be important determinants for actual target site concentrations. These factors 
may include extracellular metabolism, extra-intracellular distribution, and exchange 
of the drug between ECF and CSF (Cserr and Bundgaard 1984; Wong et al. 1992; 
Malhotra et al. 1994; Williams et al. 1995; De Lange et al. 1995c; Yang et al. 1997; 
Shen et al. 2004; Westerhout et al. 2012; Syvänen et al. 2012). As an example, for a 
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drug with low BBB permeability but fast accumulation into brain cells, the ECF 
concentrations will be lower than in case no intracellular accumulation takes place. 
Therefore, it is a prerequisite to take total brain concentrations into account, because 
otherwise the extent and rate of transport into the brain will be underestimated. 
Moreover, intra-extracellular exchange may include active transport mechanisms 
(Lee et al. 2001) and potential change in this transport by coadministration of 
transport inhibitors, intended to modify BBB transport, could as well modify 
extra-intracellular exchange. The effect of brain ECF to parenchymal exchange has 
been clearly demonstrated by the microdialysis study by Scism on valproate in rabbits. 
Coadministration of probenecid via the probe increased the intracellular concentrations 
without affecting brain ECF concentrations, indicating the presence of a probenecid-
sensitive efflux transporter at the brain parenchymal cells (Scism et al. 1997).

9.3.1.3  Blood–Cerebrospinal Fluid-Barrier (BCSFB) Transport

With time, the potential contribution of the BCSFB in drug transport into and out of 
the brain has become clear. The BCSFB is based in the epithelial cells of the choroid 
plexus in which also transporters are expressed (Nishino et al. 1999; Wijnholds 
et al. 2001; De Lange 2004). To date there is no full consensus on the transport 
direction and subcellular localization of all the different transporters. As presented 
above, it has been well established that P-gp functions as an efflux transporter at the 
BBB, either by efflux enhancement or by influx hindrance (Tunblad et al. 2004b; 
Syvänen et al. 2006). However, the transport direction of P-gp at the level of the 
BCSFB is unclear. There have been some indications that P-gp functions as an 
influx transporter at the BCSFB. Noninvasive single-photon-emission computed 
tomography (SPECT) studies with 99mTc-sestamibi, a membrane-permeant radio-
pharmaceutical that is a substrate of both P-gp and MRP, were performed by Rao 
et al. (1999). It was concluded that P-gp localizes subapically at the choroid plexus 
epithelium, with transport into the direction of the CSF. Also Kassem et al. (2007) 
came to the same conclusion based on their studies on thyroxine transfer from CSF 
to choroid plexus and ventricular brain regions in rabbit. A recent study of the 
detailed kinetics of the strong P-gp substrate quinidine in different sites of the brain 
(brain extracellular, lateral ventricle, and cistern magna) could not confirm active 
influx of quinidine from blood into the ventricles (Westerhout et al. 2012). This is 
in line with findings of only minimal expression of P-gp at the choroid plexus cells 
of the lateral and fourth ventricle by Gazzin et al. (2008).

Interestingly, the BBB and the BCSFB have many similarities but also differ-
ences with regard to location and surface, but also both qualitatively and quantita-
tively between the plethora of active transport properties being expressed. It can 
be seen that this may impact on drug distribution at different sites/parts of the 
brain (Fig. 9.6).
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9.3.1.4  Pathologic Conditions

An important feature is that the BBB is under continuous physiologic control by 
surrounding astrocytes, pericytes, neurons, and plasma components. All together, 
these factors determine the delicate homeostasis of the brain environment. This 
dynamic regulation of the BBB indicates that different situations may result in 
different BBB functionalities and changes in pathological conditions (Zlokovic 
et al. 1989; Oztaş and Küçük 1995; Oztaş et al. 2004; Oztas et al. 2007; Mulder 
et al. 2001; Ederoth et al. 2004; Langford et al. 2004; De Lange et al. 2005; Bell and 
Zlokovic 2009; Bengtsson et al. 2009; Zlokovic 2010). BBB functionality changes 
may influence drug transport across the BBB and, therefore, they may have impor-
tant implications for the target site kinetics.

9.3.1.5  Impact of Blood–Brain Transport and Brain Distribution  
on PKPD Relationships

Wang and Welty (1993) studied the concentration–time profile of gabapentin in 
plasma and brain ECF by microdialysis, and end-of-experiment whole brain tissue 
in rats, and determined the anticonvulsant effects of gabapentin by maximal electro-
shock. Brain ECF concentrations of gabapentin were very small (~5 %) in comparison 
with those in plasma, while brain tissue concentrations were equal to or greater than 
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Fig. 9.6 Simplified and schematic representation of the brain, with passive and active transport 
processes, and metabolism, that all govern the concentration–time profile of the free drug at differ-
ent locations in the CNS and therewith CNS drug effects
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those in plasma. Wang and Welty were the first to introduce the term “volume of 
distribution in brain” (Ve,app) as the extent of drug distribution between brain 
unbound to brain tissue. For gabapentin a large Ve,app was found (5.5 mL/g-brain). 
Furthermore, the maximal anticonvulsant effect of gabapentin lagged behind both 
plasma and brain ECF gabapentin concentrations indicating that the anticonvulsant 
effect of gabapentin is delayed relative to plasma concentrations by time-dependent 
events in distribution from blood to brain and even deeper into the brain.

Stain-Texier et al. (1999) showed that M6G brain ECF concentrations were 
~125-fold (!) higher than the calculated intracellular levels, showing that M6G is 
almost exclusively distributed into brain ECF, which is highly favorable for expo-
sure to the opioid receptors. Bouw et al. (2001a, b) further investigated the contribu-
tion of the blood–brain barrier (BBB) transport to the delay in antinociceptive effect 
of morphine-6-glucuronide (M6G), and studied the equilibration of M6G in vivo 
across the BBB with microdialysis measuring unbound concentrations. They found 
a significant longer half-live of M6G in brain ECF than in blood. Active efflux in 
BBB transport of M6G was indicated by the extent of BBB transport being far 
below unity (~25 %). Ve,app of M6G was ~20 % of the brain, corresponding with 
the brain ECF space, in line with the data of Stain-Texier et al. (1999). Furthermore, 
it was found that about half of the delay between blood concentrations and antino-
ciceptive effect of M6G was attributed to slow transport across the BBB. For mor-
phine the contribution of BBB transport of to the delay in antinociceptive effect was 
even larger (Bouw et al. 2000). Lötsch et al. (2002) further assessed the relationship 
between spinal concentrations and antinociceptive effects of M6G in rats, and 
showed that pharmacological inhibition of P-gp resulted in approximately twofold 
increase in the M6G spinal cord/plasma concentration ratio while also the antinoci-
ceptive effects of M6G were significantly enhanced.

For the antiepileptic drug oxcarbamazepine Clinckers et al. (2008) studied simul-
taneously the concentration–time profile of oxcarbamazepine and effects on hippo-
campal monoamines as pharmacodynamic markers for the anticonvulsant activity, 
in absence or presence of locally administered P-gp inhibitors in a rat model of 
epilepsy. Although systemic oxcarbazepine administration alone failed in prevent-
ing the animals from developing seizures, coadministration with verapamil (as P-gp 
blocker) or probenecid (as MRP’s blocker) offered complete protection. 
Concomitantly, significant increases in extracellular hippocampal dopamine and 
serotonin levels were observed.

All together these studies clearly demonstrate that (active) transport processes at 
the BBB and brain distribution beyond have an impact on the response and should 
be taken into account to better understand PKPD relationships of CNS drugs.

9.3.2  Target Site Interaction and Signal Transduction

Many times brain distribution is studied without measuring associated (biomarkers 
of the) effects. Actually, it would be of great added value if PK and associated PD 
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would be obtained in a single experimental subject or at least single experimental 
context. So, therefore, it is of importance to learn more about factors in target acti-
vation and signal transduction, as addressed in this chapter.

Here we assume the target being a receptor. At equilibrium, the relationship 
between agonist concentration ([A]) and agonist-occupied receptor ([AR]) is 
described by (9.3):

 [ ] ([ ] [ ]) / ([ ] )AR RT A A KA= × +  (9.3)

in which [RT] represents total receptor concentration and KA represents the agonist- 
receptor equilibrium dissociation constant.

9.3.2.1  Operational Model of Agonism

Receptor theory as included in the operational model of agonism assigns mathemat-
ical rules to biological systems in order to quantify drug effects and define what 
biological systems can and cannot do, leading to the design of experiments that may 
further modify the model. For the relation between agonist-occupied receptors [AR] 
and receptor activation Black and Leff (1983) derived a practical or “operational” 
equation. If agonist binding to the target is hyperbolic and the concentration–
response curve has a Hill slope of 1.0, the equation linking the concentration of 
“agonist-occupied receptors” to the response must also be hyperbolic. This leads to 
the “transducer function,” as the mathematical representation of the transduction of 
receptor occupation into a response, in (9.4):

 E = × +( [ ]) / ([ ] )Em AR AR KE  (9.4)

The parameter, Em, is the maximum response possible in the system (tissue).  
It is important to note that this is not necessarily equal to the maximum response 
that a particular agonist actually produces (Fig. 9.7). The parameter KE is the con-
centration of [AR] that elicits half the maximal tissue response, Em. The efficacy of 
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an agonist is determined by both KE and the total receptor density of the tissue 
([RT]). Black and Leff (1983) combined those two parameters into a ratio ([RT]/
KE) and called this parameter tau (τ), the “transducer constant.”

It actually indicates that two agents in a setting with equivalent sets of receptors 
may not produce equal degrees of effect even if both agents are given in maximally 
effective doses. This is due to differences in “Intrinsic activity” (or efficacy) that can 
be defined as the property of a drug that determines the amount of biological effect 
produced per unit of drug–receptor complex formed. Thus, the drug that produces 
the greater maximum effect has the greater intrinsic activity. It is important to 
note that intrinsic activity is not the same as “potency” and may be completely 
independent of it.

Activation of the receptor should be “transduced” to elicit the response. 
Combining the hyperbolic occupancy equation with the hyperbolic transducer 
function yields an explicit equation (9.5) describing the effect at any concentration 
of agonist:

 E n n n n n= × × + + ×( [ ] ) / ( [ ] ) [ ] )Em A KA A At t  (9.5)

in which E = effect, Em = maximum response achievable in system, KA = agonist 
dissociation equilibrium constant, and n = slope index of the receptor occupancy 
effect function. It actually describes a 3-dimensional interrelationship as can be 
seen in Fig. 9.8.

Intrinsic activity—like affinity—depends on the characteristics of both the drug 
and the receptor, but intrinsic activity and affinity apparently can vary independently. 
This means that the EC50 does not equal KA but rather KA/(1 + τ). As an example, 
having a strong agonist that reaches a 50 % response upon binding fewer than half 
the available receptors, its EC50 will be much less than KA.

Receptor affinity and intrinsic activity are “drug-specific” properties and can be 
estimated in in vitro bioassays, with the maximal response of the drug being deter-
mined, not from single dose–response curves but from using pairs of dose–response 
curves (usually treatment and control) for a particular tissue, here CNS, sharing 
some parameters.

Subsequent simultaneous analysis of the resulting different PKPD relationships 
must be performed to build a mechanism-based model that explicitly distinguishes 
between the drug-specific and the system-specific properties to allow prediction of 
the intrinsic activity and potency of another drug for a particular pharmacological 
effect or response. These different PKPD relationships may be obtained in 
different ways.

• Studying one agonist under control conditions and conditions in which the 
number of receptors available for binding is reduced (Furchgott 1966; Garrido 
et al. 2000).

• Studying series of chemically similar drugs with varying degrees of agonism for 
the specific receptor and simultaneous analysis of the PKPD relationships (Cox 
et al. 1998; Groenendaal et al. 2008).
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The operational model of agonism has been successfully applied in numerous in 
vitro studies and later also in mechanisms-based PKPD analysis of in vivo drug 
effects (Kenakin 2004; Danhof et al. 2005, 2007). For adenosine A1 receptor ago-
nists a good correlation was observed between the in vivo pKA and the in vitro pKi 
and also between the in vivo efficacy parameter (τ) and the in vitro GTP shift (as 
measure for intrinsic activity), thus enabling the prediction of in vivo concentra-
tion–effect relationships (Van der Graaf and Danhof 1997a, b; Van der Graaf et al. 
1999). In addition, excellent in vitro–in vivo correlations have also been observed 
for benzodiazepines (Tuk et al. 1999, 2002; Visser et al. 2003) and neuroactive ste-
roids (Visser et al. 2002).

Taken together, incorporation of receptor theory into PKPD models on in vivo 
concentration–effect relationships could provide information on:

• Tissue selectivity of drug effects (Van Schaick et al. 1998)
• Interspecies differences in concentration–effect relationships
• Tolerance and sensitization (Cleton et al. 2000)
• Intra- and interindividual variability

Fig. 9.8 A certain agonist concentration [A] leads to a certain occupancy of the receptor (concen-
tration of the receptor–agonist complex [AR]). Then, receptor occupancy should be “transduced” 
to elicit the response E. The relation between agonist concentration, receptor occupancy, and elic-
ited effect can be described by a 3-dimensional interrelationship. Em = maximum response achiev-
able in system, KA = agonist dissociation equilibrium constant, n = slope index of the occupancy 
effect function, R0 = total number of available receptors, Ke = concentration occupied receptors 
[AR] that produces 50 % of maximal effect, τ = transducer constant or efficacy parameter (=R0/Ke)
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Of course, life is not that simple that in all cases the incorporation of receptor 
theory in mechanism-based PKPD models was successful. For the opioids alfent-
anil, fentanyl, and sufentanil, it was shown by simulation that the concentration–
effect relationships could be explained by the operational model of agonism under 
the assumption of a considerable receptor reserve (Cox et al. 1998), while also, a 
shift in the concentration–effect relationship of alfentanil was observed following 
pretreatment with the irreversible μ-opioid receptor antagonist β-funaltrexamine, 
which was consistent with the 40–60 % reduction in the available number of spe-
cific μ-opioid binding sites as shown in an in vitro receptor bioassay (Garrido et al. 
2000). However, a proper incorporation of the receptor theory in a mechanism- 
based PKPD model of the opioid receptor agonists could not been accomplished.

Also, for the 5-HT1A receptor agonists, a rather poor correlation was found 
between the in vivo pKA and the in vitro pKi, despite a good correlation between in 
vivo and the in vitro GTP shift (Zuideveld et al. 2007). Failure of successful inclu-
sion of the receptor theory in the PKPD models of the opioid and 5-HT1A agonists 
could be due to complexities at the level of blood–brain transport and intracerebral 
distribution which was not addressed in these studies, as estimates of hypothetical 
target site concentrations were made using the link model.

When solving shortcomings in knowledge on target site distribution of drugs, the 
principles of the operational model will provide the basis for future developments in 
drug development by classifying drugs and predicting their mechanism of action in 
pharmacology (Kenakin and Christopoulos 2011)

9.3.3  Mechanism-Based PKPD Modeling Including Complex 
Target Site Distribution

As indicated above, the mechanism-based PKPD analysis of the EEG effects of the 
opioids alfentanil, fentanyl, and sufentanil, using the operational model of agonism 
(Cox et al. 1998) did not predict in vivo efficacies of these opioids. Moreover, alfen-
tanil, fentanyl, and sufentanil all appeared to behave as high-efficacy (full) agonists. 
However, for the development of a mechanism-based PKPD model for the central 
effects of opioids, additional PKPD data on low-efficacy (partial) agonists were 
needed, as well as information on the target site equilibration. Therefore, also in 
vivo PKPD studies on the EEG effects of nalbuphine, butorphanol, and morphine 
were included to contribute to further data analysis (Groenendaal et al. 2007a, b, 
2008). In addition, in vitro studies on passive permeability rates of membrane trans-
port and P-gp interaction of all opioids were performed using cell systems com-
prised of epithelial cells transfected with either the human MDR1 or the rodent 
MDR1a gene. The results of these investigations confirmed that morphine is a P-gp 
substrate and that its transport could be inhibited by the P-gp inhibitor GF120918 
(elacridar). Alfentanil, fentanyl, and sufentanil were found to be inhibitors of P-gp, 
but could not be identified as substrates for this efflux transporter. No interaction 
with P-gp was observed for butorphanol. For alfentanil, fentanyl, sufentanil, and 
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butorphanol, the passive permeability across the monolayers was very high, whereas 
for morphine and nalbuphine the passive permeability was low. For morphine more 
information was needed on its BBB transport in conjunction to its EEG effect. To 
quantitatively determine the influence of BBB transport on the PKPD relationship 
of morphine, including P-gp-mediated efflux, the combined EEG/microdialysis 
technique was developed and used. For morphine the functionality of transporters at 
the BBB was found to be a major determinant of the time-course of brain ECF 
concentrations as well as on the EEG effect though brain ECF concentrations could 
not be used to directly predict EEG effects. Still, the data of all opioids could not be 
condensed into one mechanism-based model on the central effects of opioids using 
the operational model of agonism. So, this indicates that lots of insights on PKPD 
relationships of opioids have been gained, but remaining parts between brain 
unbound morphine concentration and EEG effect remaining to be determined.

9.4  Current Status

9.4.1  Quantitative Translational Systems Approach  
in PKPD Modeling

Since biological systems operate at different set points in the body under different 
conditions, the ability to predict drug effects under a variety of circumstances is 
important (Ingss 1990; Van der Graaf and Danhof 1997a, b; Kenakin 2008; 
Gabrielsson and Green 2009; Van Steeg et al. 2007, 2009, 2010). Moreover, as bio-
logical system mechanisms are concurrently working, there is a need for integrated 
in vivo experiments, e.g., that the experiments address multiple mechanisms (/bio-
markers) at the same time. Using animals, we can learn more on the interrelation-
ship of the different pharmacokinetic processes, by performing integrative studies in 
which variables are systematically varied (e.g., inhibition of an efflux transporter or 
induction of pathological state, or using a different drug or route of administration). 
By these are so-called integrative cross-compare designed studies (Westerhout et al. 
2011, 2012; De Lange 2013a, b) we can dissect contributions of individual mecha-
nisms in animals using mechanism-based mathematical modeling. This provides 
the links to the human situation based on the parsimony of the biological system.

9.4.2  Classification of Biomarkers

In translational models, specific expressions are needed that quantitatively charac-
terize processes on the causal path between drug administration and effect. These 
include target site distribution, target binding and activation, transduction, PD inter-
actions, and homeostatic feedback mechanisms (Mandema et al. 1991; Cox et al. 1998; 
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Van der Graaf and Danhof 1997a, b; van Steeg et al. 2009). Ultimately also the 
effects on and of disease processes and disease progression have to be considered. 
These can be characterized by biomarkers according to the following classification 
of biomarkers (Danhof et al. 2005; Fig. 9.9):

• Type 0 biomarkers refer to the genotype or phenotype as determinant of the drug 
response, that influences target site exposure or response due to variation in the 
expression of e.g., enzymes or receptors. They are commonly used as covariates 
in PKPD models.

• Type 1 biomarkers refer to drug concentrations in general and at the target site 
in particular. As previously pointed out, quantitative biomarkers that represent 
the target site distribution of drugs and metabolites for compounds that act in the 
CNS are difficult to obtain in man, but readily available in vivo in animals 
(De Lange et al. 2005).

• Type 2 biomarkers refer to the degree of target occupancy. In theory, effects may 
occur at different degrees of target occupancy and may be species dependent. 
The relationship between target occupancy and effect is therefore important for 
the understanding of inter- and intraindividual variability. Information on target 
occupancy is available by bioassays in vitro and can also be noninvasively mea-
sured in humans by positron emission tomography (Kapur et al. 2000; Kvernmo 
et al. 2006, 2008).

• Type 3 biomarkers refer to quantification of the target site activation. By means 
of in vitro bioassays information can be obtained on receptor activation in animal 
and man. Techniques like electroencephalograms (EEG) (Kropf and Kuschinsky 
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Fig. 9.9 In translational models, specific expressions are needed that quantitatively characterize 
processes on the causal path between drug administration and effect. These can be characterized 
by different types of biomarkers according to the presented classification
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1993; Vorobyov et al. 2003) and functional-magnetic resonance imaging (fMRI) 
can obtain specific receptor activation in preclinical and clinical in vivo setting.

• Type 4 biomarkers refer to physiological measures in the integral biological sys-
tem, which are often controlled by homeostatic feedback mechanisms (Bagli 
et al. 1999). Such measures can for example be on pituitary hormones that play 
a very important role in communication between CNS and periphery (Freeman 
et al. 2000).

• Type 5 biomarkers characterize disease processes and are particularly useful in 
clinical settings. (However, an important question is whether type 5 biomarkers 
can be identified in animal models of disease; Holford and Nutt 2008).

• Type 6 biomarkers refer to clinical endpoints, such as occurrence of a disease, 
symptom, sign, or laboratory abnormality that links to target outcomes (Holford 
and Nutt 2008).

Obtaining combined information on a number of biomarker types (preferable in 
parallel, within a single biological system) will allows the development of better 
models, with increased accuracy and predictability. The better we will be able to 
develop predictive models in preclinical studies, the more the number of often 
extremely costly clinical studies can be reduced.

The focus should therefore be on the design of quantitative in vivo animal studies 
such that translational pharmacology approaches can be applied (Boxenbaum 1982; 
Danhof et al. 2008; Fridén et al. 2009). Especially, to that end, in refined animal 
models the biomarkers of the effect that can be measured in both animals and human 
will be useful.

9.4.3  Development of a Translational PKPD Model  
on D2 Receptor Inhibition

Investigations on drugs that interact with the dopaminergic system in the brain are 
of interest as many diseases, including Parkinson’s disease, schizophrenia, and 
depression, are related to dysfunctions in the dopaminergic system. Since dopamine 
is an important neurotransmitter in hypothalamic control, pituitary hormones have 
high potential as type 4 biomarkers for dopaminergic activity in the brain (Freeman 
et al. 2000), as these are secreted into blood and blood levels can be assessed in both 
animal and human. One of these hormones is prolactin. Prolactin is synthesized in 
the lactotrophs of the pituitary, and its release into plasma will occur upon dopami-
nergic inhibition (specifically the D2 receptor; Fig. 9.10).

Remoxipride is a weak, but selective, dopamine-D2 receptor antagonist (Farde 
and Von Bahr 1990; Köhler 1990) and was prescribed as an atypical antipsychotic 
(Roxiam®) at the end of the 1980s. Due to a few cases of aplastic anemia, the drug 
was withdrawn from the market (Philpott 1993). The data that have been obtained 
before that time in clinical setting can still be used and extensive clinical PKPD 
datasets are available for remoxipride and prolactin plasma data (Movin-Osswald 
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et al. 1995). In recent studies, remoxipride was used as a paradigm compound in 
rats, finally enabling investigation of animal to human extrapolation of dopaminer-
gic drug effects (Stevens et al. 2012) and the development of the translational model, 
first for intravenous to intranasal administration, then from rat to human, is pre-
sented below.

9.4.3.1  Development of the PKPD Model Following Intravenous 
Administration in Rats

Following intravenous administration of remoxipride as a model drug for dopami-
nergic D2 receptor inhibition, using the levels of the pituitary hormone prolactin in 
plasma as a pharmacodynamic readout (Fitzgerald and Dinan 2008; Stevens et al. 
2011, 2012). Remoxipride pharmacokinetics was determined in plasma, and in 
brain ECF by microdialysis, as the latter was anticipated to allow better prediction 
of pharmacodynamic effects in a PKPD model. After assessment of baseline varia-
tion in prolactin plasma concentrations, the prolactin response (increase in plasma 
concentrations) upon intravenous administration of three different single doses of 
remoxipride was obtained. Also, the prolactine response was measured following 
double low dosing of remoxipride with different time intervals to get information on 
the synthesis of prolactin in the lactotrophs of the pituitary similar to the data 
obtained in human (Movin-Osswald and Hammarlund-Udenaes 1995; Fig. 9.11)

D3 + D5 
hypothala
mus

D1 + D2   
corpus 
striatum

D1 – D5   
cerebral cortex 
limbic system

hypothalamus

white 
matter

ventricles

thalamus

cerebral 
cortex

globus pallidus

co
rp

us
 s

tr
ia

tu
m caudate 

nucleus

Caudate
putamen
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The PKPD model was developed in multiple steps, comparing different structural 
models and model quality testing. The final mechanistic PKPD model consisted of a:

• Pharmacokinetic model for plasma and brain unbound remoxipride concentrations.
• Pool model for prolactin synthesis and storage and its release into- and elimina-

tion from plasma.
• Positive feedback of prolactin plasma concentrations on prolactin synthesis.
• (Not unbound plasma but specifically) the unbound brain concentrations of 

remoxipride for the inhibition of the D2 receptor, and resulting stimulation of 
prolactin release into plasma.

It is of interest that plasma prolactin concentrations had a positive feedback on 
prolactin synthesis in the lactotrophs and that brain unbound remoxipride concen-
trations were indistinguishable from target site concentrations to drive the release of 
prolactin into plasma.

Fig. 9.11 Information on the synthesis rate of prolactin in the lactotrophs can be obtained by the 
double dosing approach (Movin-Osswald and Hammarlund-Udenaes 1995). After the first dose of 
the D2 antagonist the lactotroph is depleted from prolactin. The time to the second dose (interval) 
will determine how much prolactin has been newly synthesized and can be released by the D2 
antagonist at that time. (a) Fully filled lactotroph with dopaminergic inhibition (b) release of pro-
lactin content from the lactotroph upon antagonizing dopaminergic inhibition by the D2 antagonist 
(c) partly filled lactotroph after some time and (d) release of the newly synthesized prolactin by the 
second dose of the D2 antagonist
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Although the strong positive feedback by plasma prolactin suggested in this 
study is not consistent with a few previous findings (Movin-Osswald et al. 1995; 
Friberg et al. 2008; Ma et al. 2010), other literature seems to support our current 
observation of a positive feedback (Freeman et al. 2000; Phelps 1986; Ben Jonathan 
et al. 2008). Since prolactin receptors are present in the cell membranes of lacto-
trophs and their activation can result in synthesis of prolactin, this demonstrates that 
lactotrophs can perceive and respond to prolactin concentrations in a paracrine man-
ner by which release of prolactin by lactotrophs (depletion) increases the prolactin 
synthesis to “refill” the lactotrophs.

9.4.3.2  Extension of the PKPD Model for Intranasal Administration 
in Rats

Next to rapid systemic uptake of compounds, intranasal administration may provide 
a direct way for delivery of therapeutics into the CNS (Hanson and Frey et al. 2008; 
Baker and Spencer 1986; Bagger and Bechgaard 2004; Constantino et al. 2007). 
If direct transport into the brain would be possible, intranasal administration could 
enhance the CNS target site bioavailability and therewith a more selective effect of 
CNS drugs (Graff and Pollack 2004; Illum 2000, 2004; Jansson and Bjork 2002). 
Intranasal administration could be a promising alternative for dopaminergic drugs 
because oral administration is often limited due to active first-pass clearance by the 
liver while also frequently restricted BBB transport of dopaminergic drugs has been 
reported (Dhuria et al. 2009).

Using a previously reported minimum stress, freely moving rat model for intra-
nasal drug administration (Stevens et al. 2009), plasma- and brain ECF samples 
were obtained over time, after giving remoxipride intranasally at the same dosages 
as in the intravenous study, and measuring the resulting prolactine levels in plasma 
within the same rats.

The remoxipride PKPD model as developed on intravenous data was extended 
by adding an absorption compartment to allow simultaneous fitting of the intrave-
nous and intranasal datasets. However, for proper description of the intranasal data 
by the model, a second absorption compartment with transport of remoxipride 
direct from nose to brain had to be included. The visual predictive check of the final 
model showed good prediction of the plasma- and brain ECF observations after 
intravenous and intranasal administration (Stevens et al. 2011; Fig. 9.12). Thus, a 
multicompartment pharmacokinetic model with two distinct absorption compart-
ments, nose-to-systemic and direct nose-to-brain was found to best describe the 
observed pharmacokinetic data. Absorption was described in terms of bioavailabil-
ity and rate. Total bioavailability following intranasal administration was ~90 % of 
which ~75 % was attributed to direct nose-to brain transport. The advanced mathe-
matical model and appropriate data allowed further for having information not only 
on the extent of brain distribution but also on the rates of transport. The direct 
nose-to- brain absorption did not turn out to be a rapid route to the brain. The rate 
was slow, explaining prolonged brain ECF exposure after intranasal compared to 
intravenous administration. Thus, by the experimental combined with mathematical 
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modeling approach explicit separation and quantitation of systemic- and direct 
nose-to-brain transport after intranasal administration of remoxipride in the rat 
could be made.

An important finding was that brain ECF (brain unbound) concentrations could 
directly be linked to the observed effect on prolactin plasma concentrations follow-
ing intranasal administration, while the model did not converge with using plasma 
concentration data of remoxipride. It shows the importance of having kinetic infor-
mation of unbound concentrations as close to the receptor as possible, as was indi-
cated by study of Watson et al. (2009), in which brain unbound concentrations were 
found to be a better predictor of dopamine D2 receptor occupancy than total brain 
concentration, CSF concentration, or blood unbound concentration.

9.4.3.3  Use of the Structural Preclinical PKPD Model to Finally Predict 
Human PKPD

When drug-specific and biological system-specific parameters are quantified in a 
PKPD model it provides the opportunity to scale the system-specific parameters from 
animal to human to translate PKPD relationship to man. Allometric scaling of drug 
pharmacokinetic properties and biological system-specific parameters has been used 
in translational investigations, with reasonable degree of success, to predict drug 
effects in humans (Yassen et al. 2007; Zuideveld et al. 2007). But, pharmacodynamic 
properties are more difficult to scale compared to pharmacokinetic properties, since 
pharmacodynamic parameters are often not related to bodyweight (e.g., receptor 

Fig. 9.12 Visual predictive check of the PK model for plasma and brainECF data (dots) (95 % 
percentiles inclusion as gray areas) for remoxipride following intravenous (IV) and intranasal (IN) 
administration
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occupancy). Such information may be available by in vitro bioassays. For many 
drugs and endogenous compounds, clinical information is often readily available, 
like for target binding characteristics of dopaminergic compounds (Kvernmo et al. 
2006, 2008) and on prolactin in animals and human (Ben Jonathan et al. 2008). BBB 
transport of remoxipride in humans was assumed to be comparable to that in rat (in 
essence based on passive diffusion). The preclinical translational human PKPD 
model successfully predicted the system prolactin response in humans, indicating 
that positive feedback on prolactin synthesis and allometric scaling thereof could be 
a new feature in describing complex homeostatic mechanisms (Fig. 9.13).

9.5  Future Directions

We have to accept that CNS drug delivery and CNS disease research is complex, 
and we need to (continue to) put efforts in performing the type of investigations that 
provide data that we learn from in having a CNS drug “at the right place, at the right 
time, and at the right concentration.”

Since biological systems operate at different set points in the body under different 
conditions, the ability to predict drug effects under a variety of circumstances is 
important and more advanced experimental designs are needed to decipher and 
learn more on the factors that govern plasma pharmacokinetics, BBB transport 
intrabrain distribution, as well as their interrelationships and consequences for CNS 

Fig. 9.13 Preclinical-derived translational PKPD model for remoxipride and its effect on plasma 
concentrations of prolactin
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effects in the different settings (Garrido et al. 2000; Grime and Riley 2006; 
Gabrielsson and Green 2009; Danhof et al. 2007, 2008; Ploeger et al. 2009; Kenakin 
and Christopoulos 2011). Therefore, individual processes on the causal path between 
drug dose and CNS effect should be systematically varied (e.g., inhibition of an efflux 
transporter, or induction of pathological state, and so on and so forth) to study the 
impact on the PKPD relationships are measured in a time-dependent manner. Therefore, 
in the design of future experiments we always need to consider the following.

• Combining different levels of biomarkers (see all types Sect. 9.4.2) in single 
subjects as outcomes are context dependent (most important!).

• Measuring unbound drug concentrations as it is the unbound drug that is able to 
interact with its target and therefore drives the effect.

• Involving time dependencies.
• Understanding the mechanisms involved in uptake into and efflux from the brain, 

but also plasma pharmacokinetics and intrabrain distribution and their mutual 
interrelationships.

• Including drug receptor theory as a tool for quantifying the activity of drugs in a 
system-independent manner.

• Identifying the heterogeneity in rate and extent of mechanisms on the causal 
chain between dose and CNS effects (including challenges/disease conditions).

• Using advanced mathematical modeling to integrate all these data to build pre-
clinical mathematical models (generalized frameworks).

• Using human data to test validity of the models after tuning this to human conditions.
• Improving interspecies extrapolation of pharmacokinetics, by using a more 

physiologically based pharmacokinetic modeling approach.

Such approach may be referred to as the “Mastermind Research Approach,” in 
analogy of the game (Fig. 9.14, De Lange 2013a). It makes that the predictive value 
of the models on PKPD relationships of CNS drugs will increase significantly and 
the outlook is therefore that clinical studies would suffice with fewer individuals 
and less samples per individual, for proof of concept in man.

9.6  Challenges

Performing integrative studies is not without big challenges.

• From the perspective of the subject, it is of course impossible to integrate research 
at all biomarker levels within a single subject, but a combination of a subset of 
major aspects will do.

• From a technical perspective, there are limitations to what level subjects can be 
instrumented, and development, improvement, and refinement of techniques 
remain important.

• When it comes down to challenges applied to the subject, there are limitations, for 
humans much more than for animals. Integrity of the physiology of subjects remains 
to be a high priority. Then, intentionally inducing a disease state can be performed 
only in animals, and animal disease may at best partly reflect that in human.
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• With increasing complexity of experiments, the chance of failures will increase. 
Thus, from the people perspective, performing advanced surgeries, complex 
experimentation, and the use of apparatus needed for monitoring techniques, 
advanced mathematical data analysis, and model development can be performed 
only by well-trained and skilled persons.

• In an overall perspective, Good Academic (/Clinical) Research Practice in terms 
of preparation of experiments, administration of files, data storage and use in 
building mathematical models, and last but not least communication, should be 
effectuated.

9.7  Conclusions

For a proper CNS effect the drug should have the ability to access the CNS “at the 
right place, at the right time, and at the right concentration.” To that end a number 
of key issues need to be considered:

• To develop treatments with improved safety and efficacy, one of the scientific 
challenges is to understand the biological mechanisms underlying the PKPD 
relationships of CNS drugs. Knowledge on an only one individual processes is 
worthless and its role should be investigated in multiple contexts.

Fig. 9.14 The approach of 
using integrative cross- 
compared designed studies, 
literature data, and advanced 
mathematical modeling to 
dissect contributions of rate 
and extent of individual 
mechanisms in dose–CNS 
effect relationships in 
different conditions, as the 
basis for translation between 
conditions. This approach 
may be shortly abbreviated as 
the “Mastermind Research 
Approach,” in analogy of the 
strategic approach that is 
needed to “decipher the 
code” in the game called 
“Mastermind.” This approach 
makes that the predictive 
value of the models on PKPD 
relationships of CNS drugs 
will increase significantly
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• PKPD modeling is the golden standard to investigate such complex mechanisms. 
Often, these models include plasma drug concentration–effect relationships. 
However, when the target site is in a tissue, a discrepancy between unbound 
plasma concentrations and unbound tissue concentrations should be considered.

• Investigations on the kinetics of the unbound drug are indispensable. These are 
the concentrations seen by the target and a more mechanistic approach should be 
aimed at understanding the factors that control unbound drug concentrations at 
the target site.

• To have information on what concentrations can actually represent target site 
concentrations, measurement of concomitant effects of the drug is needed.

• Advanced mathematical modeling techniques are needed to reveal complex rela-
tionships of body processes and interactions of the body and the drug, to be 
ultimately settled down in mathematical models.

9.8  Points for Discussion

• Body is a total system in which processes are interdependent. Studies need to be 
designed such that mutual dependence gets clear. How can studies be best 
designed to have the most valuable data collected?

• What concentrations in human can be assessed and used best to predict CNS 
target site concentrations?

• Can we address sources of variability between drug responses in human popula-
tions, aiming at personalized CNS medicine?
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Abstract Methods used in drug discovery laboratories for assessing the delivery of 
small molecules to the brain have changed significantly in recent years. There is 
now more focus on measuring or estimating target unbound drug concentrations in 
the brain and evaluating the quantitative aspects of drug transport across the blood–
brain barrier (BBB). The techniques for investigation of the rate and extent of BBB 
transport of new chemical entities (NCEs) are discussed in this chapter. Combinatory 
methodology for rapid mapping of the extent of brain drug delivery via assessment 
of the unbound drug brain partitioning coefficient is presented. The chapter also 
explains the procedures for approximation of subcellular distribution of NCEs, 
particularly into the lysosomes. The principles, technical issues, advantages, and 
potential applications of techniques for evaluation of intra-brain distribution, i.e., 
equilibrium dialysis-based brain homogenate and brain slice methods, are described. 
The assessment of extent of BBB transport and intracellular distribution of NCEs, 
the identification of intra-brain distribution patterns, and their integration with phar-
macodynamic measurements are valuable implements for candidate evaluation and 
selection in drug discovery and development.
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BCRP Breast cancer resistance-associated protein
BCSFB Blood-CSF barrier
CB Cellular barrier
Cbuffer Concentration of compound in the buffer (brain slice method)
CNS Central nervous system
CSF Cerebrospinal fluid
Ctot,blood Total drug concentration in blood
Ctot,brain Total drug concentration in brain
Ctot,plasma Total drug concentration in plasma
Cu,brainISF Unbound drug concentration in brain interstitial fluid
Cu,cell Unbound drug concentration in intracellular fluid
Cu,cyto Unbound drug concentration in cytosol
Cu,lyso Unbound drug concentration in lysosomes
Cu,plasma Unbound drug concentration in plasma
DMPK Drug metabolism and pharmacokinetics
ECF Extracellular fluid (same as ISF)
ED Equilibrium dialysis
ER Efflux ratio
fu,brain Fraction of unbound drug in brain homogenate
fu,brain,corrected fu,brain Corrected for pH partitioning into cells
fu,hD Fraction of unbound drug in diluted brain homogenate
fu,plasma Fraction of unbound drug in plasma
HTS High-throughput screening
ICF Intracellular fluid in the brain
ISF Interstitial fluid in the brain
Kd Equilibrium dissociation constant
Kp,brain Ratio of total brain to total plasma drug concentrations (also abbrevi-

ated as BB)
Kp,uu,brain Ratio of brain ISF to plasma unbound drug concentrations
Kp,uu,cell Ratio of brain ICF to ISF unbound drug concentrations
Kp,uu,cyto Ratio of cytosolic to extracellular unbound drug concentrations
Kp,uu,lyso Ratio of lysosomic to cytosolic unbound drug concentrations
LC-MS/MS Liquid chromatography tandem mass spectrometry
logBB Logarithm of Kp,brain (BB)
MWCO Molecular weight cut off
NCE New chemical entity
neuroPK Neuropharmacokinetics
Papp Unidirectional apparent permeability coefficient measured in the 

apical-to-basolateral direction (cm/s)
PBS Phosphate buffered saline
PD Pharmacodynamics
PET Positron emission tomography
P-gp P-glycoprotein
PK Pharmacokinetics
PLD Drug-induced phospholipidosis
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PS Permeability surface area product (μL/min g/brain)
Vss Apparent volume of distribution at steady state
Vu,brain Volume of distribution of unbound drug in brain (mL g/brain)

10.1  Introduction

The existing situation in the discovery and development of drugs for CNS-related 
conditions is unprecedentedly desperate, in the face of enormous unmet medical 
need (Eaton et al. 2008; Schoepp 2011; Schwab and Buchli 2012). The probability 
of success with emerging breakthrough first-in-class CNS drugs is small. Further, 
because neurotherapeutic drugs move more slowly in the development pipeline 
(compared to, for example, AIDS antivirals), they require a relatively extended time 
to get to market (Kaitin and DiMasi 2011). Despite immense efforts from the drug 
industry and academia, it could be thought that CNS drug discovery is currently 
almost in a blind alley. In contrast, however, Weaver and Weaver have used molecu-
lar modeling to reach the conclusion that the pharmaceutical industry is still in its 
infancy when it comes to exploring the neuroactive chemical space (Weaver and 
Weaver 2011).

The reasons for the apparent failure of CNS drug discovery, such as lack of clini-
cally translatable animal disease models, lack of relevant biomarkers, and inade-
quate exposure of the CNS to potential drugs because of the blood–brain barrier 
(BBB), are generally acknowledged and are challenging to resolve (Jeffrey and 
Summerfield 2007; Hammarlund-Udenaes et al. 2008; Neuwelt et al. 2008; Kelly 
2009; Reichel 2009; Abbott et al. 2010; Brunner et al. 2012).

This chapter is dedicated to the quantitative aspects of drug transport across the 
BBB and contemporary methods of assessing CNS exposure to NCEs in drug dis-
covery and development programs. From drug discovery perspectives, it is impor-
tant to mention that the BBB per se is not the only obstacle to drug delivery to the 
brain. Inadequate understanding of the principles of drug transport at the BBB and 
a lack of appropriate interpretation of target exposure could also be seen as hin-
drances to progression (Hammarlund-Udenaes et al. 2009).

As explained in the article by Elebring and colleagues, it is becoming more and 
more imperative to separate and define two crucial aspects of drug discovery: effi-
cacy (i.e., doing the right things) and efficiency (i.e., doing things right) (Elebring 
et al. 2012). In the modern pharmaceutical industry we often observe the problems 
associated with “high-throughput” thinking (high efficiency) which typically biases 
biopharmaceutical scientists towards simple “one fits all” solutions. Alternatively, a 
tailored specific approach could be more effective. If this approach is to be applied 
to brain drug delivery, it is important initially to define what is meant by brain drug 
delivery and subsequently to identify the relevant core neuropharmacokinetic (neu-
roPK) parameters and applicable methods for the assessment of CNS exposure.

Because the novel strategies available for CNS drug delivery differ widely 
(invasive, noninvasive), the definitions of brain drug delivery, and consequently the 
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choice of appropriate neuroPK parameters, are also divergent (Pardridge et al. 1992; 
Thorne et al. 1995; Begley 1996; Huwyler et al. 1996; Pardridge 1997; Li et al. 
1999; Scherrmann 2002; Reichel et al. 2003; Begley 2004; Garberg et al. 2005; 
Garcia-Garcia et al. 2005; Terasaki and Ohtsuki 2005; Pardridge 2006; de Boer and 
Gaillard 2007; Hammarlund-Udenaes et al. 2008; Wang et al. 2009; Gaillard et al. 
2012; Stevens et al. 2012; de Lange 2013a). This chapter focuses on “classical” 
blood-to-brain delivery of small molecules, where drug delivery from the blood to 
the brain through the BBB can be described by rate and extent parameters (see 
Chap. 5, which discusses the pharmacokinetic concepts of brain drug delivery).

The rate of BBB transport is commonly characterized by the permeability sur-
face area product (PS, mL min kg−1 body weight). Being unidirectional, the PS 
describes the speed at which the drug enters the brain (Fenstermacher 1992; Tanaka 
and Mizojiri 1999; Gaillard and de Boer 2000; Summerfield et al. 2007; Liu et al. 
2008; Zhao et al. 2009). Generally, fast permeation is a key requirement for drugs 
when rapid CNS onset is wanted, e.g., for general anesthetics, and analgesics. 
Although only a limited number of compounds in a few pharmacological classes are 
required to permeate the brain quickly, the apparent BBB permeability (Papp; mea-
sured in vitro) is among the parameters considered by pharmaceutical industry to be 
essential for evaluation of BBB penetration in drug development programs (Liu 
et al. 2005; Jeffrey and Summerfield 2007; Summerfield et al. 2007). Moreover, 
combined with an in vitro P-glycoprotein (P-gp) assay, it is used as a basis for guid-
ing the lead optimization and candidate selection (Di et al. 2012a). To make this 
point more explicit, it is worth mentioning that permeability-limited drug distribu-
tion in the brain (<10 % of cerebral blood flow or logPS < −2.9) is a very rare phe-
nomenon associated with a slow equilibration time in the brain, and is not a matter 
of concern for potential CNS drugs intended for chronic administration (Abraham 
2011; Kell et al. 2011; Deo et al. 2013; Kell et al. 2013). It is obvious that permea-
bility as a test for BBB penetration is over-promoted in the pharmaceutical industry. 
The methods used for permeability measurements are not covered in this chapter, 
but are thoroughly discussed in Chaps. 6 and 7.

In the drug discovery setting, the extent of BBB transport is traditionally 
evaluated in rodents using the steady-state ratio of total brain to total plasma drug 
concentrations (Kp,brain, BB or logBB). Many generations of CNS drug discovery 
programs have been driven by optimizing Kp,brain, which has led to mass production 
of CNS compounds with high lipophilicity and development of the phenomenon 
known as the “lipidization trap”: higher lipophilicity—higher Kp,brain value—
higher brain tissue binding—lower fraction of unbound drug in the brain (Deo 
et al. 2013). Because it is affected by nonspecific binding of the drug to plasma 
proteins and brain tissue, Kp,brain masks the actual BBB net flux value (Lin et al. 
1982; Lin and Lin 1990; Kalvass and Maurer 2002; Summerfield et al. 2007; Wan 
et al. 2007; Hammarlund-Udenaes et al. 2008; Read and Braggio 2010; Friden 
et al. 2011; Longhi et al. 2011). The use of Kp,brain for optimizing novel neurothera-
peutics has thus created further confusion in the field. In this regard, the steady-
state ratio of brain interstitial fluid (ISF) to plasma unbound drug concentrations 

I. Loryan and M. Hammarlund-Udenaes

http://dx.doi.org/10.1007/978-1-4614-9105-7_6
http://dx.doi.org/10.1007/978-1-4614-9105-7_7
http://dx.doi.org/10.1007/978-1-4614-9105-7_8


275

(Kp,uu,brain) is currently considered to be the most relevant measure of BBB function 
(Gupta et al. 2006; Jeffrey and Summerfield 2007; Hammarlund-Udenaes et al. 
2008; Hammarlund-Udenaes et al. 2009; Liu et al. 2009b; Reichel 2009; Read and 
Braggio 2010; Di et al. 2012a; Doran et al. 2012).

Kp,uu,brain, the unbound drug brain partitioning coefficient, allows the assessment of 
the concentration of cerebral unbound drug, which is the main pharmacokinetic 
determinant of CNS activity of neurotherapeutics, based on a given plasma concen-
tration (Harashima et al. 1984; Kalvass et al. 2007a; Liu et al. 2009b; Watson et al. 
2009; Hammarlund-Udenaes 2010; Bundgaard et al. 2012b). Thus far, cerebral 
microdialysis has been the “gold” standard for the measurement of unbound cerebral 
concentrations in the brains of animals and humans (Elmquist and Sawchuk 1997; 
Hammarlund-Udenaes et al. 1997; de Lange et al. 1999; Elmquist and Sawchuk 
2000). However, the practice of microdialysis for evaluation of BBB penetration in a 
drug discovery setup is limited mainly due to extensive adsorption to plastic tubing 
and probe. Nevertheless, a clinically relevant picture of the extent of brain drug deliv-
ery can be achieved by multidimensional evaluation of pharmacokinetic (PK) param-
eters such as Kp,brain, the volume of distribution of unbound drug in the brain (Vu,brain), 
and the fraction of unbound drug in the plasma (fu,plasma) (Chap. 5 and Sect. 10.5).

A very important element of brain drug disposition, although it is unrelated to the 
BBB, is the intracerebral distribution of the drug, which is discussed in Sects. 10.2–
10.4. Enhanced understanding of the distribution of the drug in the brain provides 
new perspectives on the pharmacodynamics of neurotherapeutics. Typically, brain 
tissue binding is measured as the fraction of unbound drug in the brain (fu,brain) using 
an equilibrium dialysis (ED) technique to assess the extent of nonspecific binding to 
brain tissue (Kalvass and Maurer 2002; Kalvass et al. 2007a; Wan et al. 2007; Friden 
et al. 2011; Longhi et al. 2011; Di et al. 2012b). The method is mainly assessing 
intracellular binding (Friden et al. 2007; Friden et al. 2011).

Alternatively, the volume of distribution of unbound drug in the brain (Vu,brain), 
estimated using the fresh brain slice method, can allow assessment of the overall 
uptake by brain tissue (Kakee et al. 1997; Liu et al. 2006; Benkwitz et al. 2007; 
Friden et al. 2009a; Kodaira et al. 2011; Uchida et al. 2011a). In this chapter, we 
have chosen to express information from brain homogenate studies as fu,brain and 
information from brain slice studies as Vu,brain to differentiate and clarify the infor-
mation as much as possible. Both these parameters, Vu,brain and fu,brain, permit estima-
tion of the concentration of unbound drug in brain ISF (Cu,brainISF) using total brain 
concentration (Ctot,brain) measurements, and give an indication of the probable extra-
cellular target engagement. However, the intracellular concentration of unbound 
drug is also of great interest. In view of this, approximation of the ratio of brain 
intracellular fluid (ICF) to ISF unbound drug concentrations (Kp,uu,cell) may be ben-
eficial for understanding the pharmacological query related to intracellular targets 
and may be strategically influential (Friden et al. 2007). The Kp,uu,cell concept is 
innovative, as it provides the basis for an increased awareness of the impact of cel-
lular barrier function on intracerebral drug distribution, which has hitherto been 
neglected in drug discovery programs.
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The approaches applied for prediction, assessment and optimization (Chap. 12) 
of the BBB transport of NCEs, such as in silico (Chap. 11), in vitro (Chap. 6) and in 
vivo methods (Chap. 7), depend on the development phase of the drug and the ques-
tions of interest.

10.2  The Brain Homogenate Method for fu,brain

The concentration of unbound drug in the brain, estimated using Ctot,brain corrected 
for brain tissue binding, is a surrogate for Cu,brainISF. Cu,brainISF is currently considered 
to be the most relevant parameter for measuring the pharmacological response of 
neurotherapeutics (Bouw et al. 2001; Bostrom et al. 2006; Bundgaard et al. 2007; 
Kalvass et al. 2007b; Liu et al. 2009b; Watson et al. 2009; Hammarlund-Udenaes 
2010; Smith et al. 2010; Westerhout et al. 2011; Bundgaard et al. 2012b).

Brain tissue binding can be determined by various methods, including ED, step- 
wise ED, ultrafiltration, ultracentrifugation, gel filtration, and absorption by brain lipid 
membrane vesicles stabilized on silica beads (TRANSIL brain absorption kit) (Fichtl 
et al. 1991a; Kalvass and Maurer 2002; Mano et al. 2002; Vuignier et al. 2010; Longhi 
et al. 2011). This section focuses on the ED technique for the estimation of fu,brain, 
which is presently used in drug discovery programs in a high- throughput manner.

Equilibrium Dialysis

In 2001, Kariv et al. presented the successful development of a 96-well ED plate suit-
able for evaluation of plasma protein binding for large numbers of biologically active 
NCEs during high-throughput screening (HTS) (Kariv et al. 2001). The special design 
of the dialysis apparatus permits dispensing and aspirating from both the sample and 
dialysate sides. This innovative 96-well ED apparatus allows the researcher to examine 
a large number of samples, time points, or replicates in the same experiment.

Using a similar approach in 2002, Kalvass and Maurer introduced a high- 
throughput ED technique designed for determination of brain tissue binding 
(Kalvass and Maurer 2002). The method rapidly became standard and it is currently 
widely used for estimation of fu,brain for a large number of chemically diverse com-
pounds (Summerfield et al. 2006; Wan et al. 2007; Di et al. 2011; Friden et al. 2011; 
Longhi et al. 2011). The need for protein binding data in combination with the large 
number of compounds created from combinatorial chemistry has stimulated the 
development of a novel cassette-based pooling approach which allows simultaneous 
assessment of fu,brain or fu,plasma for more than five compounds per sample (Fung et al. 
2003; Wan et al. 2007; Plise et al. 2010; Longhi et al. 2011).

Several research groups and pharmaceutical companies have validated the 
compatibility of the high-throughput ED techniques (96-, 48-well formats) with most 
standard laboratory supplies and robotics (Banker et al. 2003; van Liempd et al. 
2011). Several devices based on a 96-well format are currently on the market [e.g., the 
Equilibrium Dialyzer-96 from Harvard Biosciences (Holliston, MA, USA), the Rapid 
Equilibrium Device from Thermo Scientific/Pierce (Rockford, IL, USA), and the 
Micro Equilibrium Dialysis Device from HTdialysis LLC (Gales Ferry, CT, USA)].
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10.2.1  Principles

The semipermeable membrane between the buffer and the homogenate compartments 
in the ED apparatus acts as a molecular filter permitting diffusion against the 
concentration gradient of molecules smaller than a definite molecular weight. 
The drug (1–5 μM) is added to the brain homogenate (donor side) and is sampled 
from both the donor and the buffer (receiver) sides. To be able to perform ED, the 
brain homogenate needs to be diluted with phosphate-buffered saline (PBS; 
Sect. 10.2.1.2.2), commonly with dilution factors of either three (Kalvass and 
Maurer 2002) or five (Di et al. 2012b). As a general rule, the drug–tissue protein 
interaction is reversible and, in the majority of cases, equilibrium rapidly occurs 
between the unbound and bound molecular species. At equilibrium, the unbound 
fraction in diluted brain homogenate can be calculated as:

 
f

C

Cu hD
receiver

donor
, ,=

 
(10.1)

where fu,hD is the measured experimental fraction of unbound compound in diluted 
(D) brain homogenate, Creceiver is the concentration of the compound in the buffer, 
and Cdonor is the concentration of compound in the donor chamber at equilibrium.

The interaction between the compound/drug and brain tissue is, in most cases, a 
rapid and reversible process governed by the law of mass action, given that binding 
does not alter the drug or protein (Klotz 1973). The model assumes that binding 
between drug and brain tissue takes place in a single step and that the drug interacts 
with only one binding site on the protein. The equilibrium is described as:
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(10.2)

where [D] and [B] represent the unbound drug and brain tissue protein concentra-
tions, and [DB] represents the concentration of the drug–brain tissue protein 
complex.

The equilibrium dissociation constant (Kd) characterizes the concentration of 
unbound drug that occupies half of the binding sites on the protein at equilibrium:
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Accordingly, the fraction of unbound drug can be described as:
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Rearranging (10.4) gives:
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The unbound drug fraction usually increases as the brain homogenate is diluted. 
Therefore, fu,hD in the brain homogenate has to be corrected for dilution (Kurz and 
Fichtl 1983). There are several issues related to the dilution of the brain homogenate 
and subsequent adjustment methods (Fichtl et al. 1991b). The relationship between 
the measured unbound drug fraction and the dilution factor is typically not linear 
(Kurz and Fichtl 1983). The relative impact of dilution of the brain homogenate on 
the formation of drug–brain tissue protein complexes has been thoroughly discussed 
by Romer and Bickel (Romer and Bickel 1979). Assuming two different concentra-
tions of brain tissue binding components [B]1 and [B]2 with unbound drug fractions 
fu,brain and fu,hD, (10.5) can be rewritten as:
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The ratio of [B]1/[B]2 is projected as the brain homogenate dilution factor D. 
Hence (10.6) can be reorganized to obtain the fraction of unbound drug in the undi-
luted brain tissue homogenate, which is used to calculate fu,brain:
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10.2.2  Technical Challenges

Implementation of a 96-well ED plate improved the robustness of the ED method and 
allowed the use of volumes of brain homogenate and/or plasma as small as 30 μL 
(e.g., HTdialysis LLC). Although ED is regarded as a “gold” standard method, it has 
drawbacks which need to be discussed along with the advantages of the method. The 
equilibration time, concentration of drugs and proteins, membrane surface area, mem-
brane features, and molecular charges can all crucially affect the rate of dialysis.

10.2.2.1 Selection of Dialysis Membrane

Dialysis membranes consist of a spongy matrix of cross-linked polymers with 
different pore ratings or molecular weight cutoff points (MWCO). The MWCO is 
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defined by the molecular weight of solute that is 90 % retained by the membrane 
during a 17-h period. Various membranes (e.g., cellulose ester, regenerated cellu-
lose, and polyvinylidene difluoride) with a range of MWCOs from 3.5 to 50 K are 
applicable for ED. The most commonly used MWCO range is 12–14 K.

A potential caveat of the ED method is the risk of nonspecific adsorption of drugs 
or proteins onto the chamber walls and the dialysis membrane (Vuignier et al. 2010). 
The use of an inert reusable 96-well Teflon construction minimizes nonspecific bind-
ing of test compounds to the apparatus. However, investigation of different types of 
dialysis membranes could be beneficial for selection of the most suitable material.

Recovery (also called mass balance) is traditionally evaluated to account for non-
specific binding and is used as an acceptance criterion for ED-based experiments. 
However, a recent investigation found that recovery had no influence on fu,brain or 
fu,plasma (Di et al. 2012b). These researchers recommended focusing on stability 
issues as a main cause of uncertainty in the binding experiments, instead.

10.2.2.2 Preparation of Brain Homogenate

Because undiluted brain tissue homogenate is paste-like in consistency and difficult 
to handle, it is diluted with PBS pH 7.4. However, this raises several questions con-
cerning the trustworthy conversion of the brain tissue binding values estimated from 
diluted homogenate into values for the original protein concentrations in brain tis-
sue. The dilution factor may not affect the final fu,brain measurement (unpublished 
observations), and various dilution factors have been used. For example, Kalvass 
and colleagues diluted with two volumes of PBS (Kalvass and Maurer 2002; Liu 
et al. 2005; Friden et al. 2007; Summerfield et al. 2007; Wan et al. 2007), while Di 
and coauthors diluted with four volumes of Dulbecco’s PBS (Di et al. 2011).

Either frozen or fresh brain tissue can be used to prepare the brain homogenate. 
However, because of limited supplies of fresh brain homogenate, frozen brain 
homogenate is often used in drug discovery programs (Di et al. 2012b). To date, no 
systematic study has been carried out to confirm or reject the existence of differ-
ences in brain tissue binding measured using fresh and frozen brain homogenates.

Brain tissue is known to contain some serum albumin as a result of the residual 
blood left in the tissue (Glees and Voth 1988). The presence of residual blood in the 
brain homogenate could affect fu,brain measurement, predominantly for compounds 
with high affinity for serum albumin (Longhi et al. 2011). Fridén and coworkers 
demonstrated that the procedure of exsanguination of the animal before sampling 
the brain tissue could influence the residual volume of blood in the brain (Sect. 10.5) 
(Friden et al. 2010). Thus, the method of sacrificing animals should be standardized 
with the aim of reducing the residual volume of blood in the brain tissue. As a pre-
cautionary action, intracardial perfusion with cold PBS before extraction of the 
brain could be useful (Longhi et al. 2011). It has been proposed that determination 
of the serum albumin and total protein content in a brain tissue homogenate could 
aid the characterization and normalization of different batches (Kodaira et al. 2011; 
Longhi et al. 2011).
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10.2.2.3 Equilibration Process

After spiking the diluted brain homogenate with the compound(s) of interest, 150 μL 
aliquots are usually loaded into the 96-well ED apparatus and dialyzed against 
150 μL of PBS. Compounds with poor aqueous solubility are typically considered 
to be problematic and limit the use of ED. Equilibrium is generally achieved by 
incubating the 96-well ED apparatus in a 37 °C incubator at 155 rpm for 4–6 h 
(Kalvass and Maurer 2002). However, if more exact information is wanted it could 
be an advantage to perform an initial set of studies to determine the time required 
for the system to reach equilibrium, as slow drug–protein dissociation may occur.

The equilibration time needed in ED, normally 4–6 h, is considered to be one of 
the drawbacks of the method if the compounds studied are unstable in plasma or brain 
homogenate. Moreover, the equilibration time is associated with a volume shift that 
takes place because of the semipermeable membrane and the presence of proteins. 
This volume shift can be as large as 10–30 % for ED with plasma (Huang 1983). 
Measuring drug concentrations on both sides of the membrane is therefore required.

10.2.2.4 Bioanalysis

During the equilibration period, the buffer side becomes enriched with ions, amino 
acids, lipids, carbohydrates, and any other molecules smaller than the MWCO of 
the dialysis membrane that are not already present in the buffer. The brain homog-
enate composition also changes as a result of osmotic pressure. The modifications 
in the composition of the buffer and brain homogenate could result in a “matrix” 
effect during subsequent liquid chromatography tandem mass spectrometry (LC- 
MS/MS) analysis (e.g., ion suppression, enhancement of analyte signal) (Van 
Eeckhaut et al. 2009). Mixed-matrix and semi-automated mixed-matrix methods 
are currently being developed to decrease mass spectrometer run times and reduce 
the probability of experimental artifacts (Plise et al. 2010). For semi-automated 
mixed-matrix methods with a cassette-based approach, a single matrix is prepared 
following dialysis by mixing dialyzed plasma and buffer containing different test 
compounds from the same dialysis plate. The method should eliminate the need for 
standard curves, and increase the consistency of the sample matrix for LC-MS/MS 
analysis. This approach could easily be adopted when running the ED-based brain 
homogenate method and can be considered as a step towards further optimization of 
ED. Figure 10.1 describes the main steps of the proposed approach.

In conclusion, ED-based determination of fu,brain can be considered a proficient 
method. However, the biological and pharmacological meaning of the obtained 
values must be critically evaluated in relation to other neuroPK parameters 
(Sects. 10.4 and 10.5).

Recently, ED measures of the unbound fraction of drugs in plasma and brain 
were used as additional parameters for interpretation of in vivo positron emission 
tomography (PET) results, particularly for estimation of unbound drug concentra-
tions in the CNS and accurate quantification of receptor binding (Gunn et al. 2012).
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10.3  The Brain Slice Method for Vu,brain

With respect to assessing the intracerebral distribution of small drug molecules, the 
ED-based brain homogenate method has drawbacks that are primarily linked to the 
disruption of brain parenchymal cells (Becker and Liu 2006; Liu et al. 2006; Friden 
et al. 2007; Friden et al. 2011). In this regard, the brain slice method is an advanced, 
well-functioning approach to the evaluation of the overall uptake of drugs into brain 
tissue via determination of the volume of distribution of unbound drug in the brain 
(Vu,brain; mL g brain−1). This method has the benefits of being used in a regulated in 
vitro environment, while at the same time preserving much of the cellular complex 
integrity, including cellular barriers and circuitry, and as a result conserving the 
functionality of the in vivo brain. As a result, the technique delivers information that 
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Fig. 10.1 Proposed sample preparation for the equilibrium dialysis (ED)-based brain homogenate 
method, modified from Plise and coworkers (Plise et al. 2010). This method allows eradication of 
the “matrix” effect often observed in LC-MS/MS when analyzing non-dialyzed vs. dialyzed buffer 
and homogenate samples, respectively. The method is based on a mixed matrix and can be used in 
a semi-automated fashion. After performing ED with the individual compounds in Step I, an ali-
quot of the dialyzed buffer (phosphate buffer saline, PBS) from Compound 1 is combined with an 
aliquot of the dialyzed brain homogenate (BH) from Compound 2. Similarly, an aliquot of dialyzed 
BH from Compound 1 is combined with an aliquot of dialyzed PBS from Compound 2. In Step II, 
the samples are analyzed by LC-MS/MS
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is directly relevant to issues such as nonspecific binding to tissues, lysosomal 
trapping (Sect. 10.4.3), and active uptake into the cells.

The brain slice method was implemented by Henry McIlwain more than six 
decades ago and is nowadays widely used in neurobiology, electrophysiology and 
quantitative neuropharmacology (McIlwain 1951b; Collingridge 1995). The first use 
of this method for evaluation of intracerebral distribution of substances aimed to esti-
mate the uptake of nutrients such as glucose and amino acids into the brain (McIlwain 
1951a; Blasberg et al. 1970; Newman et al. 1988a; Newman et al. 1991; Smith 1991). 
Later, the method was proposed for in vitro investigation of the distribution of drugs 
in the brain (Van Peer et al. 1981; Kakee et al. 1996, 1997; Ooie et al. 1997). There 
have been several efforts to establish mechanistic pharmacokinetic/pharmacodynam-
ics links using brain slice methodology, e.g., for propofol (Gredell et al. 2004), etomi-
date (Benkwitz et al. 2007), and volatile agents (Chesney et al. 2003).

Vu,brain can also be measured using cerebral microdialysis and total brain concen-
tration measurements; this is currently accepted as an in vivo reference method for 
evaluating intracerebral drug distribution. When the fresh brain slice method was 
validated against microdialysis, Vu,brain was within a threefold range of the microdi-
alysis results for 14 of 15 investigated compounds (Friden et al. 2007). In contrast, 
when Vu,brain was recalculated using data from the brain homogenate method for the 
same list of compounds, the results were less accurate. In particular, the brain 
homogenate method over-predicted in vivo Vu,brain for compounds limited to 
 intracerebral ISF distribution (e.g., morphine-3- and morphine-6-glucuronide,  
R- and S-cetirizine) and under-predicted the distribution of gabapentin, which has 
predominantly active cellular uptake (Friden et al. 2007). However, these results 
have been challenged. Liu and colleagues demonstrated that, for eight of the nine 
studied compounds (carbamazepine, citalopram, ganciclovir, metoclopramide, 
N-desmethylclozapine, quinidine, risperidone, 9-hydroxyrisperidone, and thiopen-
tal), the Cu,brainISF estimated using the brain homogenate method was within a 
 threefold range of that obtained using cerebral microdialysis (Liu et al. 2009a). 
Nonetheless, these contrasting results should still be critically evaluated, since the 
microdialysis probes were calibrated using only in vitro recovery. Determination of 
Vu,brain values that are more relevant to the in vivo situation, using fresh brain slices 
instead of brain homogenate, appears to be associated with more accurate assess-
ment of Cu,brainISF (i.e., Cu,buffer).

Despite the obvious benefits of the fresh brain slice method, it has not yet 
received wide acceptance in the drug industry compared to the brain homogenate 
method. The arguments against acceptance include that the method requires greater 
labor intensity. However, a high-throughput brain slice method has now been devel-
oped to fit the drug discovery format, thus offering new possibilities for the utiliza-
tion of the method (Friden et al. 2009a; Loryan et al. 2013). Once the brain slice 
technique is established in a laboratory, one skilled assistant can perform up to four 
experiments per day. Up to ten compounds in one cassette can be tested simultane-
ously (prior consultation with an analytical chemist is obligatory). A series of three 
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experiments is enough to obtain consistent results for one cassette. The detailed 
protocol of how to perform brain slice studies can be found in the publication by 
Loryan et al. (Loryan et al. 2013).

10.3.1  Principles

The use of the apparent Vu,brain, obtained in vivo using cerebral microdialysis 
Equation (10.8), to assess the distribution of drugs in the brain was first suggested 
by Wang and Welty (they used the abbreviation Ve,app) (Wang and Welty 1996). 
Vu,brain describes the relationship between the total drug concentration in the brain 
and the unbound drug concentration in the brain ISF, regardless of BBB function.

Assessment of Vu,brain using the in vitro fresh brain slice method is based on the 
assumption that at equilibrium, Cu,brainISF is equal to the drug concentration in protein- 
free artificial extracellular fluid buffer (aECF). Thus, Vu,brain (mL g brain−1) is calcu-
lated as the ratio of the amount of drug in the brain slice (Abrain, nanomoles g brain−1) 
to the measured final aECF after reaching equilibrium (Cbuffer, micromoles · L−1):
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Because a certain volume of the aECF remains on the surface of the brain slice 
(Vi, mL g slice−1), even after removing the excess with filter paper, this has to be 
accounted for. Vi is estimated in a separate experiment using [14C] inulin as described 
in Fridén et al. (Friden et al. 2009a). Equation (10.8) is then rearranged to obtain 
Vu,brain corrected for Vi (1−Vi):
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As outlined by Wang and Welty Vu,brain value that is higher than 1 mL g brain−1 
indicates intracellular accumulation or excessive brain tissue binding because it 
exceeds the total volume of water in the brain which is 0.8 mL g brain−1 (Wang and 
Welty 1996). Vu,brain values between 1 and 0.2 mL g brain−1 indicate limited distribu-
tion of drug in the brain ECF and ICF (Nicholson and Sykova 1998; Sykova and 
Nicholson 2008). As the volume of healthy adult rat brain ISF is 0.2 mL g brain−1, a 
volume below 0.2 mL g brain−1 is not possible. However, it should be kept in mind 
that this technique does not account for possible intracerebral metabolism (Chap. 4).

In the literature, Vu,brain is sometimes expressed as fu,brain,slice (Kodaira et al. 2011; 
Uchida et al. 2011a). It is important to keep in mind that fu,brain,slice could be consider-
ably different from fu,brain, as they obtained using different matrices, i.e., brain slice 
and brain tissue homogenate (Sect. 10.4).
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10.3.2  Technical Challenges

10.3.2.1  Artificial Extracellular Fluid and Formation of Cassettes

It is important to preserve the viability of the brain slices during the experiment and 
to mirror the in vivo cellular milieu as closely as possible. There are two main 
approaches to achieving this, regarding the medium used. One approach is based on 
the use of either fresh or thawed plasma as a medium for the incubation, with sub-
sequent evaluation of the brain slice-to-plasma drug concentration ratio (Becker and 
Liu 2006). The second and more commonly applied approach is to use a protein- 
free artificial cerebrospinal fluid (CSF) or aECF as an incubation medium (Kakee 
et al. 1996, 1997). The latter simplifies the interpretations of the results obtained.  
A large number of formulations for aECF can be found in the literature (Newman 
et al. 1991; Kakee et al. 1996, 1997; Gredell et al. 2004; Friden et al. 2009a; Uchida 
et al. 2011a). In many of these, ascorbic acid is used as a natural free radical scav-
enger to protect cell membranes from lipid peroxidation and swelling of the brain 
slices (Rice 1999). The HEPES-buffered aECF containing 129 mM NaCl, 3 mM 
KCl, 1.4 mM CaCl2, 1.2 mM MgSO4, 0.4 mM K2HPO4, 25 mM HEPES, 10 mM 
glucose, and 0.4 mM ascorbic acid is a robust and practical formulation for sustain-
ing the physiological pH (around 7.3 at 37 °C after 5 h incubation) for the high-
throughput setup (Friden et al. 2009a).

Another critical requirement is an adequate oxygen supply. Either 100 % humid-
ified oxygen or carbogen (a mixture of 95 % oxygen and 5 % CO2) can be used.

The brain slice method allows examination of up to ten compounds per experi-
ment, covering a wide range of physicochemical properties and pharmacological 
targets, mixed together in the same cassette (the mixture of compounds under 
 investigation is called the cassette) (Friden et al. 2009a; Kodaira et al. 2011). Low 
concentrations of compounds (e.g., 0.1–0.2 μM) are preferable. The summed 
 concentration of all the drugs in the cassette should not exceed 1 μM (Friden et al. 
2009a). Application of higher concentrations of various compounds can lead to 
accumulation of compounds in the acidic compartments of the cells (i.e., lyso-
somes) or competition for specific cell membrane transporters with subsequent 
incorrect values for Vu,brain. For instance, it is recognized that interactions between 
two weak bases are regulated by the free concentrations of the compounds in the 
cassette and the ability of these compounds to elevate intralysosomal pH (Daniel 
and Wojcikowski 1999b). Potential bioanalytical issues should be addressed when 
assembling the cassettes for investigation, so as to avoid technical hitches.

10.3.2.2  Preparation of Brain Slices and Incubation

It is important that the fresh brain slices are of high quality if the Vu,brain values are 
to be relevant to the in vivo situation. This can be accomplished by keeping strictly 
to the protocol for preparation and maintenance of the brain slices during the 
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experiment (Friden et al. 2009a; Loryan et al. 2013). The key steps of the brain slice 
method are illustrated in Fig. 10.2.

The protocol for the fresh brain slice method (also called in vitro brain slice uptake 
technique) has not been unified among research laboratories, which makes compari-
son and interpretation of the results challenging. For instance, the brain can be sliced 
using a brain microslicer (Ooie et al. 1997; Benkwitz et al. 2007; Kodaira et al. 2011), 
a McIlwain tissue chopper (Becker and Liu 2006), or a vibrotome (Friden et al. 
2009a; Loryan et al. 2013). Moreover, researchers have used slices from different 
planes of the brain, such as hypothalamic (Kakee et al. 1997), cortical (Kodaira et al. 
2011), or striatal (Friden et al. 2009a, 2009b). The thickness of the brain slices also 
differs between protocols: 300 μm (Kakee et al. 1996, 1997; Friden et al. 2009a, b), 
400 μm (Becker and Liu 2006), or even 1000 μm (Van Peer et al. 1981). Accordingly, 
the incubation time (time required to reach equilibrium) varies and could be 8 h or 
longer, which may be too long to sustain the viability of the slices.

The time needed to reach equilibrium is influenced by various factors such as the 
amount of brain tissue per unit of buffer volume, the stirring speed, and the initial 
concentration of the compound (Gredell et al. 2004; Benkwitz et al. 2007; Friden 
et al. 2009a). The ratio of six/ten (rat/mouse) 300 μm sequential brain slices to 
15/10 mL (rat/mouse) of aECF has been found to be the most optimal for various 
diverse compounds to reach equilibrium in about 5 h (Friden et al. 2009a; Loryan 
et al. 2013). Very lipophilic compounds may require a longer equilibration time in 
some experimental setups, and this could compromise the viability of the brain 
slices. In this case, mathematical modeling of the data could be a reasonable alterna-
tive (Kodaira et al. 2011).

Fig. 10.2 Illustration of the main steps in the preparation of brain slices. (a) Schematic representa-
tion of the cutting direction. (b) Brain glued to the slicing platform in a coronal position. (c) Brain 
slices transferred into the Ø80 mm flat-bottomed glass beaker. (d) Beaker covered by the custom 
fabricated lid fitted with a Teflon fluorinated ethylene-propylene film. (e) Setup for the incuba-
tion–equilibration period. Reprinted with permission from BioMed Central (Loryan et al. 2013)
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Sufficient viability of the brain slices is a critical prerequisite. The viability can 
be assessed indirectly by measuring the pH of the aECF (acidification of the medium 
is linked to low viability of the slices). However, more advanced methods such as 
measuring the ATP content of the slices (Friden et al. 2007; Kodaira et al. 2011; 
Uchida et al. 2011a) or the activity of released lactate dehydrogenase (Dos-Anjos 
et al. 2008; Loryan et al. 2013) are now recommended.

10.3.2.3  Bioanalysis

The drug concentrations in brain slices and aECF samples taken at equilibrium can 
be analyzed after homogenization using high-throughput techniques and LC-MS/
MS as discussed for brain homogenate samples in Sect. 10.2.2.4. To avoid the prep-
aration of calibration curves, tenfold and 100-fold dilutions of the samples are pref-
erable (Friden et al. 2009a). Several groups normalize the protein concentrations to 
correct for dilution of brain homogenate (Kodaira et al. 2011).

In summary, the fresh brain slice method is a precise and robust technique for 
estimating the overall uptake of drugs into brain tissue. This method is recom-
mended for the estimation of target-site PK in the early drug discovery process in 
order to guide candidate selection. One of the attractive features of the brain slice 
method is that it can be developed to scrutinize compound-specific molecular mech-
anisms of the intracerebral distribution of NCEs (Sects. 10.4 and 10.5). For instance, 
fresh brain slices could be prepared from different strains of wild type or genetically 
modified mice and rats to elucidate the effects of intracerebral transporters on the 
distribution of drugs within the brain (BBB transporters cannot be directly mapped 
with this technique). Furthermore, the brain slices could be manipulated genetically 
using various methods such as viral infection (Stokes et al. 2003) or biolistics 
(Wellmann et al. 1999). Disease models could also be used to study the diffusion 
and distribution of drugs or radiotracers within the brain (Newman et al. 1988b; 
Patlak et al. 1998). In addition, pharmacological inhibition or stimulation could be 
used to investigate particular distributional mechanisms, e.g., monesin or nigericin 
to study the impact of lysosomal accumulation on the intracellular distribution of 
drugs (Friden et al. 2011; Logan et al. 2012).

10.4  Intracellular Distribution

Historically, it has been presumed that the transport of small molecules between 
intracellular and extracellular neurocompartments is more efficient than BBB trans-
port, which is considered to be a rate-limiting step for drug distribution to the brain 
(Wang and Welty 1996). Accordingly, from a PK point of view, assessment of the 
intracerebral distribution of NCEs is usually less prioritized, is often inadequate 
because of a lack of reliable methods, and is narrowed to estimation of the unbound 
drug fraction in a brain homogenate, with subsequent evaluation of its half-life in 
brain tissue (Liu et al. 2005). However, awareness of compound-specific intracere-
bral distributional mechanisms in early drug discovery could allow better directed 
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evaluation and selection of drug candidates, based on the location of the potential 
CNS target (i.e., extracellular or intracellular) and the probable side effects.

After passing the BBB, drugs are distributed in the extracellular space mainly by 
diffusion and convection (see Chap. 5 for a comprehensive analysis of the transport 
processes of drugs within the CNS). As pointed out in the state-of-the-art review by 
Wolak and Thorne (Wolak and Thorne 2013), the diffusion of molecules is governed 
by the features of the extracellular space (i.e., width, volume fraction, viscosity, 
geometry) as well as by any potential binding to the extracellular matrix or cellular 
membrane components (Fenstermacher and Kaye 1988). It should be highlighted 
that diffusion of compounds in the extracellular neurocompartment is a potentially 
limiting step for macromolecules, nanoparticles and viral vectors (Thorne et al. 
2004; Thorne and Nicholson 2006; Thorne et al. 2008). The bulk flow of the ISF 
should be accounted for in addition to the diffusion and hydraulic permeability (see 
Chap.1 and Table 10.1). However, although it can be influential for poorly penetrat-
ing compounds, it is not a matter of concern for small highly lipophilic compounds 
(Cserr and Patlak 1992; Davson and Segal 1995; Abbott 2004). The bulk flow of the 
ISF has been measured as ~0.1–0.3 μL min−1 g−1 in the rat brain but the actual value 
may be greater than this (Chap. 1 and Joan Abbott personal communication).

Because ISF is virtually protein free (Davson et al. 1970; Davson and Segal 
1995), the drug present in the ISF can be measured as unbound and accessible for 
interactions at a cellular membrane level (Hammarlund-Udenaes et al. 1997; Ooie 
et al. 1997; Kalvass and Maurer 2002; Mano et al. 2002; Shen et al. 2004; Doran 
et al. 2005; Liu et al. 2005; Summerfield et al. 2006; Friden et al. 2007; Watson et al. 
2009). The permeation of unbound, un-ionized drug through the cell membrane 

Table 10.1 Key components affecting drug distribution to and from the different compartments  
in the braina

Extracellular 
neurocompartment Cellular membranes Intracellular neurocompartment

Diffusion in extracellular 
space

Membrane permeation Nonspecific binding to intracellular 
membrane components (often 
quantitatively significant)

Hydraulic permeability Active influx (e.g., organic 
cation transporters, L-type 
amino acid transporters)

pH differences causing accumula-
tion of weak bases in acidic 
compartments (e.g., lysosomes, 
endosomes)

ISF bulk flow Active efflux Specific binding to the target (e.g., 
tubulin, enzymes)

Nonspecific binding to cell 
membrane components (often 
quantitatively insignificant)

Drug metabolism (often 
insignificant)b

Specific binding to the target 
(often quantitatively 
insignificant)

aDifferences between types of brain parenchymal cells and brain subregions are not taken into 
account
bDrug metabolism is discussed in more detail in Chap. 4
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could be defined as the most significant distributional process of small molecules 
into the cell. Accumulation is a distributional process that is associated with asym-
metry at the cellular barrier, is linked to the physiological pH gradient, and is driven 
by acidic intracellular compartments such as lysosomes, endosomes, peroxisomes, 
and the trans-Golgi network (Sect. 10.4.2). Asymmetry at the cellular barrier level 
can also occur as a consequence of active transport such as influx processes  
governed by organic cation transporters (e.g., 1-methyl-4-phenylpyridinium, tetra- 
ethylammonium, metformin) and L-type amino acid transporters (e.g., gabapentin), 
or efflux processes (Lee et al. 2001a; Lee et al. 2001b; Bendayan et al. 2002; 
Kusuhara and Sugiyama 2002; Ohtsuki et al. 2004; Syvanen et al. 2012). The spe-
cific and nonspecific binding of compounds to extracellular constituents of the cell 
membrane can be ignored because of their much smaller surface areas, i.e., the 
external surface area of a typical human cell membrane represents less than 0.5 % 
of the total cell membrane surface area (Nicholson and Sykova 1998; Sykova 2004).

After passing the cellular barrier, compounds can bind reversibly to intracellular 
constituents such as lipoproteins, phospholipids of the inner cellular membrane, or 
organelles. Nonspecific binding is often the dominant distributional component for 
small lipophilic compounds. In most cases, specific intracellular binding is irrele-
vant from a distributional perspective because of the low expression levels of the 
targets in relation to the extent of nonspecific binding. However, there are some 
exceptions; these are discussed at the end of Sect. 10.4.

Off-target or nonspecific binding of the drug to the cellular membranes is often 
not associated with any pharmacological response. However, progress has been 
made in recent decades towards an understanding of the interactions between the 
ligand and the target (i.e., receptor, ion channel, and enzyme). Primarily, the “pas-
sive” role of the cell membrane in target-binding kinetics has been questioned 
(Vauquelin and Packeu 2009). Novel membrane-connected concepts that reexamine 
the notion of so-called nonspecific plasma membrane partitioning are being pro-
posed (Sargent et al. 1988; Vauquelin and Van Liefde 2005). It has been recognized 
that nonspecific ligand-membrane interactions could be favorable, although not in all 
cases, for ligand-target interactions (Sargent and Schwyzer 1986; Bean et al. 1988; 
Vauquelin et al. 2012). This process could be very important for peptide- target inter-
actions (Sargent and Schwyzer 1986). Another crucial aspect of membrane partition-
ing is the increased in vivo residence time of hydrophobic ligands. Slow release from 
the cell membranes is commonly acknowledged to be strongly associated with the 
long lasting effects of highly lipophilic compounds (e.g., salmeterol). In other words, 
the cell membrane can be perceived as a depot/reservoir for hydrophobic ligands.

10.4.1  Using Kp,uu,cell to Estimate the Extent of Cellular Barrier 
Transport

Frequently, as with plasma protein binding, scientists define the binding of drugs 
to brain tissue as “nonspecific.” However, in comparison with plasma protein 
binding, less is known about the drug–brain tissue interaction, mainly because of 
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technical difficulties in obtaining data on the tissue-binding components and in 
the quantification of intracellular drug concentrations.

In most cases, intracerebral distribution is assessed by either the ED-based brain 
homogenate method, with evaluation of fu,brain, or the fresh brain slice method, with 
assessment of Vu,brain. Combining the two methods provides further information on 
intracellular distribution. The main determinant of fu,brain is brain tissue binding 
which primarily consists of nonspecific binding of the drug to various intracellular 
lipids and proteins. Vu,brain then provides complementary data on intracerebral distri-
bution factors other than binding. The importance of Kp,uu,cell in this respect has been 
discussed by Fridén et al. (Friden et al. 2007; Friden et al. 2009a; Friden et al. 
2011). Kp,uu,cell can be estimated by combining fu,brain (brain homogenate) with Vu,brain 
(brain slice) using (10.10) (Friden et al. 2007):

 
K V fp uu cell u brain u brain, , , , .= ´

 
(10.10)

Kp,uu,cell describes the steady-state relationship of intracellular-to-extracellular 
unbound drug concentrations and provides the average concentration ratio for all 
cell types within the brain. The assumptions behind the Kp,uu,cell concept are the 
 following (Friden et al. 2007):

 1. The ISF concentration is assumed to describe unbound drug (ISF is a practically 
protein-free fluid).

 2. Cu,brainISF represents the concentration of unbound drug in brain ISF from the 
entire brain (cranioregional and cell type dissimilarities are not accounted for).

 3. Membrane permeation and binding to intracellular and extracellular constituents 
are the key distributional processes.

 4. Intracellular drug molecules can be unbound or bound to intracellular 
components.

 5. Drug binding to the outer part (surface) of the cell is negligible. However, this 
assumption could be incorrect for molecules with distribution entirely restricted 
to the ISF (e.g., large molecules) and/or those that are significantly bound to cel-
lular membranes.

The derivation of the equations presented below is based on the definition of 
Vu,brain as the ratio of the total amount of drug in the brain excluding blood (Abrain) to 
the concentration of unbound drug in brain ISF (10.8). According to the proposed 
distributional model (Friden et al. 2007), the total amount of drug in the brain can 
be presented as:

 
A V C V V Cbrain brainISF u brainISF cell u cell u cell= ´ + ´ ´, , , ,

 
(10.11)

where VbrainISF and Vcell are the physiological fractional volumes of ISF 
(~0.2 mL g brain−1) (Nicholson and Sykova 1998; Sykova and Nicholson 2008) and 
brain parenchymal cells (~0.8 mL g brain−1) and the density of brain tissue is 
assumed to be 1. Vu,cell describes the volume of distribution of unbound drug in the 
cell (mL ICF · mL cell−1), and relates the total amount of drug in the cell to the 
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intracellular concentration of unbound drug, Cu,cell. Vu,cell can be compared with 
Vu,brain, describing the whole brain drug distribution.

Another way of explaining Vu,cell is that it describes the affinity of the drug to bind 
inside the cell. The more drug is bound, the higher the value of Vu,cell. It can be esti-
mated using the ED-based brain homogenate method:
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where fu,hD is the buffer-to-brain homogenate concentration ratio measured using 
ED and D is the dilution factor associated with homogenate preparation (Sect. 10.2).

Rewriting (10.8) using (10.11), and dividing both sides by Cu,brainISF gives:
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Consequently, the ratio of brain ICF to ISF unbound drug concentrations (Kp,uu,cell) 
can be derived as:
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When analyzing numerical values of Kp,uu,cell, it is important to remember its 
meaning. When cellular membrane permeation is predominantly passive, the 
unbound drug intracellular and extracellular concentrations are the same, giving a 
Kp,uu,cell equal to unity. Kp,uu,cell values higher than unity indicate intracellular accu-
mulation and Kp,uu,cell values below unity could indicate active efflux at the cellular 
barrier. Estimation of Kp,uu,cell is valuable for interpreting and understanding the pro-
cesses governing the distribution of drugs into the brain parenchymal cells. It should 
be remembered, however, that the numbers obtained are average values from all the 
cell types in the brain.

10.4.2  Lysosomal Trapping

Although they were discovered in the early 1970s, the role of lysosomes in drug 
tissue distribution kinetics can still be considered as terra incognita (De Duve 
1971). Lysosomes are conventionally acknowledged as the cell’s “garbage-disposal 
units.” They are membrane-bound organelles containing about fifty hydrolytic 
enzymes that function at pH 4.5. Vacuolar type H+-ATPase embedded in the lyso-
somal membrane maintains the intralysosomal acidic environment.

Lysosomotropism or lysosomal trapping is a phenomenon where compounds 
(lysosomotropic agents) with both a lipophilic moiety and a basic moiety are 
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accumulated in acidic intracellular compartments mainly in lysosomes (Fig. 10.3) 
(De Duve 1970; Nadanaciva et al. 2011).

Lysosomal trapping is governed by the large physiological pH gradient between 
ICF and lysosomes. The process of lysosomal trapping is saturable, energy- 
dependent (necessary for normal function of the H+-ATPase), and requires cellular 
integrity (De Duve 1970; MacIntyre and Cutler 1988; Daniel and Wojcikowski 
1999a). Weak bases in their un-ionized state permeate cellular and lysosomal 
membranes and accumulate in the acidic compartment of lysosomes (Fig. 10.4). 

Fig. 10.3 Cells displaying the lysosomal trapping phenomenon. Picture from Boya et al. (Boya 
et al. 2003). In contrast to controls (top left and bottom left panels), the cells treated with the lyso-
somotropic drug ciprofloxacin (top right and bottom right panels) manifest multiple autophagic 
vacuoles (colored pink) in the cytoplasm, before undergoing apoptosis. The bottom microphoto-
graphs have been obtained by electron microscopy, while the top ones result from conventional 
light microscopy, after Giemsa staining. Nuclei are colored blue. Reprinted with permission from 
Rockefeller University Press (picture appeared on the cover page of J Exp Med, May 19, 2003)
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Diacidic bases are trapped more easily than monoacidic bases, with a subsequent 
impact on their distribution (MacIntyre and Cutler 1988). Because they are proton-
ated within the lysosomes, the bases are not able to diffuse back into the cytosol 
(MacIntyre and Cutler 1988; Lloyd 2000; Kaufmann and Krise 2007). The intraly-
sosomal concentrations of trapped compounds can reach high levels, with lyso-
some-to-cytosol accumulation ratios as high as 100:1 (Daniel and Wojcikowski 
1997). Moreover, because the weak bases interact with phospholipids within the 
lysosome, the apparent lysosomal volume measured indirectly could be substan-
tially greater than the physical (i.e., actual) lysosomal volume (MacIntyre and 
Cutler 1988; Duvvuri and Krise 2005). The physical volume of the lysosomes can 
also increase with time due to vesicle-mediated trafficking and fusion of lysosomes 
with the cell membrane (Kaufmann and Krise 2007; Logan et al. 2012).

Consequently, despite the very small physiological volume of the lysosomes 
(~0.01 mL g brain−1), lysosomotropic compounds show extensive tissue accumula-
tion (e.g., in lungs, liver, brain) which is reflected by a high apparent volume of 
distribution (Daniel and Wojcikowski 1999b). Moreover, lysosomal trapping can 
result in drug–drug interactions (Daniel et al. 1995; Daniel et al. 1998; Daniel and 
Wojcikowski 1999b; Daniel et al. 2000; Logan et al. 2012). For instance, because 
the process of lysosomal trapping is saturable, the lysosomal uptake of co- 
administered drugs could decline. All this suggests that lysosomal trapping is an 
important mechanism of drug distribution with potential impact on systemic PK.

Although brain tissue is not as lysosome-rich as the lungs, liver, and kidneys 
lysosomal trapping could also influence brain PK. Many marketed and novel neuro-
therapeutics are cationic amphiphilic compounds; it is thus not surprising that they 
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Fig. 10.4 Graphic illustration of the pH partitioning of a basic drug between extracellular and 
intracellular compartments, i.e., interstitial fluid, intracellular fluid, and lysosomes. Accumulation 
of the protonated form (HB+) of the basic drug (B) in the compartments is driven by the physiologi-
cal pH gradient. The cytosolic-to-interstitial fluid unbound drug concentration ratio (Kp,uu,cyto) and 
the lysosomic-to-cytosolic unbound drug concentration ratio (Kp,uu,lyso) can be estimated using a 
three-compartment pH partitioning model (Friden et al. 2011)
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are lysosomotropic (Daniel 2003; Nadanaciva et al. 2011). Hence, it is recommended 
that particular attention be paid to lysosomotropism in CNS drug development 
programs.

Lysosomotropism is also interesting in that there are several lysosomal acidic 
hydrolases that may be useful pharmacological CNS targets (de Duve 1975; Boya 
and Kroemer 2008; Schultz et al. 2011). For instance, acid sphingomyelinase affects 
ceramide levels in several psychiatric and neurological disorders such as major 
depression, morphine antinociceptive tolerance, and Alzheimer’s disease (Schwarz 
et al. 2008; Ndengele et al. 2009; He et al. 2010; Kornhuber et al. 2011). Inhibition 
of acid sphingomyelinase results in anti-apoptotic, proliferative, and anti- 
inflammatory effects. Consequently, functional acid sphingomyelinase inhibitors 
have potential in a number of new clinical therapies (Muehlbacher et al. 2012).

10.4.2.1  Compensation for pH Partitioning

Several researchers have suggested that lysosomal accumulation is a potential 
explanation for dissimilarities between in vitro (homogenates) and in vivo measure-
ments when describing the distribution of acidic, neutral and basic drugs in tissues 
other than the brain (Harashima et al. 1984; Sawada et al. 1984; MacIntyre and 
Cutler 1988; Daniel and Wojcikowski 1997; Yokogawa et al. 2002; Maurer et al. 
2005). For instance, it has been documented that predictions of the pharmacokinetic 
parameter apparent volume of distribution at steady state (Vss) for 36 compounds, 
based on measurement of the unbound drug fraction in 15 different tissues, were 
less accurate for acidic and strongly basic substances (Berry et al. 2010). However, 
after making allowance for the ionic effects of tissue-to-blood pH gradients, the 
predictions for Vss were accurate within a threefold range for 81 % of the com-
pounds studied.

Inconsistencies between Cu,brainISF values obtained using cerebral microdialysis 
and those projected from Abrain corrected for nonspecific binding using fu,brain for 
weak bases and acids are also thought to be linked to lysosomotropism (Friden et al. 
2007). Lysosomotropism in brain tissue is also important when comparing brain 
slice and brain homogenate data (Friden et al. 2011).

The cell partitioning coefficient frequently deviates from unity. Intracellular accu-
mulation as a result of the pH gradient is often suggested as one of the main reasons 
for the mismatch between the brain homogenate and brain slice data, i.e., fu,brain ≠ 1/
Vu,brain. The lack of agreement is mainly due to the different properties of the two 
methods; cell and organelle membranes are retained in the slices, and pH differences 
are preserved. If the intracellular unbound drug concentration is similar to the brain 
ISF unbound drug concentration (i.e., Kp,uu,cell is close to unity and Vu,brain exceeding 
1 mL g brain−1) it can be assumed that intracellular nonspecific binding to membrane 
constituents is a major, quantitatively significant, distributional mechanism.

If only Kp,uu,brain is of interest and brain homogenate data are used, the fu,brain values 
can be corrected to more in vivo-like values by compensating for pH partitioning 
according to the pKa of the drug (Friden et al. 2007; Friden et al. 2011).
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A three-compartment (ISF, cytosol and lysosomes) pH partitioning model for 
Kp,uu,cell based on the strong relationship between drug accumulation in acidic com-
partments due to lysosomal trapping and the pKa values of the compound has been 
developed (Fig. 10.4) (Friden et al. 2011). The starting point is described by (10.15):
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The total amount of drug in the brain can be described as the sum of the total 
amounts in the ISF, the cytosol, and the lysosomes, denoted as AISF, Acyto, and Alyso, 
respectively. Each compartment is described by its physiological volume multiplied 
by the concentration of unbound drug in the compartment, divided by fu,brain:
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VISF, Vcyto, and Vlyso are the physiological volumes of the ISF (0.20 mL g brain−1), 
cytosol (0.79 mL g brain−1), and lysosomes (0.01 mL g brain−1), respectively. Cu,cyto 
and Cu,lyso describe the unbound drug concentrations in cytoplasm and lysosomes, 
respectively. If (10.15) and (10.16) are combined, Kp,uu,cell, predicted from the three- 
compartment pH partition model, can be defined as:
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Estimation of the cytosolic-to-interstitial fluid unbound drug concentration ratio 
(Kp,uu,cyto) and the lysosomic-to-cytosolic unbound drug concentration ratio (Kp,uu,lyso) 
can be computed by introducing the pKa values of the compounds (i.e., bases) in 
(10.18) and (10.19), respectively:
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where pHcyto = 7.06, and pHlyso = 5.18, as determined by Fridén and coworkers 
(Friden et al. 2011).

The main application of the pH partitioning model is related to fu,brain, measured 
using the brain homogenate method. Based on pH partitioning, Vu,brain (1/fu,brain,corrected) 
can be estimated from fu,brain using (10.15), i.e., by dividing the calculated Kp,uu,cell by 
fu,brain (10.17). As demonstrated after correction for pH partitioning, the discrepancy 
between brain homogenate and brain slice methods was practically abolished in a 
dataset consisting of 56 compounds (Friden et al. 2011). However, the pH partition-
ing model was still incapable of identifying and/or correcting other processes 
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governing the dissimilarities between the brain slice and homogenate methods, such 
as active uptake into the cells.

The three-compartment pH partitioning model can also be used for preliminary 
evaluation of Kp,uu,cell and identification of potential lysosomotropic compounds 
already in the lead optimization phase. pKa values are frequently calculated in silico 
in the early discovery stages, and a critical approach is recommended since they 
may not reflect the real pKa values. pKa values measured at 25 °C can also diverge 
from actual in vivo values when using the pH partitioning model (Sun and Avdeef 
2011). This can lead to some differences in experimental Kp,uu,cell and computed 
Kp,uu,cell values.

10.4.3  Intracerebral Distributional Patterns

Because of the physicochemical features and character of the pharmacological 
targets, the patterns of intracerebral distribution can differ for different drugs 
(Fig. 10.5). Thioridazine, salicylic acid, and gabapentin are used as model drugs and 
are discussed in detail in this section.

Figure 10.5a shows the intracerebral distribution of thioridazine. Thioridazine is 
a base, with a pKa of 8.9 and pronounced plasma and brain tissue binding mainly as 
a result of its high lipophilicity (ClogP 6.0). The experimental fu,plasma,rat is 0.002, and 
the Vu,brain is around 3000 mL g brain−1, the highest Vu,brain observed so far (Friden 
et al. 2009a; Loryan et al. 2013). As a result, the determined Kp,brain of 3.75 is signifi-
cantly influenced by nonspecific binding to brain tissue and plasma proteins. The 
Kp,uu,brain is 0.45 (Friden et al. 2009b). Lysosomal trapping is the main reason for 
thioridazine accumulating in the cells. When the intracellular compartment is 
viewed as 1 U, there is a 2.24-fold higher intracellular concentration of unbound 
thioridazine than in the brain ISF. Moreover, because of the presence of the physi-
ological pH gradient, thioridazine as a base accumulates in the cytosol and then 
becomes trapped in the acidic intracellular compartments (Fig. 10.5b). The calcula-
tions (10.19) indicate that, when the cytosolic compartment is separated from the 
lysosomal compartment, thioridazine will reach a 75-fold higher intralysosomal 
than cytosolic concentration. This type of distribution could be considered as a sig-
nature pattern for basic compounds.

Acidic compounds such as salicylic acid (see Fig. 10.5c) have a different distri-
bution pattern in the brain. Only 19 % of the unbound salicylic acid in the plasma 
crosses the BBB (Kp,uu,brain = 0.19). Moreover, about 60 % of the unbound salicylic 
acid in brain ISF equilibrates across the cellular barrier. Using the three- compartment 
pH partitioning model (Fig. 10.5d), it is possible to describe the unbound cytosolic 
and lysosomal partitioning coefficients and identify a lysosomal exclusion phenom-
enon (Kp,uu,lyso = 0.015).

Active carrier mediated transport into the cells is an alternative process which 
can be observed at the cellular barrier. Gabapentin provides a classic example of a 
compound lacking any nonspecific binding to brain tissue (fu,brain = 1) while at the 
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Fig. 10.5 The intracerebral unbound drug distribution patterns of prototypical drugs ((a) and (b) 
thioridazine; (c) and (d) salicylic acid; (e) and (f) gabapentin). The distributional pattern depends 
on both the physicochemical properties of the compound and the functional characteristics of the 
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same time exhibiting active uptake into the cells (Fig. 10.5e). Due to the active 
passage of gabapentin into the cells by the l-α-amino acid transporter (Su et al. 
1995), it reaches nearly fivefold higher intracellular concentrations on average. 
Additional examples of compounds undergoing active cellular uptake include 
1-methyl-4- phenylpyridinium (MPP, Kp,uu,cell = 77) and tetra-ethylammonium (TEA, 
Kp,uu,cell = 8.95) (Friden et al. 2011).

Because of the practical value of Kp,uu,cell and its further division into Kp,uu,lyso and 
Kp,uu,cyto, it is highly recommended that the unbound drug intracellular-to- 
extracellular concentration ratio be assessed in DMPK studies. Estimated neuroPK 
parameters are important contributors to the evaluation of the intracerebral distribu-
tion pattern of NCEs and their possible side effects.

10.5  Combination of in Vivo Infusion with Brain Slice  
or Homogenate to Estimate Kp,uu,brain

Kp,brain estimated under steady-state conditions or using the area under the concen-
tration–time curves in brain tissue (AUCtot,brain) and plasma (AUCtot,plasma) after a 
single dose (10.20) has historically been recognized as a driving force in CNS drug 
discovery screening programs (Pardridge 1989; Ghose et al. 1999; Ghose et al. 
2012) (see Chap. 5 for an explanation of the doctrines of brain PK and Chap. 12 for 
a comprehensive review of old and new paradigms for assessing CNS penetration in 
drug discovery programs).
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Fig. 10.5 (continued) compartments and membranes, defined by Kp,uu,brain and Kp,uu,cell. The graphs 
were constructed from data in Fridén et al. (Friden et al. 2007; Friden et al. 2011). The unbound 
drug plasma concentration is set at 100 arbitrary units. (a) shows the efflux of thioridazine at the 
BBB (Kp,uu,brain = 0.45) and its accumulation in the cells as described by a Kp,uu,cell of 2.24. Because 
thioridazine is a weak base with a pKa of 8.9, it is subject to lysosomal trapping and accumulation 
in the cells. The pH partitioning of thioridazine (b) is described by the unbound-thioridazine cyto-
solic (Kp,uu,cyto = 1.72) and lysosomal (Kp,uu,lyso = 75) partition coefficients computed using the three-
compartment pH partitioning model. C and D demonstrate the distribution and pH partitioning of 
salicylic acid. Salicylic acid is poorly transported across the BBB (Kp,uu,brain = 0.19) and has reduced 
cellular penetration (Kp,uu,cell = 0.62). Moreover, as an acid (pKa 4.3), salicylic acid has limited 
distribution in brain tissue (Vu,brain = 1 mL g brain−1). The pH partitioning model (D) supports the 
suggestion that salicylic acid is mainly distributed in the cytosol (Kp,uu,cyto = 0.58) and is almost 
completely absent from acidic compartments such as lysosomes (Kp,uu,lyso = 0.015). E and F repre-
sent the zwitterion gabapentin. Gabapentin transport in the BBB is restricted (Kp,uu,brain = 0.14). 
However, after passing the BBB, it is excessively accumulated in the cells (Kp,uu,cell = 4.55). The pH 
partitioning model is, however, incapable of identifying its uptake in the cells since the uptake is 
not related to lysosomal accumulation. Gabapentin is a substrate of the L-type amino acid trans-
porter, which explains the observed active uptake into the cells (Wang and Welty 1996; Friden 
et al. 2011)
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The identification and selection of drug candidates with “acceptable brain 
penetration” has typically been based on predefined cutoff values for Kp,brain (BB or 
often logBB); however, these vary between groups/companies. For instance, 
logBB = 0.3 (Kp,brain = 2) has often been used as the cutoff point for NCE penetration 
of the BBB (Reichel 2006). Another approach uses an arbitrary cutoff point for 
Kp,brain of greater than unity (Kalvass et al. 2007a; Padowski and Pollack 2011a). 
At Eli Lilly research laboratories, the cutoff point for Kp,brain, determined using a 
mouse brain uptake assay, was 0.3 (30 %) (Raub et al. 2006). Alternatively, sub-
stances with Kp,brain values higher than 0.04 (determined using brain tissue with 
residual blood) have been considered “brain penetrants” by some, since this value 
exceeds the cerebral blood volume, approximated as 4 % of the total brain volume 
(Hitchcock and Pennington 2006; Shaffer 2010). Basically, higher Kp,brain values 
have frequently been considered to be favorable for CNS penetration (Young et al. 
1988; Pardridge 1989; Ghose et al. 1999; Ghose et al. 2012; Segall 2012). Despite 
the fact that it has been found to be inadequate for evaluation of the transport of 
drugs across the BBB and to be by no means foolproof, this type of “taxonomy” has 
been common practice in the pharmaceutical industry.

However, off-target binding of drug to plasma and brain tissues irrefutably masks 
the actual BBB net flux (see Chaps. 5, 11, and 12 for more detailed explanations). 
Currently, driven by abundant evidence supporting the “free-drug hypothesis,” 
Kp,uu,brain (also called Kp,free) is replacing Kp,brain.

Several scientists have tried to differentiate between the two main components of 
Kp,brain, i.e., nonspecific binding to tissues and free (unbound) drug (Lin et al. 1982; 
Kalvass and Maurer 2002; Mano et al. 2002; Maurer et al. 2005; Gupta et al. 2006; 
Summerfield et al. 2006; Friden et al. 2007; Hammarlund-Udenaes et al. 2008; Liu 
et al. 2009a). For instance, Becker and Liu categorize the ratio of fu,plasma to fu,brain as 
an “intrinsic” partition coefficient between brain and plasma (Kp,in) which could be 
considered a descriptor of nonspecific binding in brain and plasma (Becker and Liu 
2006). It is, however, essential to bear in mind that Kp,in and Kp,uu,brain describe differ-
ent properties of the compound, where Kp,in describes the ratio of the binding prop-
erties without including BBB transport (if there is no observed active transport, 
Kp,brain = Kp,in), and Kp,uu,brain specifically defines the BBB transport of unbound drug. 
Kp,in cannot therefore be used to assess the Kp,uu,brain of NCEs.

Alternative approaches to the use of microdialysis for determining Kp,uu,brain that 
are based on the co-estimation of Kp,brain and nonspecific binding to plasma and 
brain tissues have been established (Gupta et al. 2006; Friden et al. 2007; 
Hammarlund-Udenaes et al. 2008; Hammarlund-Udenaes et al. 2009). Hence, 
fu,plasma can be used to correct Ctot,plasma (binding to formal elements of the blood is 
excluded):

 
C C fu plasma tot plasma u plasma, , , .= ´

 
(10.21)

Correspondingly, Vu,brain (mL g brain−1) or fu,brain corrected for pH partitioning 
(fu,brain,corrected) is used to estimate Cu,brainISF (μmol g brain−1):
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Accordingly, Kp,uu,brain can be derived from (10.20) as:
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Because this method (10.23) is based on several individually determined parameters 
obtained using various techniques, the level of uncertainty and variability in the 
final Kp,uu,brain estimates is increased. Therefore, reduction of the potential uncer-
tainty in each measurement (Kp,brain, Vu,brain, fu,brain, fu,plasma) will make assessment of 
the brain partitioning coefficient for unbound drug more secure in drug discovery. 
Some critical steps in determining the brain partitioning coefficient for total drug, 
required for assessment of Kp,uu,brain, are described below.

Ideally, the brain partitioning coefficient would be determined using steady-state 
total brain and plasma concentrations after constant-rate intravenous infusion 
(Friden et al. 2009b; Hammarlund-Udenaes et al. 2009). However, in drug discov-
ery and development setups, intravenous infusions can be challenging and conse-
quently are often not an option. Alternatively, Kp,brain can be determined as the 
AUCtot,brain/AUCtot,plasma ratio (10.20), using various time points (up to five animals 
per time point) after a single (discrete) dose. In fact, subcutaneous administration is 
most commonly used, because it decreases the inter-experimental variability, mainly 
as a result of the compounds circumventing oral absorption and first-pass metabo-
lism. In some cases, Kp,brain is assessed using total brain and plasma concentrations 
obtained at a specific point in time after drug administration. However, this approach 
has been heavily criticized since it is known that Kp,brain is a time-dependent param-
eter. In this regard, Padowski and Pollack have suggested the use of different nota-
tions of Kp,brain with the intention of specifying the conditions under which brain 
exposure has been determined, i.e., Kp,brain,t (single time point), Kp,brain,DE (distribu-
tional equilibrium reached), and Kp,brain,SS (in a steady-state system) (Padowski and 
Pollack 2011a). These researchers have also used a simulation approach to study the 
links between Kp,brain,t with a sampling time prior to the point of distribution equilib-
rium, and the experimentally obtained Kp,brain in the presence vs. absence of P-gp 
efflux transport. In some cases, an initial overshoot or increase in Kp,brain,t values was 
followed by a decline to a value which remained constant with time. Consequently, 
it was concluded that the P-gp effect estimated based on a Kp,brain value prior to 
reaching distribution equilibrium could be significantly inaccurate. The experimen-
tal design will thus greatly influence the conclusions made. The simulations also 
indicated that assessment of the P-gp effect was more precise and less variable with 
intravenous constant-rate infusions than with bolus administration, i.e., Kp,brainSS was 
the most appropriate choice (Gibaldi 1969; Padowski and Pollack 2011b). Although 
the proposed ranking of these parameters certainly introduces clarity and flags the 
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importance of potential time-dependent differences in BBB equilibration, it has not 
been followed up in practice to any great extent.

The correlation between Kp,brain derived from a single (discrete) dose and that 
derived at steady-state has also been investigated in an attempt to improve through-
put in neuroPK studies in the industrial setting. For instance, Kp,brain values derived 
from a single dose differed maximally 2.5-fold from the steady-state values for 
eight of the nine commercial and two proprietary compounds tested (>2.5-fold for 
thiopental) (Liu et al. 2009a; Doran et al. 2012). These results give the impression 
that the single-dose approach, which is more time-efficient, may not compromise 
data quality to any great extent.

Another approach, which was introduced with the intention of reducing the use 
of animals and improving the efficiency of investigations into CNS exposure in drug 
discovery programs, uses a mixture of up to five NCEs administered together, 
termed a cocktail, cassette or Nin1 (Manitpisitkul and White 2004; Friden et al. 
2009b; Liu et al. 2012). Liu and colleagues investigated the brain partitioning coef-
ficients of 11 model compounds using discrete and cassette dosing and discovered 
that drug–drug interactions at the BBB level are unlikely at these low subcutaneous 
cassette doses (Liu et al. 2012). Nevertheless, it is advisable to administer low doses 
of the drugs during the experiment to prevent any interactions at the BBB as well as 
potential side effects. Overall, the route and duration of administration, the dose 
(discrete or cassette dosing), and the brain and plasma tissue sampling times should 
be critically evaluated prior to the experiment to avoid potential pitfalls.

Methods for correcting the residual blood in the sampled brain tissue also need 
to be considered. Using Vu,brain to determine Kp,uu,brain, Fridén et al. showed that the 
literature values for Vblood may be too high when used for correcting Abrain for the 
residual blood (Friden et al. 2010). This was especially observed for drugs with low 
Kp,brain values. A low Kp,brain value can be caused by either very efficient efflux at the 
BBB or plasma protein binding that greatly exceeds the nonspecific binding of the 
drug in the brain. The latter becomes a problem when using a value for Vblood that is 
too high. An improved method has been developed for this estimation (Friden et al. 
2010). It should be noted that the remaining brain vascular space varies with the 
method used to sacrifice the animal.

The correction for residual blood can be calculated from the effective plasma 
space in the brain for a given drug, Veff, which in turn can be calculated from the 
measured plasma protein binding according to:

 
V f V f Veff u plasma water u plasma protein= ´ + -( )´, , .1

 
(10.24)

Vwater and Vprotein in rat brain capillary blood have been estimated as 
7.99 μL g brain−1 and 10.3 μL g brain−1, respectively (Friden et al. 2010). This equa-
tion can be used when binding to blood elements is not significant. The amount of 
drug in brain tissue excluding the capillary contents, Abrain, can be calculated as:
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Ctot,brain is the concentration of drug in the whole brain tissue sample and Ctot,plasma 
is the drug concentration in a regular (arterial) plasma sample. The total physical 
volume of residual blood in the rat brain after exsanguination by severing the heart 
has been estimated as 12.7 μL g brain−1 (Friden et al. 2010).

The complexity of the processes governing the drug concentrations in the brain 
requires the input of several methods, each providing a defined piece of the informa-
tion required to assemble a more in-depth picture of drug disposition in the CNS. 
Using this combined approach, it is possible in the early drug-development phases 
to map the concentrations of unbound drug in the main pharmacokinetic compart-
ments relevant to drug disposition in the brain, such as plasma, ISF, ICF (and if 
necessary lysosomes) and CSF. The compartments and relevant concentration rela-
tionships are illustrated in Fig. 10.6, using the atypical antidepressant bupropion as 
a model.

The main benefit of this mapping approach is the visualization and better under-
standing of the target-site PK. Additionally, it allows ranking of the compounds 
based on the target-compartment unbound drug concentration normalized by the PD 
parameters (EC50, IC50, Ki, etc.) as well as in the design of new PKPD studies.

10.6  Translational Aspects of the Methods

In the drug discovery process, in vitro assays and preclinical animal studies are 
widely used to evaluate the potency of NCEs and to identify candidates that may 
have desirable clinical responses.

However, when there is no correlation between in vivo and in vitro potencies, the 
validity of the in vitro assay, the animal model, and the target can be questioned 
(Brunner et al. 2012). Translational science is the study of the extrapolation of exper-
imental findings to clinical solutions. It is important to improve the proficiency of 
clinical trial design by planning clinical doses based on nonclinical results. Animal 
brain PK studies are a routine tool for predicting drug behavior in humans. Thus far, 
it has been extremely challenging to master the translation of in vitro-to-in vivo and 
animal-to-human data in the drug discovery process, primarily because of the short-
age of supportive data and the underlying multiple assumptions. Some translational 
aspects linked to methodologies described in this chapter are discussed below.

10.6.1  Translational Aspects of Brain Tissue Binding Assays

It is important to estimate the cerebral concentrations of unbound neurotherapeutic 
drugs in various species and related these to the potential CNS activity and target 
engagement of the drugs in preclinical and clinical PK studies. The fu,brain of drug 
candidates is routinely determined in several species to account for possible species 
dependence, as is the case with plasma protein binding, although this does not fit 
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with experimental results demonstrating that brain tissue binding is less sensitive to 
interspecies dissimilarities than plasma protein binding (Summerfield et al. 2007; 
Wan et al. 2009; Read and Braggio 2010). In fact, when Di et al. evaluated the 
degree and nature of potential species differences in brain tissue binding, they found 
that brain tissue binding is species independent (Di et al. 2011). This finding was 
very beneficial for translational medicine because it meant that a single representa-
tive species such as the rat could replace multispecies determinations of fu,brain.

Fig. 10.6 Schematic representation of the distribution of a drug, here exemplified by the atypical 
antidepressant bupropion, into the different compartments (plasma, brain ISF, brain ICF, lyso-
somes, and CSF) involved in the disposition of drugs across the barriers (BBB, CB, and BCSFB), 
with the resulting concentrations obtained in each compartment. T represents the possible target 
sites of the drug, facing either the ISF or the ICF. The graph was constructed using steady-state 
total plasma, total brain, and CSF concentration determinations in rats after a 4 h constant-rate 
intravenous infusion of bupropion 2 μmol kg h−1 (Friden et al. 2009b). Using this model and given 
the unbound drug plasma concentration, it is possible to estimate the target site concentrations. 
This approach can be used in drug discovery programs for establishing the link between the PK 
and engagement of the target. The Kp,uu,CSF is quite different from the Kp,uu,brain for bupropion, which 
means that estimations of the target site concentrations will be less valuable if based on CSF 
measurements
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Laboratory studies have not found any significant dissimilarities in estimated 
Vu,brain values from fresh brain slices between Sprague-Dawley rats and NMRI mice 
(Fig. 10.7). However, more systematic investigations are required to support the 
possibility of the interchangeable use of Vu,brain measurements for translational 
studies.

10.6.2  Translational Aspects of Brain Exposure Assessment

In the drug industry, the translation of drug tissue distribution data between species 
is grounded on the assumption that the tissue-to-plasma drug partitioning coeffi-
cient for passive transport is tissue- and species-independent. However, the avail-
able information in the literature supports the existence of interspecies differences 
in the lipid composition of the tissues, which is considered to be the main factor in 
drug binding to tissues (Rouser et al. 1969; Simon and Rouser 1969). Elaborate 
investigation of tissue lipid composition with regard to drug distribution in dogs and 
rats has demonstrated clear differences between the animals; for example the 
proportion of neutral lipids was fivefold lower in dog brain than in rat brain 
(Rodgers et al. 2012). The authors suggested that the assumption of constancy in 

Fig. 10.7 Relationship between rat (x-axis) and mouse (y-axis) brain slices for estimation of 
the volume of distribution of unbound drug in the brain of ten compounds (Vu,brain; mL g brain−1). 
The solid line represents the line of identity. The color of the diamonds represents the ion class of 
the compound (bases: thioridazine, docetaxel, paroxetine, verapamil, digoxin, oxycodone; neutral: 
diazepam; acid: indomethacin; zwitterion: gabapentin). Constructed from data in Loryan et al. 
(Loryan et al. 2013)
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tissue-to- plasma partitioning should be used with caution when species-specific 
tissue distribution is of interest. Nevertheless, based on a widely accepted measure 
of prediction that describes the number of compounds that fall within a twofold to 
threefold range, various groups have demonstrated the reliability of rodent-derived 
PK parameters for predicting BBB net flux in humans and large animals, although 
this has mainly been for compounds with predominantly passive transport (Friden 
et al. 2009b; Di et al. 2012a; Doran et al. 2012; Kielbasa and Stratford 2012; 
Westerhout et al. 2012). For instance, Doran and colleagues showed that preclinical 
rat-derived neuroPK parameters, particularly Kp,uu,brain, can be used to extrapolate 
Cu,brainISF in dogs and nonhuman primates for freely permeating non-P-gp substrates 
(Doran et al. 2012). In contrast, prediction of Cu,brainISF for P-gp substrates such as 
risperidone and 9-hydroxyrisperidone using a similar approach was significantly 
flawed, with under-prediction of Kp,uu,brain in dogs and nonhuman primates from rat-
derived data. Reports describing species differences in brain exposure measure-
ments have also been documented (Dagenais et al. 2001; Syvanen et al. 2008; 
Syvanen et al. 2009; Bundgaard et al. 2012a).

Issues related to the disequilibrium of drug concentrations at the BBB make it 
difficult to rank the importance of the PK parameters for the translation. 
Consequently, it is critical to assess the extent of human BBB transport and evalu-
ate the potential impact of the degree of asymmetry on brain exposure in relation 
to target engagement or pharmacological activity early in drug discovery and 
development programs. The main reason for the observed asymmetry in BBB 
equilibration is the species-specific presence of efflux and influx transporters (see 
Chap. 2 and 3 for an overview of BBB transporters and pharmacoproteomics). 
There is no doubt that P-gp is one of the most important efflux transporters at the 
BBB (Tsuji et al. 1992; Tsuji et al. 1993; Terasaki and Hosoya 1999; Demeule 
et al. 2002; Mizuno et al. 2003; Lin 2004; Syvanen et al. 2008; Kodaira et al. 
2011; Uchida et al. 2011a; Agarwal et al. 2012). However, the relative importance 
of P-gp in humans and rats was questioned after the breast cancer resistance pro-
tein (BCRP) was found to be the most abundant protein expressed in the human 
BBB (Uchida et al. 2011b). Nonetheless, cell lines transfected with human trans-
porters, mostly only P-pg, are often used in lead optimization and candidate selec-
tion in the preclinical phases of drug discovery (see Chap. 6 for a comprehensive 
overview of cell culture models of the BBB). Transporter knockout animals or 
chemically “knocked-out” animals (i.e., after administration of P-gp or BCRP 
inhibitors) are used in drug discovery projects (see Chap. 7 for an exploration of 
in situ and in vivo animal models and Chap. 12 for the current thinking on this 
topic in the drug industry). Regardless of the “solid” status of in vitro and in vivo 
P-gp assays in drug discovery, both the rationale of the applied methods and the 
interpretation of the obtained results are debatable. Overall, it remains challenging 
to predict the BBB net flux of potential transporter substrates from rodent data. 
Consequently, due to the lack of translational knowledge the recommendation not 
to advance efflux transporter substrates is often promoted in the drug industry (Di 
et al. 2012a).
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10.7  Current Status and Future Directions

Notwithstanding immense progress in the understanding of drug delivery to the 
brain and improved screening cascades in drug discovery programs, the clinical suc-
cess rate for novel neurotherapeutics is exceptionally low at present. The approaches 
to the selection and optimization of compounds with sufficient delivery to the brain 
in drug discovery are currently stereotypical, high-throughput methods in most 
pharmaceutical companies. The complications associated with the measurement of 
active-site concentrations for potential CNS drugs have made surrogate methodolo-
gies (such as the assessment of brain ISF drug concentrations using matrices such 
as CSF and plasma) popular. There have been advancements in methodologies 
related to the assessment of Cu,brainISF, making it easier to measure the actual value 
rather than a surrogate. The use of the CSF as a relevant surrogate for Cu,brainISF has 
been extensively investigated to support the rationale of its use in drug discovery (de 
Lange and Danhof 2002; de Lange et al. 2005; Liu et al. 2006; Lin 2008; Friden 
et al. 2009b; Liu et al. 2009a; Di et al. 2012a; de Lange 2013b). Issues related to the 
sampling of CSF and interpretations of the data are discussed in Chaps. 5 and 9. 
However, despite the progress made, problems related to the veracity of the pre-
dicted values remain. It is important to remember that “you get what you measure” 
(Elebring et al. 2012), meaning that the definitions of the parameters and/or appro-
priate surrogates including critical interpretation are crucial.

The establishment of a PKPD stage very early in drug development is a great 
advance for drug discovery (Chap. 9) (Westerhout et al. 2011). Strategies to mini-
mize neurotoxicity for non-CNS compounds are also of great interest (Wager et al. 
2012). Exploration of the potential of mathematical modeling, particularly physio-
logically based PKPD modeling in drug discovery programs, will facilitate better 
understanding of the BBB transport of small molecules.

The role of the efflux and influx transporters and their potential interactions 
require investigation to provide further insight into active BBB transport. We need 
to learn how to incorporate our knowledge of proteomics into drug transport model-
ing. Advancements in our understanding of pathological conditions (Part V) and 
their influences on the most important neuroPK parameters (Kp,uu,brain, Vu,brain and 
Kp,uu,cell) will also improve the translational aspects of drug discovery.

10.8  Points for Discussion (Questions)

• What are the conceptual differences between the brain homogenate and brain 
slice methods?

• What allows the combination of the brain homogenate and brain slice methods to 
approximate the cellular unbound drug partitioning coefficient?

• Discuss the driving forces of BBB and CB drug transport.
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• What is the physiological basis and pharmacokinetic impact of lysosomotropism 
for basic compounds?

• How can information about whether the compound is lysosomotropic influence 
the drug discovery and development processes?

• What are the pros and cons of using cutoff values for Kp,uu,brain in relation to evalu-
ation of drug target engagement?

• Which neuroPK parameters are critical for translational medicine?
• Discuss the impact of the threefold difference cutoff point for methods in drug 

discovery.
• In which phase of drug discovery is it best to investigate the BBB transport and 

brain drug distribution of NCEs?

References

Abbott NJ (2004) Evidence for bulk flow of brain interstitial fluid: significance for physiology and 
pathology. Neurochem Int 45(4):545–552

Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ (2010) Structure and function of 
the blood–brain barrier. Neurobiol Dis 37(1):13–25

Abraham MH (2011) The permeation of neutral molecules, ions, and ionic species through mem-
branes: brain permeation as an example. J Pharm Sci 100(5):1690–1701

Agarwal S, Uchida Y, Mittapalli RK, Sane R, Terasaki T, Elmquist WF (2012) Quantitative pro-
teomics of transporter expression in brain capillary endothelial cells isolated from P-gp, BCRP, 
and P-gp/BCRP knockout mice. Drug Metab Dispos 40(6):1164–9

Banker MJ, Clark TH, Williams JA (2003) Development and validation of a 96-well equilibrium 
dialysis apparatus for measuring plasma protein binding. J Pharm Sci 92(5):967–974

Bean JW, Sargent DF, Schwyzer R (1988) Ligand/receptor interactions–the influence of the micro-
environment on macroscopic properties. Electrostatic interactions with the membrane phase. J 
Recept Res 8(1–4):375–389

Becker S, Liu X (2006) Evaluation of the utility of brain slice methods to study brain penetration. 
Drug Metab Dispos 34(5):855–861

Begley DJ (1996) The blood–brain barrier: principles for targeting peptides and drugs to the cen-
tral nervous system. J Pharm Pharmacol 48(2):136–146

Begley DJ (2004) Delivery of therapeutic agents to the central nervous system: the problems and 
the possibilities. Pharmacol Ther 104(1):29–45

Bendayan R, Lee G, Bendayan M (2002) Functional expression and localization of P-glycoprotein 
at the blood brain barrier. Microsc Res Tech 57(5):365–380

Benkwitz C, Liao M, Laster MJ, Sonner JM, Eger EI 2nd, Pearce RA (2007) Determination of the 
EC50 amnesic concentration of etomidate and its diffusion profile in brain tissue: implications 
for in vitro studies. Anesthesiology 106(1):114–123

Berry LM, Roberts J, Be X, Zhao Z, Lin MH (2010) Prediction of V(ss) from in vitro tissue- 
binding studies. Drug Metab Dispos 38(1):115–121

Blasberg R, Levi G, Lajtha A (1970) A comparison of inhibition of steady state, new transport, and 
exchange fluxes of amino acids in brain slices. Biochim Biophys Acta 203(3):464–483

Bostrom E, Simonsson US, Hammarlund-Udenaes M (2006) In vivo blood–brain barrier transport 
of oxycodone in the rat: indications for active influx and implications for pharmacokinetics/
pharmacodynamics. Drug Metab Dispos 34(9):1624–1631

Bouw MR, Xie R, Tunblad K, Hammarlund-Udenaes M (2001) Blood–brain barrier transport and 
brain distribution of morphine-6-glucuronide in relation to the antinociceptive effect in rats–
pharmacokinetic/pharmacodynamic modelling. Br J Pharmacol 134(8):1796–1804

I. Loryan and M. Hammarlund-Udenaes



307

Boya P, Andreau K, Poncet D, Zamzami N, Perfettini JL, Metivier D, Ojcius DM, Jaattela M, 
Kroemer G (2003) Lysosomal membrane permeabilization induces cell death in a 
mitochondrion- dependent fashion. J Exp Med 197(10):1323–1334

Boya P, Kroemer G (2008) Lysosomal membrane permeabilization in cell death. Oncogene 
27(50):6434–6451

Brunner D, Balci F, Ludvig EA (2012) Comparative psychology and the grand challenge of drug 
discovery in psychiatry and neurodegeneration. Behav Processes 89(2):187–195

Bundgaard C, Jensen CJ, Garmer M (2012a) Species comparison of in vivo P-glycoprotein- 
mediated brain efflux using mdr1a-deficient rats and mice. Drug Metab Dispos 40(3):461–466

Bundgaard C, Jorgensen M, Mork A (2007) An integrated microdialysis rat model for multiple 
pharmacokinetic/pharmacodynamic investigations of serotonergic agents. J Pharmacol Toxicol 
Methods 55(2):214–223

Bundgaard C, Sveigaard C, Brennum LT, Stensbol TB (2012b) Associating in vitro target binding 
and in vivo CNS occupancy of serotonin reuptake inhibitors in rats: the role of free drug con-
centrations. Xenobiotica 42(3):256–265

Chesney MA, Perouansky M, Pearce RA (2003) Differential uptake of volatile agents into brain 
tissue in vitro. Measurement and application of a diffusion model to determine concentration 
profiles in brain slices. Anesthesiology 99(1):122–130

Collingridge GL (1995) The brain slice preparation: a tribute to the pioneer Henry McIlwain.  
J Neurosci Methods 59(1):5–9

Cserr HF, Patlak CS (1992) Secretion and bulk flow of interstitial fluid. In: Bradbury MWB (ed) 
Physiology and pharmacology of the blood–brain barrier. Springer, Berlin, pp 245–261

Dagenais C, Zong J, Ducharme J, Pollack GM (2001) Effect of mdr1a P-glycoprotein gene disrup-
tion, gender, and substrate concentration on brain uptake of selected compounds. Pharm Res 
18(7):957–963

Daniel WA (2003) Mechanisms of cellular distribution of psychotropic drugs. Significance for 
drug action and interactions. Prog Neuropsychopharmacol Biol Psychiatry 27(1):65–73

Daniel WA, Bickel MH, Honegger UE (1995) The contribution of lysosomal trapping in the uptake 
of desipramine and chloroquine by different tissues. Pharmacol Toxicol 77(6):402–406

Daniel WA, Syrek M, Haduch A, Wojcikowski J (1998) Pharmacokinetics of phenothiazine neu-
roleptics after chronic coadministration of carbamazepine. Pol J Pharmacol 50(6):431–442

Daniel WA, Syrek M, Haduch A, Wojcikowski J (2000) Different effects of amitriptyline and 
imipramine on the pharmacokinetics and metabolism of perazine in rats. J Pharm Pharmacol 
52(12):1473–1481

Daniel WA, Wojcikowski J (1997) Contribution of lysosomal trapping to the total tissue uptake of 
psychotropic drugs. Pharmacol Toxicol 80(2):62–68

Daniel WA, Wojcikowski J (1999a) Lysosomal trapping as an important mechanism involved in 
the cellular distribution of perazine and in pharmacokinetic interaction with antidepressants. 
Eur Neuropsychopharmacol 9(6):483–491

Daniel WA, Wojcikowski J (1999b) The role of lysosomes in the cellular distribution of thiorida-
zine and potential drug interactions. Toxicol Appl Pharmacol 158(2):115–124

Davson H, Hollingsworth G, Segal MB (1970) The mechanism of drainage of the cerebrospinal 
fluid. Brain 93(4):665–678

Davson H, Segal MB (1995) Physiology of the CSF and blood–brain barriers. CRC Press, Boca 
Raton, USA

de Boer AG, Gaillard PJ (2007) Drug targeting to the brain. Annu Rev Pharmacol Toxicol 
47:323–355

De Duve C (1970) The role of lysosomes in cellular pathology. Triangle 9(6):200–208
De Duve C (1971) Tissue fractionation. Past and present. J Cell Biol 50(1):20d–55d
de Duve C (1975) The role of lysosomes in the pathogeny of disease. Scand J Rheumatol Suppl 

12:63–66
de Lange EC (2013a) The mastermind approach to CNS drug therapy: translational prediction of 

human brain distribution, target site kinetics, and therapeutic effects. Fluids Barriers CNS 
10(1):12

10 Drug Discovery Methods for Studying Brain Drug Delivery and Distribution



308

de Lange EC (2013b) Utility of CSF in translational neuroscience. J Pharmacokinet Pharmacodyn 
40(3):315–26

de Lange EC, Danhof M (2002) Considerations in the use of cerebrospinal fluid pharmacokinetics 
to predict brain target concentrations in the clinical setting: implications of the barriers between 
blood and brain. Clin Pharmacokinet 41(10):691–703

de Lange EC, de Boer BA, Breimer DD (1999) Microdialysis for pharmacokinetic analysis of drug 
transport to the brain. Adv Drug Deliv Rev 36(2–3):211–227

de Lange EC, Ravenstijn PG, Groenendaal D, van Steeg TJ (2005) Toward the prediction of CNS 
drug-effect profiles in physiological and pathological conditions using microdialysis and 
mechanism-based pharmacokinetic-pharmacodynamic modeling. AAPS J 7(3):E532–543

Demeule M, Regina A, Jodoin J, Laplante A, Dagenais C, Berthelet F, Moghrabi A, Beliveau R 
(2002) Drug transport to the brain: key roles for the efflux pump P-glycoprotein in the blood–
brain barrier. Vascul Pharmacol 38(6):339–348

Deo AK, Theil FP, Nicolas JM (2013) Confounding parameters in preclinical assessment of 
blood–brain barrier permeation: an overview with emphasis on species differences and effect 
of disease states. Mol Pharm 10(5):1581–95

Di L, Rong H, Feng B (2012a) Demystifying brain penetration in central nervous system drug 
discovery. J Med Chem 56(1):2–12

Di L, Umland JP, Chang G, Huang Y, Lin Z, Scott DO, Troutman MD, Liston TE (2011) Species 
independence in brain tissue binding using brain homogenates. Drug Metab Dispos 
39(7):1270–1277

Di L, Umland JP, Trapa PE, Maurer TS (2012b) Impact of recovery on fraction unbound using 
equilibrium dialysis. J Pharm Sci 101(3):1327–1335

Doran A, Obach RS, Smith BJ, Hosea NA, Becker S, Callegari E, Chen C, Chen X, Choo E, 
Cianfrogna J, Cox LM, Gibbs JP, Gibbs MA, Hatch H, Hop CE, Kasman IN, Laperle J, Liu J, 
Liu X, Logman M, Maclin D, Nedza FM, Nelson F, Olson E, Rahematpura S, Raunig D, Rogers 
S, Schmidt K, Spracklin DK, Szewc M, Troutman M, Tseng E, Tu M, Van Deusen JW, 
Venkatakrishnan K, Walens G, Wang EQ, Wong D, Yasgar AS, Zhang C (2005) The impact of 
P-glycoprotein on the disposition of drugs targeted for indications of the central nervous system: 
evaluation using the MDR1A/1B knockout mouse model. Drug Metab Dispos 33(1):165–174

Doran AC, Osgood SM, Mancuso JY, Shaffer CL (2012) An evaluation of using rat-derived single- 
dose neuropharmacokinetic parameters to project accurately large animal unbound brain drug 
concentrations. Drug Metab Dispos 40(11):2162–73

Dos-Anjos S, Martinez-Villayandre B, Montori S, Salas A, Perez-Garcia CC, Fernandez-Lopez A 
(2008) Quantitative gene expression analysis in a brain slice model: influence of temperature 
and incubation media. Anal Biochem 378(1):99–101

Duvvuri M, Krise JP (2005) A novel assay reveals that weakly basic model compounds concen-
trate in lysosomes to an extent greater than pH-partitioning theory would predict. Mol Pharm 
2(6):440–448

Eaton WW, Martins SS, Nestadt G, Bienvenu OJ, Clarke D, Alexandre P (2008) The burden of 
mental disorders. Epidemiol Rev 30:1–14

Elebring T, Gill A, Plowright AT (2012) What is the most important approach in current drug 
discovery: doing the right things or doing things right? Drug Discov Today 17(21–22): 
1166–1169

Elmquist WF, Sawchuk RJ (1997) Application of microdialysis in pharmacokinetic studies. Pharm 
Res 14(3):267–288

Elmquist WF, Sawchuk RJ (2000) Use of microdialysis in drug delivery studies. Adv Drug Deliv 
Rev 45(2–3):123–124

Fenstermacher J, Kaye T (1988) Drug diffusion within the brain. Ann N Y Acad Sci 531:29–39
Fenstermacher JD (1992) The blood–brain barrier is not a “barrier” for many drugs. NIDA Res 

Monogr 120:108–120
Fichtl B, v Nieciecki A, Walter K (1991a) Tissue binding versus plasma binding of drugs: general 

principles and pharmacokinetic consequences. In: Testa B (ed) Advances in drug research , vol 
20. Academic Press, London, pp 117–166

I. Loryan and M. Hammarlund-Udenaes



309

Fichtl B, Von Nieciecki A, Walter K (1991b) ChemInform abstract: tissue binding versus plasma 
binding of drugs: general principles and pharmacokinetic consequences. ChemInform 22

Friden M, Bergstrom F, Wan H, Rehngren M, Ahlin G, Hammarlund-Udenaes M, Bredberg U 
(2011) Measurement of unbound drug exposure in brain: modeling of pH partitioning explains 
diverging results between the brain slice and brain homogenate methods. Drug Metab Dispos 
39(3):353–362

Friden M, Ducrozet F, Middleton B, Antonsson M, Bredberg U, Hammarlund-Udenaes M (2009a) 
Development of a high-throughput brain slice method for studying drug distribution in the 
central nervous system. Drug Metab Dispos 37(6):1226–1233

Friden M, Gupta A, Antonsson M, Bredberg U, Hammarlund-Udenaes M (2007) In vitro methods 
for estimating unbound drug concentrations in the brain interstitial and intracellular fluids. 
Drug Metab Dispos 35(9):1711–1719

Friden M, Ljungqvist H, Middleton B, Bredberg U, Hammarlund-Udenaes M (2010) Improved 
measurement of drug exposure in the brain using drug-specific correction for residual blood.  
J Cereb Blood Flow Metab 30(1):150–161

Friden M, Winiwarter S, Jerndal G, Bengtsson O, Wan H, Bredberg U, Hammarlund-Udenaes M, 
Antonsson M (2009b) Structure-brain exposure relationships in rat and human using a novel 
data set of unbound drug concentrations in brain interstitial and cerebrospinal fluids. J Med 
Chem 52(20):6233–6243

Fung EN, Chen YH, Lau YY (2003) Semi-automatic high-throughput determination of plasma 
protein binding using a 96-well plate filtrate assembly and fast liquid chromatography-tandem 
mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci 795(2):187–194

Gaillard PJ, de Boer AG (2000) Relationship between permeability status of the blood–brain bar-
rier and in vitro permeability coefficient of a drug. Eur J Pharm Sci 12(2):95–102

Gaillard PJ, Visser CC, Appeldoorn CC, Rip J (2012) Targeted blood-to-brain drug delivery – 10 
key development criteria. Curr Pharm Biotechnol 13(12):2328–2339

Garberg P, Ball M, Borg N, Cecchelli R, Fenart L, Hurst RD, Lindmark T, Mabondzo A, Nilsson 
JE, Raub TJ, Stanimirovic D, Terasaki T, Oberg JO, Osterberg T (2005) In vitro models for the 
blood–brain barrier. Toxicol In Vitro 19(3):299–334

Garcia-Garcia E, Andrieux K, Gil S, Couvreur P (2005) Colloidal carriers and blood–brain barrier 
(BBB) translocation: a way to deliver drugs to the brain? Int J Pharm 298(2):274–292

Ghose AK, Herbertz T, Hudkins RL, Dorsey BD, Mallamo JP (2012) Knowledge-based, central 
nervous system (CNS) lead selection and lead optimization for CNS drug discovery. ACS 
Chem Neurosci 3(1):50–68

Ghose AK, Viswanadhan VN, Wendoloski JJ (1999) A knowledge-based approach in designing 
combinatorial or medicinal chemistry libraries for drug discovery. 1. A qualitative and quanti-
tative characterization of known drug databases. J Comb Chem 1(1):55–68

Gibaldi M (1969) Effect of mode of administration on drug distribution in a two-compartment 
open system. J Pharm Sci 58(3):327–331

Glees P, Voth D (1988) Clinical and ultrastructural observations of maturing human frontal cortex. 
Part I (Biopsy material of hydrocephalic infants). Neurosurg Rev 11(3–4):273–278

Gredell JA, Turnquist PA, Maciver MB, Pearce RA (2004) Determination of diffusion and parti-
tion coefficients of propofol in rat brain tissue: implications for studies of drug action in vitro. 
Br J Anaesth 93(6):810–817

Gunn RN, Summerfield SG, Salinas CA, Read KD, Guo Q, Searle GE, Parker CA, Jeffrey P, 
Laruelle M (2012) Combining PET biodistribution and equilibrium dialysis assays to assess the 
free brain concentration and BBB transport of CNS drugs. J Cereb Blood Flow Metab 
32(5):874–83

Gupta A, Chatelain P, Massingham R, Jonsson EN, Hammarlund-Udenaes M (2006) Brain distri-
bution of cetirizine enantiomers: comparison of three different tissue-to-plasma partition coef-
ficients: K(p), K(p, u), and K(p, uu). Drug Metab Dispos 34(2):318–323

Hammarlund-Udenaes M (2010) Active-site concentrations of chemicals - are they a better predic-
tor of effect than plasma/organ/tissue concentrations? Basic Clin Pharmacol Toxicol 106(3): 
215–220

10 Drug Discovery Methods for Studying Brain Drug Delivery and Distribution



310

Hammarlund-Udenaes M, Bredberg U, Friden M (2009) Methodologies to assess brain drug 
delivery in lead optimization. Curr Top Med Chem 9(2):148–162

Hammarlund-Udenaes M, Friden M, Syvanen S, Gupta A (2008) On the rate and extent of drug 
delivery to the brain. Pharm Res 25(8):1737–1750

Hammarlund-Udenaes M, Paalzow LK, de Lange EC (1997) Drug equilibration across the blood–
brain barrier–pharmacokinetic considerations based on the microdialysis method. Pharm Res 
14(2):128–134

Harashima H, Sugiyama Y, Sawada Y, Iga T, Hanano M (1984) Comparison between in-vivo and 
in-vitro tissue-to-plasma unbound concentration ratios (Kp, f) of quinidine in rats. J Pharm 
Pharmacol 36(5):340–342

He X, Huang Y, Li B, Gong CX, Schuchman EH (2010) Deregulation of sphingolipid metabolism 
in Alzheimer’s disease. Neurobiol Aging 31(3):398–408

Hitchcock SA, Pennington LD (2006) Structure-brain exposure relationships. J Med Chem 
49(26):7559–7583

Huang JD (1983) Errors in estimating the unbound fraction of drugs due to the volume shift in 
equilibrium dialysis. J Pharm Sci 72(11):1368–1369

Huwyler J, Wu D, Pardridge WM (1996) Brain drug delivery of small molecules using immunoli-
posomes. Proc Natl Acad Sci U S A 93(24):14164–14169

Jeffrey P, Summerfield SG (2007) Challenges for blood–brain barrier (BBB) screening. Xenobiotica 
37(10–11):1135–1151

Kaitin KI, DiMasi JA (2011) Pharmaceutical innovation in the 21st century: new drug approvals in 
the first decade, 2000-2009. Clin Pharmacol Ther 89(2):183–188

Kakee A, Terasaki T, Sugiyama Y (1996) Brain efflux index as a novel method of analyzing efflux 
transport at the blood–brain barrier. J Pharmacol Exp Ther 277(3):1550–1559

Kakee A, Terasaki T, Sugiyama Y (1997) Selective brain to blood efflux transport of para- 
aminohippuric acid across the blood–brain barrier: in vivo evidence by use of the brain efflux 
index method. J Pharmacol Exp Ther 283(3):1018–1025

Kalvass JC, Maurer TS (2002) Influence of nonspecific brain and plasma binding on CNS expo-
sure: implications for rational drug discovery. Biopharm Drug Dispos 23(8):327–338

Kalvass JC, Maurer TS, Pollack GM (2007a) Use of plasma and brain unbound fractions to assess 
the extent of brain distribution of 34 drugs: comparison of unbound concentration ratios to in 
vivo p-glycoprotein efflux ratios. Drug Metab Dispos 35(4):660–666

Kalvass JC, Olson ER, Cassidy MP, Selley DE, Pollack GM (2007b) Pharmacokinetics and 
pharmacodynamics of seven opioids in P-glycoprotein-competent mice: assessment of unbound 
brain EC50, u and correlation of in vitro, preclinical, and clinical data. J Pharmacol Exp Ther 
323(1):346–355

Kariv I, Cao H, Oldenburg KR (2001) Development of a high throughput equilibrium dialysis 
method. J Pharm Sci 90(5):580–587

Kaufmann AM, Krise JP (2007) Lysosomal sequestration of amine-containing drugs: analysis and 
therapeutic implications. J Pharm Sci 96(4):729–746

Kell DB, Dobson PD, Bilsland E, Oliver SG (2013) The promiscuous binding of pharmaceutical 
drugs and their transporter-mediated uptake into cells: what we (need to) know and how we can 
do so. Drug Discov Today 18(5–6):218–239

Kell DB, Dobson PD, Oliver SG (2011) Pharmaceutical drug transport: the issues and the implica-
tions that it is essentially carrier-mediated only. Drug Discov Today 16(15–16):704–714

Kelly J (2009) Principles of CNS drug development: from test tube to clinic and beyond
Kielbasa W, Stratford RE Jr (2012) Exploratory translational modeling approach in drug develop-

ment to predict human brain pharmacokinetics and pharmacologically relevant clinical doses. 
Drug Metab Dispos 40(5):877–883

Klotz IM (1973) Physiochemical aspects of drug-protein interactions: a general perspective. Ann 
N Y Acad Sci 226:18–35

Kodaira H, Kusuhara H, Fujita T, Ushiki J, Fuse E, Sugiyama Y (2011) Quantitative evaluation of 
the impact of active efflux by p-glycoprotein and breast cancer resistance protein at the blood–
brain barrier on the predictability of the unbound concentrations of drugs in the brain using 
cerebrospinal fluid concentration as a surrogate. J Pharmacol Exp Ther 339(3):935–944

I. Loryan and M. Hammarlund-Udenaes



311

Kornhuber J, Muehlbacher M, Trapp S, Pechmann S, Friedl A, Reichel M, Muhle C, Terfloth L, 
Groemer TW, Spitzer GM, Liedl KR, Gulbins E, Tripal P (2011) Identification of novel func-
tional inhibitors of acid sphingomyelinase. PLoS One 6(8):e23852

Kurz H, Fichtl B (1983) Binding of drugs to tissues. Drug Metab Rev 14(3):467–510
Kusuhara H, Sugiyama Y (2002) Role of transporters in the tissue-selective distribution and elimi-

nation of drugs: transporters in the liver, small intestine, brain and kidney. J Control Release 
78(1–3):43–54

Lee G, Dallas S, Hong M, Bendayan R (2001a) Drug transporters in the central nervous system: 
brain barriers and brain parenchyma considerations. Pharmacol Rev 53(4):569–596

Lee G, Schlichter L, Bendayan M, Bendayan R (2001b) Functional expression of P-glycoprotein 
in rat brain microglia. J Pharmacol Exp Ther 299(1):204–212

Li JY, Sugimura K, Boado RJ, Lee HJ, Zhang C, Duebel S, Pardridge WM (1999) Genetically 
engineered brain drug delivery vectors: cloning, expression and in vivo application of an anti- 
transferrin receptor single chain antibody-streptavidin fusion gene and protein. Protein Eng 
12(9):787–796

Lin JH (2004) How significant is the role of P-glycoprotein in drug absorption and brain uptake? 
Drugs Today (Barc) 40(1):5–22

Lin JH (2008) CSF as a surrogate for assessing CNS exposure: an industrial perspective. Curr Drug 
Metab 9(1):46–59

Lin JH, Sugiyama Y, Awazu S, Hanano M (1982) In vitro and in vivo evaluation of the tissue-to- 
blood partition coefficient for physiological pharmacokinetic models. J Pharmacokinet 
Biopharm 10(6):637–647

Lin TH, Lin JH (1990) Effects of protein binding and experimental disease states on brain uptake 
of benzodiazepines in rats. J Pharmacol Exp Ther 253(1):45–50

Liu X, Chen C, Smith BJ (2008) Progress in brain penetration evaluation in drug discovery and 
development. J Pharmacol Exp Ther 325(2):349–356

Liu X, Ding X, Deshmukh G, Liederer BM, Hop CE (2012) Use of cassette dosing approach to 
assess brain penetration in drug discovery. Drug Metab Dispos 40(5):963–9

Liu X, Smith BJ, Chen C, Callegari E, Becker SL, Chen X, Cianfrogna J, Doran AC, Doran SD, 
Gibbs JP, Hosea N, Liu J, Nelson FR, Szewc MA, Van Deusen J (2005) Use of a physiologi-
cally based pharmacokinetic model to study the time to reach brain equilibrium: an experimen-
tal analysis of the role of blood–brain barrier permeability, plasma protein binding, and brain 
tissue binding. J Pharmacol Exp Ther 313(3):1254–1262

Liu X, Smith BJ, Chen C, Callegari E, Becker SL, Chen X, Cianfrogna J, Doran AC, Doran SD, 
Gibbs JP, Hosea N, Liu J, Nelson FR, Szewc MA, Van Deusen J (2006) Evaluation of cerebro-
spinal fluid concentration and plasma free concentration as a surrogate measurement for brain 
free concentration. Drug Metab Dispos 34(9):1443–1447

Liu X, Van Natta K, Yeo H, Vilenski O, Weller PE, Worboys PD, Monshouwer M (2009a) 
Unbound drug concentration in brain homogenate and cerebral spinal fluid at steady state as  
a surrogate for unbound concentration in brain interstitial fluid. Drug Metab Dispos 37(4): 
787–793

Liu X, Vilenski O, Kwan J, Apparsundaram S, Weikert R (2009b) Unbound brain concentration 
determines receptor occupancy: a correlation of drug concentration and brain serotonin and 
dopamine reuptake transporter occupancy for eighteen compounds in rats. Drug Metab Dispos 
37(7):1548–1556

Lloyd JB (2000) Lysosome membrane permeability: implications for drug delivery. Adv Drug 
Deliv Rev 41(2):189–200

Logan R, Funk RS, Axcell E, Krise JP (2012) Drug-drug interactions involving lysosomes: mecha-
nisms and potential clinical implications. Expert Opin Drug Metab Toxicol 8(8):943–958

Longhi R, Corbioli S, Fontana S, Vinco F, Braggio S, Helmdach L, Schiller J, Boriss H (2011) 
Brain tissue binding of drugs: evaluation and validation of solid supported porcine brain mem-
brane vesicles (TRANSIL) as a novel high-throughput method. Drug Metab Dispos 
39(2):312–321

Loryan I, Friden M, Hammarlund-Udenaes M (2013) The brain slice method for studying drug 
distribution in the CNS. Fluids Barriers CNS 10(1):6

10 Drug Discovery Methods for Studying Brain Drug Delivery and Distribution



312

MacIntyre AC, Cutler DJ (1988) The potential role of lysosomes in tissue distribution of weak 
bases. Biopharm Drug Dispos 9(6):513–526

Manitpisitkul P, White RE (2004) Whatever happened to cassette-dosing pharmacokinetics? Drug 
Discov Today 9(15):652–658

Mano Y, Higuchi S, Kamimura H (2002) Investigation of the high partition of YM992, a novel 
antidepressant, in rat brain - in vitro and in vivo evidence for the high binding in brain and the 
high permeability at the BBB. Biopharm Drug Dispos 23(9):351–360

Maurer TS, Debartolo DB, Tess DA, Scott DO (2005) Relationship between exposure and nonspe-
cific binding of thirty-three central nervous system drugs in mice. Drug Metab Dispos 
33(1):175–181

McIlwain H (1951a) Glutamic acid and glucose as substrates for mammalian brain. J Ment Sci 
97(409):674–680

McIlwain H (1951b) Metabolic response in vitro to electrical stimulation of sections of mamma-
lian brain. Biochem J 48(4):1vi

Mizuno N, Niwa T, Yotsumoto Y, Sugiyama Y (2003) Impact of drug transporter studies on drug 
discovery and development. Pharmacol Rev 55(3):425–461

Muehlbacher M, Tripal P, Roas F, Kornhuber J (2012) Identification of drugs inducing phospho-
lipidosis by novel in vitro data. ChemMedChem

Nadanaciva S, Lu S, Gebhard DF, Jessen BA, Pennie WD, Will Y (2011) A high content screening 
assay for identifying lysosomotropic compounds. Toxicol In Vitro 25(3):715–723

Ndengele MM, Cuzzocrea S, Masini E, Vinci MC, Esposito E, Muscoli C, Petrusca DN, Mollace 
V, Mazzon E, Li D, Petrache I, Matuschak GM, Salvemini D (2009) Spinal ceramide modu-
lates the development of morphine antinociceptive tolerance via peroxynitrite-mediated nitrox-
idative stress and neuroimmune activation. J Pharmacol Exp Ther 329(1):64–75

Neuwelt E, Abbott NJ, Abrey L, Banks WA, Blakley B, Davis T, Engelhardt B, Grammas P, 
Nedergaard M, Nutt J, Pardridge W, Rosenberg GA, Smith Q, Drewes LR (2008) Strategies to 
advance translational research into brain barriers. Lancet Neurol 7(1):84–96

Newman GC, Hospod FE, Patlak CS (1988a) Brain slice glucose utilization. J Neurochem 
51(6):1783–1796

Newman GC, Hospod FE, Schissel SL (1991) Ischemic brain slice glucose utilization: effects of 
slice thickness, acidosis, and K+. J Cereb Blood Flow Metab 11(3):398–406

Newman GC, Hospod FE, Wu P (1988b) Thick brain slices model the ischemic penumbra. J Cereb 
Blood Flow Metab 8(4):586–597

Nicholson C, Sykova E (1998) Extracellular space structure revealed by diffusion analysis. Trends 
Neurosci 21(5):207–215

Ohtsuki S, Takizawa T, Takanaga H, Hori S, Hosoya K, Terasaki T (2004) Localization of organic 
anion transporting polypeptide 3 (oatp3) in mouse brain parenchymal and capillary endothelial 
cells. J Neurochem 90(3):743–749

Ooie T, Terasaki T, Suzuki H, Sugiyama Y (1997) Quantitative brain microdialysis study on the 
mechanism of quinolones distribution in the central nervous system. Drug Metab Dispos 
25(7):784–789

Padowski JM, Pollack GM (2011a) The influence of distributional kinetics into a peripheral 
compartment on the pharmacokinetics of substrate partitioning between blood and brain tissue. 
J Pharmacokinet Pharmacodyn 38(6):743–767

Padowski JM, Pollack GM (2011b) Influence of time to achieve substrate distribution equilibrium 
between brain tissue and blood on quantitation of the blood–brain barrier P-glycoprotein effect. 
Brain Res 1426:1–17

Pardridge WM (1989) Strategies for drug delivery through the blood–brain barrier. Neurobiol 
Aging 10(5):636–637, discussion 648-650

Pardridge WM (1997) Drug delivery to the brain. J Cereb Blood Flow Metab 17(7):713–731
Pardridge WM (2006) Molecular Trojan horses for blood–brain barrier drug delivery. Curr Opin 

Pharmacol 6(5):494–500
Pardridge WM, Boado RJ, Black KL, Cancilla PA (1992) Blood–brain barrier and new approaches 

to brain drug delivery. West J Med 156(3):281–286

I. Loryan and M. Hammarlund-Udenaes



313

Patlak CS, Hospod FE, Trowbridge SD, Newman GC (1998) Diffusion of radiotracers in normal 
and ischemic brain slices. J Cereb Blood Flow Metab 18(7):776–802

Plise EG, Tran D, Salphati L (2010) Semi-automated protein binding methodology using equilib-
rium dialysis and a novel mixed-matrix cassette approach. J Pharm Sci 99(12):5070–5078

Raub TJL, Lutzke BS, Andrus PK, Sawada GA, Staton BA (2006) Early preclinical evaluation of 
brain exposure in support of hit identification and lead optimization. In: Borchardt RT, Middagh 
CR (eds) Optimization of drug-like properties during lead optimization, Biotechnology: phar-
maceutical aspects series. Am Assoc Pharm Sci Press, Arlington, VA

Read KD, Braggio S (2010) Assessing brain free fraction in early drug discovery. Expert Opin 
Drug Metab Toxicol 6(3):337–344

Reichel A (2006) The role of blood–brain barrier studies in the pharmaceutical industry. Curr Drug 
Metab 7(2):183–203

Reichel A (2009) Addressing central nervous system (CNS) penetration in drug discovery: basics 
and implications of the evolving new concept. Chem Biodivers 6(11):2030–2049

Reichel A, Begley D, Abbott N (2003) An overview of in vitro techniques for blood–brain barrier 
studies. In: Nag S (ed) The blood–brain barrier: biology and research tools, Methods in molec-
ular medicine (Vol. 89). Humana Press Inc., Totowa, NJ

Rice ME (1999) Use of ascorbate in the preparation and maintenance of brain slices. Methods 
18(2):144–149

Rodgers T, Jones HM, Rowland M (2012) Tissue lipids and drug distribution: dog versus rat.  
J Pharm Sci 101(12):4615–4626

Romer J, Bickel MH (1979) A method to estimate binding constants at variable protein concentra-
tions. J Pharm Pharmacol 31(1):7–11

Rouser G, Simon G, Kritchevsky G (1969) Species variations in phospholipid class distribution of 
organs. I. Kidney, liver and spleen. Lipids 4(6):599–606

Sargent DF, Bean JW, Schwyzer R (1988) Conformation and orientation of regulatory peptides on 
lipid membranes. Key to the molecular mechanism of receptor selection. Biophys Chem 
31(1–2):183–193

Sargent DF, Schwyzer R (1986) Membrane lipid phase as catalyst for peptide-receptor interac-
tions. Proc Natl Acad Sci U S A 83(16):5774–5778

Sawada Y, Hanano M, Sugiyama Y, Harashima H, Iga T (1984) Prediction of the volumes of dis-
tribution of basic drugs in humans based on data from animals. J Pharmacokinet Biopharm 
12(6):587–596

Scherrmann JM (2002) Drug delivery to brain via the blood–brain barrier. Vascul Pharmacol 
38(6):349–354

Schoepp DD (2011) Where will new neuroscience therapies come from? Nat Rev Drug Discov 
10(10):715–716

Schultz ML, Tecedor L, Chang M, Davidson BL (2011) Clarifying lysosomal storage diseases. 
Trends Neurosci 34(8):401–410

Schwab ME, Buchli AD (2012) Drug research: plug the real brain drain. Nature 483(7389): 
267–268

Schwarz E, Prabakaran S, Whitfield P, Major H, Leweke FM, Koethe D, McKenna P, Bahn S 
(2008) High throughput lipidomic profiling of schizophrenia and bipolar disorder brain tissue 
reveals alterations of free fatty acids, phosphatidylcholines, and ceramides. J Proteome Res 
7(10):4266–4277

Segall MD (2012) Multi-parameter optimization: identifying high quality compounds with a bal-
ance of properties. Curr Pharm Des 18(9):1292–1310

Shaffer CL (2010) Defining neuropharmacokinetic parameters in CNS drug discovery to deter-
mine cross-species pharmacologic exposure-response relationships. Annu Rep Med Chem 
45:55–70

Shen DD, Artru AA, Adkison KK (2004) Principles and applicability of CSF sampling for the 
assessment of CNS drug delivery and pharmacodynamics. Adv Drug Deliv Rev 56(12): 
1825–1857

10 Drug Discovery Methods for Studying Brain Drug Delivery and Distribution



314

Simon G, Rouser G (1969) Species variations in phospholipid class distribution of organs. II. Heart 
and skeletal muscle. Lipids 4(6):607–614

Smith DA, Di L, Kerns EH (2010) The effect of plasma protein binding on in vivo efficacy: mis-
conceptions in drug discovery. Nat Rev Drug Discov 9(12):929–939

Smith QR (1991) The blood–brain barrier and the regulation of amino acid uptake and availability 
to brain. Adv Exp Med Biol 291:55–71

Stevens J, Ploeger BA, Hammarlund-Udenaes M, Osswald G, van der Graaf PH, Danhof M, de 
Lange EC (2012) Mechanism-based PK-PD model for the prolactin biological system response 
following an acute dopamine inhibition challenge: quantitative extrapolation to humans. J 
Pharmacokinet Pharmacodyn 39(5):463–477

Stokes CE, Murphy D, Paton JF, Kasparov S (2003) Dynamics of a transgene expression in acute 
rat brain slices transfected with adenoviral vectors. Exp Physiol 88(4):459–466

Su TZ, Lunney E, Campbell G, Oxender DL (1995) Transport of gabapentin, a gamma-amino acid 
drug, by system l alpha-amino acid transporters: a comparative study in astrocytes, synapto-
somes, and CHO cells. J Neurochem 64(5):2125–2131

Summerfield SG, Read K, Begley DJ, Obradovic T, Hidalgo IJ, Coggon S, Lewis AV, Porter RA, 
Jeffrey P (2007) Central nervous system drug disposition: the relationship between in situ brain 
permeability and brain free fraction. J Pharmacol Exp Ther 322(1):205–213

Summerfield SG, Stevens AJ, Cutler L, del Carmen OM, Hammond B, Tang SP, Hersey A, 
Spalding DJ, Jeffrey P (2006) Improving the in vitro prediction of in vivo central nervous 
system penetration: integrating permeability, P-glycoprotein efflux, and free fractions in blood 
and brain. J Pharmacol Exp Ther 316(3):1282–1290

Sun N, Avdeef A (2011) Biorelevant pK(a) (37 degrees C) predicted from the 2D structure of the 
molecule and its pK(a) at 25 degrees C. J Pharm Biomed Anal 56(2):173–182

Sykova E (2004) Extrasynaptic volume transmission and diffusion parameters of the extracellular 
space. Neuroscience 129(4):861–876

Sykova E, Nicholson C (2008) Diffusion in brain extracellular space. Physiol Rev 88(4): 
1277–1340

Syvanen S, Hooker A, Rahman O, Wilking H, Blomquist G, Langstrom B, Bergstrom M, 
Hammarlund-Udenaes M (2008) Pharmacokinetics of P-glycoprotein inhibition in the rat 
blood–brain barrier. J Pharm Sci 97(12):5386–5400

Syvanen S, Lindhe O, Palner M, Kornum BR, Rahman O, Langstrom B, Knudsen GM, 
Hammarlund-Udenaes M (2009) Species differences in blood–brain barrier transport of three 
positron emission tomography radioligands with emphasis on P-glycoprotein transport. Drug 
Metab Dispos 37(3):635–643

Syvanen S, Schenke M, van den Berg DJ, Voskuyl RA, de Lange EC (2012) Alteration in 
P-glycoprotein functionality affects intrabrain distribution of quinidine more than brain entry-a 
study in rats subjected to status epilepticus by kainate. AAPS J 14(1):87–96

Tanaka H, Mizojiri K (1999) Drug-protein binding and blood–brain barrier permeability.  
J Pharmacol Exp Ther 288(3):912–918

Terasaki T, Hosoya K (1999) The blood–brain barrier efflux transporters as a detoxifying system 
for the brain. Adv Drug Deliv Rev 36(2–3):195–209

Terasaki T, Ohtsuki S (2005) Brain-to-blood transporters for endogenous substrates and xenobiot-
ics at the blood–brain barrier: an overview of biology and methodology. NeuroRx 2(1):63–72

Thorne RG, Emory CR, Ala TA, Frey WH 2nd (1995) Quantitative analysis of the olfactory path-
way for drug delivery to the brain. Brain Res 692(1–2):278–282

Thorne RG, Hrabetova S, Nicholson C (2004) Diffusion of epidermal growth factor in rat brain 
extracellular space measured by integrative optical imaging. J Neurophysiol 92(6):3471–3481

Thorne RG, Lakkaraju A, Rodriguez-Boulan E, Nicholson C (2008) In vivo diffusion of lactoferrin 
in brain extracellular space is regulated by interactions with heparan sulfate. Proc Natl Acad 
Sci U S A 105(24):8416–8421

Thorne RG, Nicholson C (2006) In vivo diffusion analysis with quantum dots and dextrans pre-
dicts the width of brain extracellular space. Proc Natl Acad Sci U S A 103(14):5567–5572

I. Loryan and M. Hammarlund-Udenaes



315

Tsuji A, Tamai I, Sakata A, Tenda Y, Terasaki T (1993) Restricted transport of cyclosporin A 
across the blood–brain barrier by a multidrug transporter, P-glycoprotein. Biochem Pharmacol 
46(6):1096–1099

Tsuji A, Terasaki T, Takabatake Y, Tenda Y, Tamai I, Yamashima T, Moritani S, Tsuruo T, 
Yamashita J (1992) P-glycoprotein as the drug efflux pump in primary cultured bovine brain 
capillary endothelial cells. Life Sci 51(18):1427–1437

Uchida Y, Ohtsuki S, Kamiie J, Terasaki T (2011a) Blood–brain barrier (BBB) pharmacopro-
teomics: reconstruction of in vivo brain distribution of 11 P-glycoprotein substrates based on 
the BBB transporter protein concentration, in vitro intrinsic transport activity, and unbound 
fraction in plasma and brain in mice. J Pharmacol Exp Ther 339(2):579–588

Uchida Y, Ohtsuki S, Katsukura Y, Ikeda C, Suzuki T, Kamiie J, Terasaki T (2011b) Quantitative 
targeted absolute proteomics of human blood–brain barrier transporters and receptors.  
J Neurochem 117(2):333–345

Van Eeckhaut A, Lanckmans K, Sarre S, Smolders I, Michotte Y (2009) Validation of bioanalytical 
LC-MS/MS assays: evaluation of matrix effects. J Chromatogr B Analyt Technol Biomed Life 
Sci 877(23):2198–2207

van Liempd S, Morrison D, Sysmans L, Nelis P, Mortishire-Smith R (2011) Development and vali-
dation of a higher-throughput equilibrium dialysis assay for plasma protein binding. J Lab 
Autom 16(1):56–67

Van Peer AP, Belpaire FM, Bogaert MG (1981) Binding of drugs in serum, blood cells and tissues 
of rabbits with experimental acute renal failure. Pharmacology 22(2):146–152

Vauquelin G, Bostoen S, Vanderheyden P, Seeman P (2012) Clozapine, atypical antipsychotics, 
and the benefits of fast-off D(2) dopamine receptor antagonism. Naunyn Schmiedebergs Arch 
Pharmacol 385(4):337–372

Vauquelin G, Packeu A (2009) Ligands, their receptors and … plasma membranes. Mol Cell 
Endocrinol 311(1–2):1–10

Vauquelin G, Van Liefde I (2005) G protein-coupled receptors: a count of 1001 conformations. 
Fundam Clin Pharmacol 19(1):45–56

Vuignier K, Schappler J, Veuthey JL, Carrupt PA, Martel S (2010) Drug-protein binding: a critical 
review of analytical tools. Anal Bioanal Chem 398(1):53–66

Wager TT, Liras JL, Mente S, Trapa P (2012) Strategies to minimize CNS toxicity: in vitro high- 
throughput assays and computational modeling. Expert Opin Drug Metab Toxicol 8(5): 
531–542

Wan H, Ahman M, Holmen AG (2009) Relationship between brain tissue partitioning and micro-
emulsion retention factors of CNS drugs. J Med Chem 52(6):1693–1700

Wan H, Rehngren M, Giordanetto F, Bergstrom F, Tunek A (2007) High-throughput screening of 
drug-brain tissue binding and in silico prediction for assessment of central nervous system drug 
delivery. J Med Chem 50(19):4606–4615

Wang Y, Welty DF (1996) The simultaneous estimation of the influx and efflux blood–brain barrier 
permeabilities of gabapentin using a microdialysis-pharmacokinetic approach. Pharm Res 
13(3):398–403

Wang YY, Lui PC, Li JY (2009) Receptor-mediated therapeutic transport across the blood–brain 
barrier. Immunotherapy 1(6):983–993

Watson J, Wright S, Lucas A, Clarke KL, Viggers J, Cheetham S, Jeffrey P, Porter R, Read KD 
(2009) Receptor occupancy and brain free fraction. Drug Metab Dispos 37(4):753–760

Weaver DF, Weaver CA (2011) Exploring neurotherapeutic space: how many neurological drugs 
exist (or could exist)? J Pharm Pharmacol 63(1):136–139

Wellmann H, Kaltschmidt B, Kaltschmidt C (1999) Optimized protocol for biolistic transfection 
of brain slices and dissociated cultured neurons with a hand-held gene gun. J Neurosci Methods 
92(1–2):55–64

Westerhout J, Danhof M, De Lange EC (2011) Preclinical prediction of human brain target site 
concentrations: considerations in extrapolating to the clinical setting. J Pharm Sci 100(9): 
3577–3593

10 Drug Discovery Methods for Studying Brain Drug Delivery and Distribution



316

Westerhout J, Ploeger B, Smeets J, Danhof M, de Lange EC (2012) Physiologically based 
pharmacokinetic modeling to investigate regional brain distribution kinetics in rats. AAPS J 
14(3):543–553

Wolak D, Thorne R (2013) Diffusion of macromolecules in the brain: implications for drug 
delivery. Mol Pharm 10(5):1492–504

Yokogawa K, Ishizaki J, Ohkuma S, Miyamoto K (2002) Influence of lipophilicity and lysosomal 
accumulation on tissue distribution kinetics of basic drugs: a physiologically based pharmaco-
kinetic model. Methods Find Exp Clin Pharmacol 24(2):81–93

Young RC, Mitchell RC, Brown TH, Ganellin CR, Griffiths R, Jones M, Rana KK, Saunders D, 
Smith IR, Sore NE et al (1988) Development of a new physicochemical model for brain pene-
tration and its application to the design of centrally acting H2 receptor histamine antagonists.  
J Med Chem 31(3):656–671

Zhao R, Kalvass JC, Pollack GM (2009) Assessment of blood–brain barrier permeability using the 
in situ mouse brain perfusion technique. Pharm Res 26(7):1657–1664

I. Loryan and M. Hammarlund-Udenaes



317
M. Hammarlund-Udenaes et al. (eds.), Drug Delivery to the Brain, AAPS Advances  
in the Pharmaceutical Sciences Series 10, DOI 10.1007/978-1-4614-9105-7_11,  
© American Association of Pharmaceutical Scientists 2014

Abstract The level of drug exposure in the brain is long known to relate to the 
physico-chemical properties of the drug. The study of this relationship has attracted 
much attention through the years as it holds a promise that this drug property can be 
predicted in silico from the chemical drug structure. Various in vivo methodologies 
have been used to define and quantify drug exposure in the brain, the most com-
monly used parameter being logBB, which is the brain-to-blood ratio of total drug 
concentrations. From datasets of logBB it has been inferred that drug exposure in 
the brain is promoted by the lipophilicity, i.e. lipid solubility, of the drug and 
restricted by its hydrogen bonding potential. Recent work with the Kp,uu,brain param-
eter, representing a pharmacologically relevant brain-to-blood ratio of unbound 
drug concentrations, has confirmed the limiting effect of hydrogen bonding on drug 
exposure in the brain, but also indicated no dependence on lipophilicity. The chal-
lenges associated with obtaining high predictivity models for Kp,uu,brain confirm the 
contemporary view of the blood–brain barrier (BBB) as not only being physical and 
passive in nature but also involving specific carrier-mediated processes. It follows 
that in silico approaches need to compliment and merge with experimental method-
ologies to advance the field of brain exposure predictions.
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11.1  Introduction

For decades it has been recognized that a drug’s ability to cross the blood–brain 
barrier (BBB) is related to its physicochemical properties. This idea is not only sup-
ported by experimental data in animals but also by clinical notions of for example 
the hydrophilic beta-blocker atenolol having less CNS related side effects than do 
the more lipophilic propranolol (McAinsh and Cruickshank 1990) (see Fig 11.1 for 
molecular structures). The relationship with lipophilicity seems to have become 
common knowledge even amongst clinicians and it has nourished an idea that BBB 
transport is essentially predictable. This chapter critically reviews the various 
approaches that have been taken during the years to predict the level of drug expo-
sure in the brain form the chemical structure of the drug. While the computational 

Fig. 11.1 Three-dimensional structures of propranolol (top) and atenolol (bottom) coloured 
according to the electrostatic potential where red and blue areas indicate the negative and positive 
charges of oxygen and nitrogen atoms (MacroModel v. 8.0, MM3* force field). Note that the drugs 
differ only in the substitution of the aromatic ring where propranolol has a fused benzene ring, i.e. 
a naphthyl group, and atenolol has an amide, i.e. two additional hydrogen bond acceptors
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approaches have reached advanced levels, the weakest spot can be considered to be 
the quality and relevance of the underlying experimental data that is used to derive 
the prediction models (Mehdipour and Hamidi 2009). Therefore, a discussion is 
included on the various endpoints of drug exposure in brain that are currently used 
as basis for in silico prediction models. The actual analysis of the relationship with 
chemical drug properties is focused on the parameter that is currently regarded as 
the most appropriate: the unbound brain-to-plasma ratio Kp,uu,brain (Sect. 11.2.2), 
commonly determined in the rat. The reader will also be provided with some basic 
knowledge of how to derive and validate prediction models (Sect. 11.1.2.5) and 
some tactics of how to utilize them for drug design (Sect. 11.3.2).

11.1.1  Various Measurements of Brain Exposure  
and Availability of Data

Needless to say, the vast majority of data on drug exposure in the brain and related 
measurements are from rodents. The validity of these data for making predictions in 
humans resides with the extent to which the drug transport properties of the BBB 
are “conserved” across the mammalian species. There are distinct pharmacokinetic 
aspects to consider for drug transport across the BBB such as the rate and extent to 
which it occurs (see Chap. 5). When attempting to experimentally quantify these 
aspects there are associated drug properties need to be considered such as the degree 
of non-specific binding in blood plasma and in brain tissue. While Chap. 10 covers 
the various experimental in vivo methodologies to determine each of these aspects 
or properties, this section highlights those that have been commonly used for deriv-
ing the relationship with the chemical structure of the drug.

11.1.1.1  LogBB

With respect to prediction of drug exposure in the brain, the by far most commonly 
used measurement is the (steady-state) ratio of total brain to total plasma or blood 
concentrations. This total brain-to-blood or brain-to-plasma ratio is referred to as 
the partitioning coefficient of the brain Kp,brain, or BB and the logarithm thereof 
(logBB). The relative ease of its experimental determination in animals has made 
this parameter the choice of preference for many modellers and the datasets are 
commonly as large as ~150 logBB values while some workers have compiled up to 
470 values (Lanevskij et al. 2011). Rather recently there has been an increased 
awareness that only the free, unbound, drug is available for transport across the 
BBB and binding to target proteins. This has raised serious concerns regarding any 
work based on logBB since this is a measure of total drug in brain (bound + unbound) 
relative to plasma. Notwithstanding that the logBB value contains some information 
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about the BBB, drug compounds generally differ with respect to the balance between 
bound and unbound drug in brain tissue versus blood plasma, thus making logBB 
very misleading (van de Waterbeemd et al. 2001; Martin 2004; Hammarlund-
Udenaes et al. 2008). This topic is expanded on in Sect. 11.2.3.

11.1.1.2  Kp,uu,brain

Given the acceptance of the free drug hypothesis and that the extent of drug trans-
port is probably more important than the rate for most CNS and non-CNS drugs it 
is currently argued that the most useful measurement of brain exposure is the 
steady- state unbound brain-to-plasma ratio Kp,uu,brain (Gupta et al. 2006), also called 
the unbound partition coefficient of the brain. As described in Chap. 10, Kp,uu,brain 
can be directly determined in vivo using microdialysis or derived from Kp,brain 
(logBB) values by determining the binding in blood plasma and brain tissue in vitro 
(Friden et al. 2007). However, it is only rather recently that data has been generated 
for this parameter and systematically compiled to publically available datasets 
(Sect. 11.2.2).

11.1.1.3  BBB Permeability Surface Area Product (PS)

It has been proposed that the rate of transport, i.e. the BBB permeability surface 
area product (PS) should be used to derive predictive models (Pardridge 2004); 
however, it is difficult to rationalize this choice of parameter since rate and extent 
are not necessarily correlated. Relative to logBB it is technically more challenging 
to determine logPS and as result the datasets are smaller, as has been the interest in 
modelling this parameter. Liu et al. determined and modelled logPS for a set of 28 
compounds (Liu et al. 2004), which is a similar number of compounds as in earlier 
work (Gratton et al. 1997; Abraham 2004b).

11.1.1.4  Classification Approaches

In order to remedy the relatively limited availability of logBB values, larger datasets 
have been created by classifying marketed or investigational drugs as CNS active 
(CNS+) or inactive (CNS−) according to the presence or lack of central drug effects 
or side effects. The underlying assumption of this approach is that CNS+ drugs 
“cross” the BBB, whereas CNS− drugs do not. This is obviously correct for all CNS+ 
drugs but the lack of CNS effects of CNS− drugs can arguably have different back-
grounds. Recently a BBB+/BBB− classification scheme has been proposed based on 
actual measurements of drug concentrations in human brain or cerebrospinal fluid 
(Broccatelli et al. 2012). Experimentally determined values of rodent logBB have 
also been added to these datasets by using arbitrary cut-off values for classification 
as CNS+ or CNS−. A justified objection to categorical modelling is that brain 
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exposure is a continuous variable by nature, and strictly speaking, CNS− drugs do 
not exist since all drugs enter the brain to some extent. The size of CNS+/CNS− 
datasets ranges from less than one hundred to more than fifty thousand compounds 
depending on the databases that are used (Abraham and Hersey 2007).

11.1.2  Modelling Strategies

The significant number of different approaches to predicting drug exposure in the 
brain poses a challenge to scientists that enter the field of in silico modelling. To 
assess the value of existing approaches or to develop new methods for a particular 
situation it is therefore useful to know some basics of modelling strategies. The 
procedure for developing predictive computational models for, say, brain exposure 
can be divided into five general steps: (1) selecting a relevant set of drug molecules, 
(2) generating experimental data for the drug property of interest, (3) describing the 
chemical structure of the molecules in terms of numerical descriptor values, (4) 
relating the structural description to the experimental data using a mathematical 
relationship and (5) validating the predictivity of the model (Matsson 2007). This 
section (Sect. 11.1.2) describes the general basis of developing predictive models in 
the context of being able to predict drug exposure in brain for a new chemical entity. 
Strategies for drug design are discussed in Sect. 11.3.2.

11.1.2.1  Compound Selection

The selection of a training-set of compounds on which to build the relationship 
between brain exposure and molecular structure is not an arbitrary choice, since it 
will define the applicability domain of the model. The desired applicability domain 
can be larger, e.g. to encompass drugs in general (global models) or small to encom-
pass only structures that are relevant to for example a particular drug discovery 
programme (local models). A higher level of predictivity is expected from local 
models than from global models though it comes at the expense of a more restricted 
applicability domain. Regardless of whether global or local models are considered, 
one should strive for a structurally diverse selection within the domain.

11.1.2.2  Molecular Descriptors

Molecular structures need to be translated into numerical representations before a 
mathematical relationship can be derived with the measured drug property. This is 
done by molecular descriptors encoding various properties of the molecule. There 
are several sets of descriptors which are associated with the different computational 
approaches or software (Winiwarter et al. 2007). Some of these are derived from the 
three-dimensional structure of the molecule. For prediction of BBB transport, 
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however, standard physicochemical descriptors have been commonly used 
(Table 11.1). Physicochemical descriptors provide information about the molecular 
size, shape, lipid solubility (lipophilicity) as well as information on the hydrogen 
bonding potential of the drug. Acid–base properties, i.e. proton dissociation con-
stants (pKa), can also be predicted from the structure and used to classify drugs as 
neutrals, acids, bases or zwitterions.

11.1.2.3  Generation of Experimental Data

This step is often considered the most costly and time-demanding step of model 
development. There is consequently always a risk of using inadequate experimental 
methods or not applying sufficiently stringent criteria for inclusion of experimental 
data from literature. It is well known that good quality data are a conditio sine qua 
non, an absolutely essential condition. A prediction model can never make better 
predictions than the experimental data used for its generation.

11.1.2.4  Relating Experimental Data to Molecular Descriptors

There are several mathematical or statistical modelling approaches collectively 
referred to as machine learning that can be used in the process of identifying and 
describing the relationship between molecular descriptors and a measured parame-
ter. The very simplest form would be to look at the correlation between the 

Table 11.1 Commonly used molecular descriptors

Property Abbreviation Molecular descriptor

Lipophilicity ClogP Prediction of octanol–water partition coefficient 
for molecules in their neutral state

ClogD  
(ACDLogD7.4)

Prediction of octanol–water partition coefficient 
at pH 7.4 using ACD/Labs software

Size/shape MW Molecular weight
VOL Molecular volume as defined by a Gaussian 

volume
RotBond Number of rotatable bonds in molecule
RingCount Number of rings in molecule
NPSA Non-polar surface area in Å2

Hydrogen  
bonding

HBA Number of hydrogen bond acceptors (number of 
oxygen plus nitrogen atoms, N + O)

HBD Number of hydrogen bond donors (number of 
hydroxyls + amine hydrogen atoms (OH + NH)

PSA Polar surface area in Å2

Charge/polarity Acid Presence of an acidic function
Base Presence of a basic function
Neutral Absence of acidic and basic functions
Zwitterion Presence of at least one acidic and one basic 

function
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measured parameter and individual molecular descriptors. If a strong relationship is 
found (linear or not), the equation describing the relationship could be used as a 
computational prediction model for future compounds. If a strong relationship can-
not be seen with any one descriptor, it is possible that several descriptors can give a 
better prediction when combined in, for example, multiple linear regression (MLR) 
analysis. A related technique is partial least squares projection to latent structures 
(PLS) (Wold 2001). By this method of modelling, a larger number of molecular 
descriptors can be reduced to a smaller number of latent super-variables or principal 
components, which are then related to experimental data. Advantages of using PLS 
include that descriptors that are irrelevant to the problem are handled as well as 
closely related (correlated) descriptors. PLS models are also easily interpreted in 
terms of how the molecular properties could be changed. A major drawback is that 
PLS is a linear method that does not handle non-linear relationships unless variables 
are transformed prior to analysis. Novel and computationally more advanced 
machine learning algorithms include support vector machine, random forest and 
neural networks (Mehdipour and Hamidi 2009).

11.1.2.5  Validation of the Model

Before a computational prediction model can be taken into practice it must be vali-
dated. While the coefficient of determination (R2) describes the correlation between 
observed and predicted values for the training-set, it cannot be taken for granted that 
the predictivity is equally good for drugs not used in the training of the model. In 
fact, R2 should never be used to compare prediction models or be expected to reflect 
the real model predictivity for new compounds. Cross-validation or leave-many-out 
is a method for validating a model (Wold 1991). By dividing the compounds in 
groups, a model can be generated based on all groups but one, for which the values 
are instead predicted. The procedure is repeated until all groups have been withheld 
from the model and predicted. The cross-validated coefficient of determination (Q2) 
is generally the first method of validating a PLS model, and is used continuously to 
assess the predictivity of rivalling models. Unfortunately, a high value for Q2 is 
neither a guarantee for a predictive model. The only way to really validate a predic-
tion model is to use an external test-set of compounds which have not at all been 
used in the training of the model. Failure of a high Q2 model to satisfactorily predict 
compounds in a test-set indicates that there are unresolved issues with defining the 
applicability domain of the model. This highlights the importance of the compound 
selection procedure which, if made appropriately for the problem at hand, increases 
the chances of obtaining a model that is fit-for-purpose.

11.1.3  Overview of BBB Prediction Models

While there are several exhaustive reviews of modelling brain exposure (Mehdipour 
and Hamidi 2009; Abraham and Hersey 2007; Ecker and Noe 2004; Clark 2003; 

11 Prediction of Drug Exposure in the Brain from the Chemical Structure



324

Norinder and Haeberlein 2002; Hitchcock and Pennington 2006) this section briefly 
highlights some of the historical studies that have been influential. The era of 
computational modelling of BBB transport began in 1980 when Levin observed a 
strong relationship between the BBB permeability (PS) and the octanol–water par-
titioning coefficient (LogP) for a set of 27 compounds (Levin 1980). Interestingly, 
four compounds with molecular weight greater than 400 Da were excluded from the 
analysis since they were considered “extremely restricted” owing to their size. In 
retrospect it is realized that these were substrates of P-glycoprotein. It was, how-
ever, concluded that there exists a molecular weight cut-off for “significant BBB 
passage”. A relationship between descriptors of lipophilicity and logBB was also 
found by Young et al. in 1988 for a set of 20 antihistamines (Young et al. 1988). 
Since then, the public dataset of logBB values has expanded well over a hundred 
compounds, and several computational approaches have been used by different 
groups (Abraham et al. 1994; Abraham et al. 2002; Abraham 2004a; Luco 1999; 
Osterberg and Norinder 2000; Bendels et al. 2008). These studies taken together 
indicate that brain penetration as measured by logBB is negatively correlated to 
descriptors of hydrogen bonding, e.g. the number of hydrogen bond donors (HBD), 
acceptors (HBA) or polar molecular surface area (PSA). A positive correlation with 
logBB is seen for descriptors related to lipophilicity such as LogP. Furthermore, 
acids having a negative charge at physiological pH generally have lower logBB than 
do basic drugs with a net positive charge (Clark 2003). The underlying mechanisms 
of these findings are identified and discussed in Sect. 11.2.3. The predictivity levels 
achieved using the various datasets and approaches are sometimes considered to 
“approach experimental error”, since the predictions are on average ~threefold 
away from the measured value (Clark 2003).

With respect to classification approaches, Palm and co-workers demonstrated 
that orally administered drugs should not exceed a PSA greater than 120 Å2 (Palm 
et al. 1997). Inspired by this work, Kelder and co-workers published a prediction 
model for logBB based on PSA together with an analysis showing that the majority 
of CNS+ drugs have PSA 60 Å2 or less (Kelder et al. 1999). The accuracy of clas-
sification of CNS+/CNS− datasets is generally >80 % correct and slightly better for 
CNS+ compounds than CNS− compounds (Clark 2003). Table 11.2 summarizes a 
number classification rules-of-thumb that indicate the characteristics of CNS drugs.

11.2  Current Status

11.2.1  Which Parameter of Drug Exposure  
in Brain Should Be Used?

A challenge that is currently posed to the community of in silico modellers of drug 
exposure in the brain is the flagrant lack of common understanding of which param-
eter that should be predicted. While recent years’ debate has highlighted again and 
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again the pitfalls of the logBB parameter (Mehdipour and Hamidi 2009; Martin 
2004; Hammarlund-Udenaes et al. 2009), the discussions seem not to have resulted 
in a consensus view of what is the appropriate alternative; logBB, PS, Kp,uu,brain, 
fu,brain, CNS+/CNS− and BBB+/BBB− are all used in parallel. Let alone that logBB is 
still often used; virtually every published modelling work seems to be accompanied 
by a new interpretation of drug transport kinetics across the BBB. To the extent that 
this diversity has become problematic, one of its causes are factual misunderstand-
ings of pharmacokinetic principles such as muddling up unbound fractions with 
unbound concentrations or not appreciating the (in)-dependence of the two. In addi-
tion there could be challenges in communicating the intentions of a prediction 
model. There can for example be different ways of using a logBB prediction model 
that are based on compounds whose BBB transport is supposedly “governed by pas-
sive diffusion”. Such a prediction model could be used either with the intention to 
“optimize logBB” (not recommended) or for comparison with experimental logBB 
data to indirectly deduce information on drug efflux and unbound drug exposure in 
the brain (sound).

Recently, focus may have shifted towards characterizing CNS+ datasets or mod-
elling CNS+/CNS− datasets (Sect. 11.2.4), which highlights that the optimization of 
CNS drugs should be done in a more holistic manner that doesn´t treat drug exposure 
in the brain separately from other critical drug properties that need optimization. 

Table 11.2 Characteristics of CNS drugs

Reference Type of dataset Property
Favourable value  
for CNS drugs

(van de Waterbeemd  
et al. 1998)

CNS+/CNS− PSA <90 Å2

MW <450
logD(7.4) 1–3

(Kelder et al. 1999) CNS+/CNS− PSA <60–70 Å2

(Norinder and Haeberlein 2002) CNS+/CNS− N + O ≤5
logBB logP-(N + O) >0

(Friden et al. 2009) Kp,uu,brain HBA ≤2
(Chen et al. 2011) Kp,uu,brain Kappa2 ≤8
(Wager et al. 2010) CNS+ ClogP 2.8a

ClogD 1.7a

MW 305.3a

TPSA 44.8a

HBD 1a

pKa 8.4a

(Broccatelli et al. 2012) CNS+/CNS− Volsurf+ CACO2 >−0.3
Substrate for Pgpb Not substrate
BDDCSc Class 1

aMedian (optimal) values for CNS+
bFor compounds with Volsurf+ CACO2 > −0.3
cFor P-gp substrates with Volsurf+ CACO2 > −0.3
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With respect to in silico modelling of experimental measurements, the fundamentals 
of pharmacokinetics make a clear case that the Kp,uu,brain is an appropriate and ade-
quate parameter. The experimental methodology for Kp,uu,brain determination has 
been available since microdialysis became a quantitative methodology in the 1990s 
(Elmquist and Sawchuk 1997; de Lange et al. 1999; Hammarlund-Udenaes 2000). 
More efficient methods were described around the turn of the century (Kakee et al. 
1996; Kalvass and Maurer 2002), yet there are currently only a couple of reports 
including explicit analysis of its relationship with the chemical properties of the 
drug (Friden et al. 2009; Chen et al. 2011).

11.2.2  Emerging Understanding of Determinants  
of Unbound Drug Exposure in the Brain, Kp,uu,brain

In 2009, Fridén et al. published a dataset of Kp,uu,brain for 41 structurally diverse com-
pounds obtained using a combination of in vivo brain tissue sampling and in vitro 
brain slice method (Friden et al. 2009). With respect to the values of Kp,uu,brain it 
clearly showed that active efflux dominates drug disposition in the brain, since a 
majority of drugs had Kp,uu,brain values less than unity and few drugs had values 
greater than unity (Fig 11.2). The range of Kp,uu,brain was from 0.006 for methotrexate 
to 2.0 for bupropion, i.e. 300-fold. In contrast, Kp,brain from the same dataset ranged 
from ~0.002 for sulphasalazine to 20 for amitriptyline, i.e. 10,000-fold, which is 
considerably larger than for Kp,uu,brain. The relationship between Kp,uu,brain and 16 con-
ventional molecular descriptors was analyzed using PLS. The most significant 
molecular descriptors for the relationship with Kp,uu,brain were those that relate to 
hydrogen bonding, i.e. PSA and HBA (Fig. 11.3). Most other descriptors, including 
those of lipophilicity, did not add to the predictivity and a simple model was put 
forth that used HBA as a single descriptor (Fig. 11.4).

 
log . ., ,Kp uu brain HBA= - - ´0 04 0 14

 
(11.1)

The model was interpreted as follows; in order to achieve a twofold increase in 
Kp,uu,brain, it is necessary to remove 2 HBAs from the molecular structure. Conversely, 
a twofold reduction in Kp,uu,brain can be achieved by addition of 2 HBAs. The moder-
ate predictivity of the models, explaining only 40–50 % of the variability in Kp,uu,brain 
between drugs was rationalized as being due to the smaller range of values com-
pared to Kp,brain (logBB) and the fact that any deviation of Kp,uu,brain from unity reflects 
the involvement of carrier-mediated transport.

Using similar experimental methodology Chen and co-workers expanded this 
dataset to 246 with AstraZeneca proprietary compounds (Chen et al. 2011). The 
analysis was made with 196 molecular descriptors and various machine learning 
algorithms. The best model was a consensus model that incorporated several sub- 
models. The predictivity on a subset (test-set) of 73 compounds (R2 = 0.56) suggests 
a substantial improvement versus the previous study (Friden et al. 2009); however, 
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it is much worse than reported for models of logBB. The analysis of the importance 
of individual descriptors identified several descriptors relating to hydrogen bond-
ing; however, the single most important descriptor was Kappa2 that describes the 
molecular shape in terms of its linearity. Interestingly, extensively branched com-
pounds with Kappa2 greater than 8 had lower values for Kp,uu,brain than did more 
linear compounds with Kappa2 values of 8 or below (Fig 11.5).

While the importance of hydrogen bonding is in line with models of logBB and 
CNS+/CNS− classification, it is intriguing that lipophilicity, which is normally cor-
related with passive transport, did not increase the value of Kp,uu,brain. This is a 
remarkable finding since it directly contradicts the common perception amongst 
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Fig. 11.2 Distribution of Kp,uu,brain and Kp,brain values for 41 diverse drugs. Constructed from data in 
reference (Friden et al. 2009)
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clinicians that drug access to the brain is determined by the lipid solubility of the 
drug. It was proposed as a plausible explanation that the effect of increased passive 
transport by increased lipophilicity is paralleled and offset by increased efflux 
owing to increased drug concentrations in the membrane where the interaction takes 
place between drug and P-glycoprotein or other transporters (Friden et al. 2009). 
Hence, the dominating position of hydrogen bonding for structure–brain exposure 
relationships seems to arise from its additive effects on passive and active transport 
independently of lipophilicity; a less lipophilic drug with many HBAs has very 
limited passive transport and is thus sensitive to low capacity active efflux, while a 
lipophilic drug with many HBAs is a probable transporter substrate, e.g. a P-gp 
substrate (Seelig and Landwojtowicz 2000).

The example of beta-blockers introduced above can be analyzed in this context 
(Fig 11.1); it suggests that the lower Kp,uu,brain of atenolol versus propranolol is due 
to its 2 additional hydrogen bond acceptors (and the increased potential for trans-
porter interactions) rather than being related to reduced passive diffusion as gov-
erned by lipophilicity (ACDlogD7.4). Note the similar structures of atenolol and 
propranolol in Fig 11.1.

11.2.3  Relationship Between Prediction Models  
for log BB and Kp,uu,brain

The evident discrepancy between the interpretations of the classical work with 
logBB and the recent work with Kp,uu,brain warrants a more detailed discussion. The 
key to understanding the difference is to grasp how logBB (11.2) is a composite 
parameter of Kp,uu,brain (the actual effect of the BBB), plasma protein binding (fu,p), 
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and non-specific binding in the brain tissue described by the unbound volume of 
distribution in brain (Vu,brain).

 
BB uu brain brain= ´ ´K V fp u u p, , , ,  

(11.2)

As such, any model of logBB is “contaminated” with Vu,brain and fu,p; Kp,uu,brain is 
in itself the pharmacologically relevant concentration gradient of unbound drug 
across the BBB, and its steady-state value is independent of Vu,brain and fu,p. A logBB 
PLS model was developed using the same molecular descriptors and dataset 
(Friden et al. 2009). The relationship between logBB and structure was dominated 
by hydrogen bonding similar to Kp,uu,brain (Fig. 11.3). In contrast to Kp,uu,brain, how-
ever, logBB was also positively correlated with descriptors of lipophilicity. 

Fig. 11.4 Observed versus predicted rat Kp,uu,brain based on HBA (11.1). There is no obvious rela-
tionship between Kp,uu,brain and lipophilicity (marker size by cLogP) or ion class (bases blue, acids 
red, neutral yellow and zwitterions green). Constructed form data in reference (Friden et al. 2009)
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Furthermore, logBB was higher for basic drugs than for acidic drugs (Fig. 11.3). 
The PLS model that was developed contained one descriptor for hydrogen bonding 
(HBA), one descriptor of lipophilicity (ACDLogD7.4) and the ion class of the drug 
(acid or base):

 log . . . log . . .BB HBA ACD Base Acid= - - + + -0 18 0 097 0 10 7 4 0 68 0 67D  (11.3)

The predictivity of the logBB model was better than the Kp,uu,brain model based on 
comparison of Q2 (0.693 vs. 0.426). The better Q2 value of the logBB model should 
be seen in the light of the 30-fold greater range of observed values. In contrast, simi-
lar predictivity is seen based on the root of mean squared error (RMSE, 4.0-fold vs. 
3.9-fold). The logBB model was mechanistically rationalized as follows: HBA 
accounts for the part of logBB which is, in fact, related to Kp,uu,brain; ACDLogD7.4 
and the drug being basic accounts for binding to phospholipid in tissue (Vu,brain);  
and the drug being acidic accounts for extensive binding to albumin in plasma (fu,p). 
A plot of Kp,brain versus Kp,uu,brain (Fig 11.6) clearly shows that the ion class explains 
much of the differences between the two. The imminent risk of relying on logBB- 
derived prediction models is the design of drugs that are unnecessarily lipophilic or 
basic without improved unbound brain exposure; or if restricted brain exposure is 
desired, the design of albumin bound acidic compounds that later prove to have 
significant CNS effects at therapeutic plasma concentrations.

11.2.4  Recent Developments in CNS+/CNS− Classification

Possibly pushed by the debate around logBB, many workers have recently used 
CNS+/CNS− classification as parameter for in silico model development. The CNS+/
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CNS− datasets have been trimmed in various ways; some have chosen not to include 
any investigational drugs on the basis of that the majority of investigational CNS+ 
drugs fail to reach the market (Ghose et al. 2012). Others have also carefully scruti-
nized the CNS− class by applying a cut-off value for actual measurements in humans 
using positron emission tomography (PET) or sampling of cerebrospinal fluid and 
named the classification scheme BBB+/BBB− (Broccatelli et al. 2012). Much work 
is also done to analyse the group of CNS drugs on the market as it stands. The phi-
losophy is that there are so many other pivotal CNS drug properties in addition to 

Fig. 11.6 The relationship between Kp,brain and Kp,uu,brain is largely dependent on the ion class of the 
drug; relative to their Kp,uu,brain basic drugs (blue markers) have high Kp,brain and acids (red markers) 
low Kp,brain. This is because basic drugs tend to bind to brain tissue constituents more strongly than 
to plasma proteins, whereas the opposite is observed for acidic drugs. For neutrals (yellow mark-
ers) and zwitterions (green markers) there is better agreement and no clear trend. Markers are sized 
according to the number of hydrogen bond acceptors. The solid line represents identity. Constructed 
from data in (Friden et al. 2009)
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brain exposure that need consideration in drug design: metabolic clearance, safety 
risks, etc. Wager and co-workers developed a CNS multiparameter optimization 
(MPO) approach to assess the alignment of a drug candidate’s chemical properties 
to those of marketed CNS drugs (Wager et al. 2010). Using this approach they 
showed that the CNS MPO score of 108 Pfizer candidates were distributed consid-
erably less favourably thus suggesting that the CNS MPO score could indicate the 
chances of a candidate becoming a registered drug. Recently, a pipeline of rules has 
been proposed based on a combination of in silico predicted permeability, experi-
mental classification as substrate or non-substrate of P-gp and the class belonging to 
the Biopharmaceutics Drug Disposition Classification System (BDDCS) (Broccatelli 
et al. 2012). The prediction model performed better than a number of purely com-
putationally based classification models based on the same BBB+/BBB− dataset. 
Recent classification approaches are summarized in Table 11.2 together with older 
rules of thumb.

Carefully scrutinized CNS+/CNS− classification is arguably a convincing param-
eter of drug exposure in brain in the sense that it is based on human in vivo informa-
tion. A major drawback of classification approaches, however, is that information 
on brain exposure is reduced from its natural (continuous) ratio measurement to the 
binary CNS+/CNS−. By introducing cut-off values to compile data-sets one is not 
only removing potentially useful information but also adding in new by the arbitrary 
choice of cut-off. This problem is obvious when considering a group of equivalent 
drugs around the cut-off value.

11.3  Future Directions and Challenges

Recent work on Kp,uu,brain datasets has shed new light on the significance of molecular 
properties for drug exposure in the brain; lipophilicity does not seem to play a major 
role. Equally important, it became evident that the predictivity of Kp,uu,brain models 
was much lower than that for logBB models assessed by cross-validated Q2 on train-
ing-sets or R2 on test-sets. This is related to the smaller range of values for Kp,uu,brain 
than that for logBB; to date at best, only 50–60 % of the variability in Kp,uu,brain 
between compounds has been possible to relate to descriptors of molecular proper-
ties. There are three messages in this observation that need to be appreciated. First, 
the smaller range of Kp,uu,brain compared to BB or PS means that the extent to which 
drugs differ with respect to exposure in the brain has been somewhat exaggerated. 
Second and related to the first, the established perception that “brain penetration” is 
a predictable drug property needs reconsideration; the apparent success of in silico 
models of logBB or PS is due to the parameter being inclusive of additional drug 
properties such as non-specific binding in brain, which are easily predicted yet not 
relevant to the problem. Third, the remaining hardship of predicting Kp,uu,brain reflects 
the fact that any variability in Kp,uu,brain between compounds is caused by drug-spe-
cific, multi-specific molecular interactions with the drug transporters at the BBB.
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11.3.1  Improving Predictions of Kp,uu,brain by Integration  
of Approaches

Drug exposure in the brain is primarily determined by specific interactions with the 
transporters at the BBB. It therefore appears likely that the approaches used so far 
have already delivered close to their full potential. An interesting way forward can 
be molecular modelling of the BBB drug transporters. Molecular modelling of 
transporters can be applied either by using a transporter-based approach, which 
utilizes the three-dimensional crystal structure of the protein, or if this is not known 
as is generally the case, a substrate-based approach, e.g. comparative molecular 
field analysis (CoMFA) yielding a pharmacophore model of the transporter. Several 
review articles have featured the developments in this field (Demel et al. 2009; 
Ecker et al. 2008; Ekins et al. 2007; Winiwarter and Hilgendorf 2008). However 
successful these models may become in terms of discriminating substrates from 
non-substrates, it is just a first step of being able to make quantitative predictions of 
Kp,uu,brain. This is because a drug can be substrate of several different transporters at 
the BBB and there is interplay with passive transport as well as additional mecha-
nisms of drug elimination from brain including metabolism and bulk flow of brain 
interstitial fluid. Integration of molecular modelling (of several transporters) with 
passive diffusion and physiologically based pharmacokinetic (PBPK) models would 
seem like a logic and appealing approach but it is likely to remain a utopia for years 
to come. The success of progressing the field of Kp,uu,brain predictions is more likely 
to depend on the development of new and imaginative ways of integrating different 
computational and experimental methodologies with machine learning algorithms. 
As a simple example it would be feasible to use experimental measurements of, for 
example, passive diffusion and molecular modelling “docking scores” as variables 
alongside molecular descriptors in, for example, a PLS analysis. Moreover, novel 
machine learning algorithms previously used to predict Kp,uu,brain (or logBB) from 
computed molecular descriptors could also find an application to predict Kp,uu,brain 
from a battery of in vitro transporter assays. While for preclinical species in vivo 
methodologies will remain the mainstay for drug discovery, it is important to prog-
ress predictions of drug exposure in the brain using in vitro and in silico methodolo-
gies in order to conduct a proper translation to humans.

11.3.2  Drug Design Strategies

As discussed in Sect. 11.2.2 a default and crude strategy to “optimize” drug exposure 
in the brain would be to add or remove hydrogen bond acceptors to the molecular 
structure; for every addition or removal of two hydrogen bond acceptors one should 
expect a twofold reduction or increase, respectively, in Kp,uu,brain. Even though the 
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accuracy of this kind of prediction is improved by using more complex modelling 
approaches it comes at the expense of the model being difficult to comprehend for 
the modeller. This lack of transparency can be very unhelpful for the chemist who 
needs an idea of how to change the molecular structure to obtain the desired change 
in Kp,uu,brain. In an investigation of the trade-off between model accuracy and compre-
hensibility it was shown for a set of 16 biopharmaceutical classification tasks that in 
general there is a limited cost of prediction accuracy when choosing a comprehen-
sible model (Johansson et al. 2011). Lack of transparency of a model is commonly 
mitigated by construction of virtual compound libraries that can be screened in 
the prediction model whereby promising compound structures can be identified 
for synthesis.

The discussed challenges of making Kp,uu,brain predictions based on in silico models 
should not shadow its utility for drug design. Frequently, more predictive models 
can be obtained for a set of compounds with a more limited range of properties, i.e. 
with a smaller applicability domain. This is typically the case when optimizing a 
chemical drug series for a particular drug target. The limited applicability domain 
of this situation is a double edged sword; on the one hand it helps the understanding 
of what molecular features are associated with high or low Kp,uu,brain for the particular 
series, but it also does not tell the chemist how to make molecules that are different 
and even better than the ones already made and used in the model. An approach 
recently taken at AstraZeneca to extend the Kp,uu,brain beyond the existing domain is 
to pay attention to structural modifications that result in compounds that deviate 
from the prediction model in a favourable direction (Plowright et al. 2012). The idea 
was that in spite of such a compound having a mediocre Kp,uu,brain, it possesses a new 
structural element that when combined with the favourable molecular properties as 
described by the model achieves a step-change in Kp,uu,brain (Fig 11.7). This approach 
exemplifies how computational methods can not only be used to derive prediction 
models as such, but also be used to discover and exploit hidden patterns in the 
experimental data.

11.4  Conclusions

In silico prediction of a compounds ability to efficiently cross the BBB has been an 
area of development for decades; computational methodologies have evolved and 
experimental datasets have increased in size. Yet the (lack of) pharmacologic mean-
ing of the commonly used logBB measurement has been generally overlooked and 
it is rather recently that the focus of modellers has either turned to classification 
approaches on CNS+/CNS− datasets or to datasets of unbound drug exposure in the 
brain (Kp,uu,brain), which is considered a pharmacologically meaningful parameter. In 
silico modelling of Kp,uu,brain has corroborated some findings from logBB models but 
disputed others; whereas the importance of hydrogen bonding stands strong, there 
is no evidence based on Kp,uu,brain that compound lipophilicity has any influence on 
drug exposure in the brain. As should be expected from a parameter that is 
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determined by multiple specific and unspecific molecular interactions, the success 
of Kp,uu,brain predictions has been moderate even when applying state-of-the-art mod-
elling methodologies. Hence, there appears to be rather limited scope for improve-
ment in this field with the toolbox used to date, i.e. modelling of molecular 
descriptors. Instead, the advancement of predictions of drug exposure in the brain 
from the chemical structure requires the inclusion of additional sources of informa-
tion such as in vitro measurements and clever ways of integrating the data. Future 
work with predictions of drug exposure in the brain will facilitate the translation 
from the preclinical species to humans, and thus raise the power of in silico model-
ling to the desired level for successful development of new drug treatments.

11.5  Topics for Discussion

• What is meant by the applicability domain of a model and why is it important to 
define it?

• Why is it necessary to use a test-set of compounds to validate a model?
• What aspects of a molecule’s properties are not covered by the descriptors listed 

in Table 11.1?
• What are the mechanistic reasons why hydrogen bonding plays such an impor-

tant role for unbound drug exposure in the brain?
• What could be the reasons for prediction models of Kp,uu,brain not requiring 

descriptors of lipophilicity?
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Fig. 11.7 A prediction model can be used to identify outliers with promising properties for opti-
mization. In the figure, compound A is predicted substantially higher than the experimental value 
for whatever reason, but the value is not as low as desired. Structural modification of A as guided 
by the prediction model results in a new compound B with superior properties. Adapted from 
(Plowright et al. 2012)
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• At which stages in the drug discovery process is it more useful to have an in 
silico model for drug exposure in the brain?

• To what an extent can in silico models replace in vitro or in vivo experiments?
• Which measurement logPS or logBB would you expect to correlate more closely 

with lipophilicity and why?
• What are the strengths and weaknesses of modelling categorical CNS+/CNS− 

datasets versus the continuous Kp,uu,brain variable?
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Abstract Assessing CNS penetration in drug discovery and development is important 
for both CNS projects and non-CNS projects that aim to improve desired or to avoid 
unwanted central effects of their drug candidates. After a brief reasoning on the 
flawed old concept of maximising total brain levels, the chapter describes the key 
principles of the new paradigm of examining CNS penetration and distribution by 
integrating those parameters and processes that are crucial in controlling unbound 
brain concentrations as surrogate for the pharmacologically active drug concentration 
in brain. As a consequence, Kp,uu,brain is about to replace the total brain/plasma ratio 
Kp,brain as measure of the extent of brain penetration. The chapter outlines strategies, 
methods and approaches both for the optimisation of CNS penetration as well as for 
avoiding it, including exemplary lead optimisation screening trees of CNS and 
non- CNS projects. A comprehensive framework is given linking the pharmacoki-
netics of a compound in the body’s periphery to its central (unbound) exposure and 
subsequent PKPD relation in animal models of efficacy, including considerations 
for the translation of the PKPD relationships from rodents to larger animals and 
human. The chapter furthermore summarises current knowledge of drug–
transporter interactions at the level of the BBB, and outlines the potential of the 
new concept for refueling the fading interest in CNS drug discovery and develop-
ment as a result of too many clinical trial failures and an insufficient understanding 
of the reasons.
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12.1  Introduction

Knowledge about the CNS penetration of new compounds is important in all drug 
discovery projects regardless of whether the drug target resides within the CNS or 
outside of it in the body’s periphery. While this is very obvious for CNS drug 
discovery programmes where sufficient brain penetration is prerequisite for a 
successful drug candidate to reach its site of action, it may be less so for non-CNS 
projects. However, ignoring brain penetration for peripherally acting drugs may pose 
severe safety concerns for the patient. Reviewing more than 250 divers compounds 
Easter et al. (2009) showed that more than 50 % of them cause seizures or convulsions 
despite their primary targets being outside of the CNS. A recent analysis of the 
group of Les Benet suggests that almost all BDDCS class 1 drugs markedly distribute 
into brain regardless of whether their primary drug target is in the CNS or in 
the periphery of the body (Broccatelli et al. 2012). Therefore, early information on the 
ability of new chemical entities (NCEs) to penetrate the CNS has become vital in 
drug discovery and development in order to better understand and control drug 
safety and drug efficacy (Wager et al. 2012).

The astonishing complexity of the brain’s anatomy, function and diseases makes 
CNS drug discovery notoriously difficult. Indeed developing new drugs for mental 
health disorders and neurological diseases takes considerably longer and costs much 
more while clinical success rates are significantly lower than in any other therapeutic 
area (Kola and Landis 2004; Tufts CSDD Impact Report 2012). With clinical success 
rates of new CNS drug candidates continuing to decline many pharma companies 
currently reduce or even abandon their efforts in this field in spite of a growing medi-
cal need (Abbott 2011). The quest is high for analysis of the reasons for failure and 
the deduction of lessons-learned for CNS drug discovery programmes to become 
more successful.

In a recent meta-analysis Griebel and Holsboer (2012) have shown that there are 
multiple factors contributing to the very poor success rate of new medications for 
psychiatric disorders. Although most often programmes on new CNS targets fail 
because they do not demonstrate a benefit of new drug candidates in patients in spite 
of compelling preclinical data in animal disease models it remains difficult to clearly 
delineate whether this is due to an incomplete understanding of the role the proposed 
molecular target plays in the disease, inappropriate animal models of the clinical 
condition in patients, and/or insufficient drug target exposure in human (Palmer and 
Alavijeh 2012).

Therefore, it is becoming absolutely vital to generate an integrated view on drug 
target exposure, mode of action, and efficacy which translates reliably from animal 
models to the clinical setting. Clinical trials can become more successful only if 
high-quality scientific evidence from preclinical research can be thoroughly tested 
in patients which are carefully selected for their potential to respond to the proposed 
mode of action unbiased of any doubt of whether or not there was sufficient drug 
substance engaging with the target at the site of action in the CNS. A sound link 
between brain target exposure and target engagement which ensures that the mode 
of action could principally take place in the patient is fundamental in enabling 
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clinical research to rigorously test new treatment paradigms based on new CNS 
targets and to establish how the interference with them can positively affect the 
course of the disease.

After a brief look at the old CNS drug discovery paradigm and its shortcomings, 
the present chapter describes the development of the evolving new paradigm of 
addressing, optimising and characterising CNS penetration and distribution and how 
it is implemented in today’s drug discovery and development process. The chapter 
also contains a brief overview of transporter-mediated drug–drug interactions at the 
level of the BBB.

12.2  The Old Paradigm of Addressing CNS Penetration

While the interstitial fluid of many tissues in the body is in relatively free exchange 
with the blood circulation, brain tissue is not. The brain’s parenchyma is completely 
separated from blood by the tight layer of brain capillary endothelial cells forming, 
together with other cell types, the so-called blood–brain barrier (BBB) (see Chap. 
1). The BBB controls the movement between blood and brain of solutes and nutri-
ents, ions and hormones as well as of peptides, proteins, antibodies and cells. It 
does, of course, also limit the free entry of drugs into the CNS which lead to the 
much cited evocation that only some 1–2 % of drugs are able to enter the CNS 
(Pardridge 2007).

Although this figure may well be exaggerated, it has become paramount for CNS 
drug discovery programmes to test new compounds—besides of their general 
ADME properties—also for their ability to enter the CNS (Reichel 2006; Cecchelli 
et al. 2007; Mangas-Sanjuan et al. 2010; Avdeef 2012). The classical approach to 
assess brain entry typically involves both in vitro and in vivo testing of new com-
pounds (Fig. 12.1). As all compounds entering the brain have to cross the brain endo-
thelium, in vitro permeability assays have been applied early on, even though a 
generally accepted in vitro model of the BBB has not been accomplished in spite of 
many years of intense research (Reichel et al. 2003; Tóth et al. 2011; Naik and 
Cucullo 2012). For more detailed information on in vitro models of the BBB please 
refer to Chap. 6. In the absence of an ideal in vitro model of the BBB, surrogate 
screening tools have become very popular in industry which allows addressing two 
of the most critical BBB features, the ability of a compound to permeate across a 
very tight monolayer of cells and the ability to be recognised by efflux pumps, for 
instance P-glycoprotein (P-gp). P-gp is very highly active at the BBB and efficiently 
functions to keep many drugs out of the brain (Löscher and Potschka 2005; Broccatelli 
et al. 2010). MDCK- MDR1 cells have become the most widely used in vitro model 
screen compounds for their (i) permeability, and (ii) susceptibility to efflux by P-gp. 
As this cell line is very easy to use, the MDCK-based in vitro permeability assay is 
run in an automated format, generating information of a compounds permeability 
and efflux ratio at high throughput. The large amount of data that has been produced 
in the past has become the basis to build in silico tools for both endpoints assisting 
medicinal chemistry to design compounds with improved permeation and efflux prop-
erties (see Chap. 11).
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Fig. 12.1 Schematic illustration of the old concept of optimizing CNS penetration. The correla-
tion in the left panel is redrawn from Levin (1980), solid points: compounds distributing passively 
into brain, open points: P-gp substrates as outliers. The two graphs on the right show typical find-
ings and correlations a project team would find when pursuing the optimisation path in the top 
panel, i.e. a very good correlation between lipophilicity (logPoct) and brain penetration (Kp,brain) 
(left panel), but no clear relationship of the optimised Kp,brain with efficacy (e.g. efficacious dose) or 
unbound levels in brain as estimated from CSF (right panel). The persisting disconnect between 
Kp,brain and unbound brain levels is the fundamental flaw of the old concept
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To complement these in vitro assays, animal studies to quantify compound levels 
in the brain have been carried out to verify the anticipated improvements in CNS 
penetrability in vivo. The results were also used to inform the initiation of in vivo 
pharmacology studies. The following two methods to quantify compound levels in 
brain became favourites in CNS drug discovery: the brain/plasma ratio, and measuring 
CSF levels.

Measuring the concentration ratio of a compound between brain and plasma at 
different time points after administration had become the backbone of in vivo PK 
support for CNS projects. At given time points after either iv, ip, sc or po adminis-
tration of a compound to rodents both blood and brain are removed to generate 
plasma and brain homogenate samples which are then quantified by LC/MS/MS 
analysis. Brain homogenate levels are calculated back to total brain levels. Since 
concentration-time profiles in plasma and brain may have different shapes, the 
brain/plasma ratio (or Kp,brain) is not calculated from one (arbitrary) time point, but 
from the area under the concentration-time curve (AUC) of plasma and brain 
recorded over typically 3–5 time points. In addition to Kp,brain, compound levels in 
CSF can be measured at designated time points or even continuously from the cisterna 
magna in rat (Shen et al. 2004; Lin 2008).

Although this combined in vitro permeability/efflux and in vivo brain levels 
approach to optimise compounds for their CNS penetrability sounds reasonable, it 
has caused a lot of frustration and dismay of many CNS project teams spoiling their 
progress and leading them nowhere (Martin 2004; Jeffrey and Summerfield 2007; 
Reichel 2009). So where is the concept flawed?

With the intention to enhance in vivo efficacy, project teams have been rapidly 
learning how to modify the physicochemical properties of their discovery com-
pounds to favour overall CNS penetration by increasing their brain/plasma ratio 
Kp,brain. Unfortunately, this turned out all too simple since increasing lipophilicity 
generally leads to Kp,brain going up as well. This is in line with the classic correlation 
between log BB (log of Kp,brain) and log P octanol/water from Levin (1980), with the 
main outliers being identified in the early 1990’s to be substrates for the P-gp efflux 
pump at the BBB (Begley 1996). Hence, increasing in vivo efficacy was attempted 
by removing affinity for P-gp and by increasing the compound’s lipophilicity 
(Fig. 12.1, left) which in many cases has the additional benefit of increasing the 
potency against the drug target at the same time (van de Waterbeemd et al. 2001; 
Martin 2004).

However, many of these attempts were deemed to fail. They did not result in 
meaningful correlations between brain levels, potency and efficacy leaving teams 
without a clear rationale of what parameter(s) to modify in order to improve in vivo 
activity (Fig. 12.1, right). Why is a compound with high brain levels AND high 
potency not acting in vivo? Why is increasing both Kp,brain and potency not enhanc-
ing efficacy, but in contrast actually diminishing it in the majority of cases?

In recent years, a number of excellent studies have elucidated this conundrum and 
in the course fundamentally threw over the “old” paradigm of enhancing CNS pen-
etration (Kalvass et al. 2007; Jeffrey and Summerfield 2007; Hammarlund- Udenaes 
et al. 2008). Instrumental in the understanding was the concept that it is not the total 
but only the unbound drug that can—upon binding to its target protein—elicit 
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pharmacodynamic effects. While this concept—also known as the “free drug 
hypothesis”—has been a firm basis for the understanding of the in vivo action in 
many disease areas (Trainor 2007), it did not touch base in the field of CNS drug 
discovery until very recently.

The poor acceptance was also a result of a technology gap since experimental 
access to the relevant effect compartment in the brain is impractical, i.e. very 
cumbersome and prone to a variety of technical issues. Thus, in spite of important 
progress being made in establishing meaningful PKPD relationships using either 
CSF levels as ISF surrogate (Lin 2008) or directly measuring brain ISF levels using 
brain microdialysis (de Lange et al. 1997), both techniques are limited in their use 
since CSF levels do not always correlate well with ISF levels (de Lange and Danhof 
2002), and microdialysis is unsuitable for routine use in drug discovery if the test 
compounds are very lipophilic and extensively stick to the material of the dialysis 
probe (Hammarlund-Udenaes et al. 2009). Nevertheless, the technique can be used 
to address well-defined questions as illustrated by Kielbasa et al. (2009) and Darvesh 
et al. (2011). Although brain microdialysis is less suitable for routine drug discovery, 
the technique became fundamental in carving out the theory of the new concept of 
CNS penetration (Hammarlund-Udenaes et al. 2008; Westerhout et al. 2011).

Looking at a group of 7 opioid μ-receptor antagonists, Kalvass et al. (2007) have 
demonstrated that it is the unbound brain concentration that correlated most closely 
with in vivo efficacy, while total brain and total or unbound plasma levels showed a 
very poor ranking. Likewise, the similar extent of the in vivo CNS action of mor-
phine and its metabolite morphine-6-glucuronide cannot be conceived based on 
the classic concept according to which the latter would not be CNS penetrant 
(Kp,brain <0.05), but fully makes sense when comparing the unbound concentrations 
of both compounds in the brain interstitial fluid (ISF) which is the effect compart-
ment in the brain, i.e. where their target receptors reside (Hammarlund-Udenaes 
2009). Despite morphine-6-glucuronide having a much lower brain/plasma ratio 
(Kp,brain of 0.05 vs 0.74) and much slower rate of permeability (PS of 1.66 vs 11.4 μl/
min/g brain) compared to morphine itself, its concentration in the brain ISF is higher 
with an AUC of 336 vs 79 μM*min for morphine (see Hammarlund-Udenaes et al. 
2008). Having a just slightly lower in vitro potency (3–5-fold), the pharmacologi-
cally active exposure in the relevant effect compartment in the brain (i.e. brain ISF) 
of morphine-6-glucuronide is thus in full accordance with its in vivo efficacy being 
comparable to morphine itself.

While it seems easy to follow why the unbound brain concentration is the most 
relevant parameter for efficacy, why does an increase in total brain concentrations 
not consistently lead to an increase in unbound concentrations? Whereas plasma 
consists to 18 % of protein and only to 0.65 % of lipid, the composition of brain 
tissue is very different showing almost a 20-fold higher lipid content than plasma: 
brain protein 7.9 %, brain lipid content 11 % (Di et al 2008). Hence an increase in the 
lipophilicity of compounds will preferentially lead to an increase in lipid binding 
(van de Waterbeemd et al. 2001). Consequently, compounds with high Kp,brain values 
have a very low fraction unbound in brain (fu,brain < 0.2), while only compounds 
with Kp,brain values around and below 1 tend to have high unbound fractions in brain 
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(Reichel 2009). Increasing the Kp,brain values, therefore, simply drives compounds 
into (non-specific) brain lipid binding rather than increasing their concentration in 
the brain ISF (Fig. 12.1, right). The persisting disconnect between Kp,brain and 
unbound brain exposure is the fundamental flaw of the old concept.

Jeffrey and Summerfield (2007) came thus to conclude that the traditional back-
bone of “optimising brain/plasma ratios (Kp,brain) may transpire to be one of the most 
misleading exercises within modern CNS drug discovery”, emerging as nothing 
more than an in vivo representation of the log P octanol/water partition coefficient. 
Indeed this flawed strategy lead teams on a “lipid escalator” path toward “molecu-
lar obesity” (Hann 2011) with all the adverse effects that come with it, in particular 
(i) no IVIVC between in vitro potency and in vivo activity in pharmacology, and (ii) 
no clear structure–property relation to inform medicinal chemists on how to improve 
the new compounds in the project.

A retrospective analysis by Doran et al. (2005), examining the Kp,brain of 34 
diverse CNS drugs including P-gp substrates and non-substrates, revealed that their 
Kp,brain values span a 400-fold range from as low as 0.06 to as much as 24. This work 
showed clearly that a high Kp,brain is not at all necessary for CNS activity, e.g. 9-OH 
risperidone (Kp,brain = 0.06) sulpiride (0.078) and midazolam (0.23). The analysis 
also demonstrated that P-gp recognition per se is not prohibitive for drugs to be 
active in the CNS. A recent study by Salphati et al. (2012) also illustrates this with 
the PI3K inhibitor GDC-0980. Even though this compound is recognised by both 
P-gp and BCRP having a more than 20-fold higher Kp,brain in Mdr1a/b/Bcrp triple 
knockout mice, the unbound levels in brain even in wild-type mice were sufficiently 
above the IC50 of the target to fully inhibit the PI3K pathway in vivo.

Furthermore, Benet and co-workers suggest that almost all (98 %) BDDCS class 
1 drugs (high solubility, high permeability, clearance mainly by metabolism) 
distribute well into CNS and are only little influenced by (efflux) transporters at the 
BBB, e.g. verapamil and bromocriptine (Broccatelli et al. 2012).

Current thinking is thus moving away from screening in simple assays but engaging 
in a more integrated approach which involves all key aspects at the same time with 
regard to peripheral PK as well as CNS distribution and pharmacology. The clear 
focus on unbound drug concentrations in brain is the main difference compared to 
the old paradigm of addressing CNS penetration.

12.3  The New Paradigm of CNS Penetration  
in Drug Discovery

The new paradigm of addressing CNS penetration in drug discovery operates more 
consequently on the brain PK compartments that have direct relevance for drug 
efficacy/safety and quantitatively takes into account rate and extent of the distribu-
tion processes between these compartments as described in the seminal review by 
Hammarlund-Udenaes et al. (2008). Pharmacological effects are determined by 
the exposure at the target site, the binding kinetics of the drug, the dynamics of the 
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drug-target complex (signal transduction) and the phenotypic changes elicited in 
the target cells. Consequently, receptor theory is forming the basis for in vivo drug 
concentration–effect relationships (Ploeger et al. 2009). Key effect compartment 
within the CNS is the brain ISF whose drug concentration is dependent on influx 
across the BBB, brain tissue binding, back flux into blood as well as bulk flow into 
the CSF (Westerhout et al. 2011).

While the “old” concept was very inconsistent on these aspects, the new integrative 
concept allows (i) to link pharmacokinetics with pharmacodynamics, (ii) to integrate 
data from various in vitro assays into a physiological context which is meaningful 
for the situation in vivo, and (iii) to be fully incorporated into the existing screening 
and profiling procedures of the drug discovery process as established across industry 
(Reichel 2009).

12.3.1  Optimisation of CNS Compounds

The optimisation of lead structures to transform them into viable drugs is by no 
means one-dimensional but highly complex and multivariate indeed (Zhang and 
Surapaneni 2012). It is the multidimensionality which poses the biggest challenge 
to drug discovery, i.e. to select the most suitable drug candidate out of the thousands 
of molecules a project team has been looking at during high throughput screening 
for hit structures, the optimisation of lead compounds and the selection process for 
a viable drug development candidate. As for any other project, during the course 
of a CNS project the team has to learn iteratively what the optimal property balance 
for a viable candidate out of the available chemical space can be. Since there is no 
one optimal balance—otherwise there would be only one drug per disease mecha-
nism or drug target—there is also no preset property mix that leads discovery teams 
straight away to the final drug candidate by simply tick-boxing assay data until a 
compound is found with all desired property values being met.

It should always be kept in mind that pharmacokinetics is not a purpose in itself 
but an enabler of drug efficacy, drug safety, treatment convenience and, hence, 
patient compliance. Thus, PK optimisation including CNS penetration must be 
addressed and guided with this ultimate goal in mind.

In exercising out this “thinking from the end approach”, this chapter lays down 
how the new paradigm to CNS penetration can be filled with life to increase the 
odds for new CNS drug discovery programmes to become more viable.

A meta-analysis of 44 proof-of-concept (PoC) projects of Pfizer by Morgan et al. 
(2012) has revealed that there are “three pillars of survival” that determine the likeli-
hood of clinical candidates to have a positive outcome in Phase II trials: Pillar (1) 
exposure at the target site of action, Pillar (2) binding to the pharmacological target 
incl. level of target engagement, and Pillar (3) functional modulation of the target 
as prerequisite for pharmacological activity according to the supposed mode-of- 
action (MoA) and to demonstrate that target engagement results in a sufficient level 
of response. Ultimately, there needs to be a sound understanding in the relation 
between primary pharmacology (i.e. potency), unbound concentrations at the site of 
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action (and hence receptor occupation) and the in vivo efficacy in pharmacodynamic 
(MoA) and animal disease models (Morgan et al. 2012).

Drug exposure at the site of action within the brain should be examined very 
carefully in vivo, ensuring not only that the target is being exposed, but to generate 
information as to what type of exposure profile is needed for in vivo efficacy to be 
robust, i.e. answering the questions of how much is drug exposure exceeding phar-
macological potency for how long a period of time. As the actual site of pharmaco-
logical action is not accessible in most cases—and not only so for CNS 
programmes—a surrogate (PK) compartment is being used instead. There is a 
wealth of data suggesting that unbound drug concentration (−time profile) in plasma 
but not the total drug levels in plasma or target tissue is a reliable surrogate of the 
effect compartment (Gabrielsson and Hjorth 2012). For CNS compounds, due to the 
existence of an effective barrier between blood and brain as described above, it is 
the unbound concentration in brain interstitial fluid (ISF) rather than in plasma 
which is the most reliable effect compartment for most CNS drug targets 
(Hammarlund-Udenaes 2009; Westerhout et al. 2011; Liu et al. 2009, 2012). This 
may be different though for particular drug targets and if so, attempts should be 
made early on to identify a relevant surrogate for the effect compartment which is 
suitable to guide the programme through drug discovery and development. A wrong 
compromise between feasibility and relevance may turn out fatal only at hindsight 
once the initial small saving has grown to become very expensive. Thus, Pillar 1 has 
to be addressed very carefully right from the start of the project.

In order to determine what type of exposure profile is driving efficacy the fol-
lowing steps need to be taken: (1) define the suite of in vitro assays and in vivo 
studies to measure exposure incl. a surrogate for target exposure, (2) identify 
compounds that are likely to reach sufficient exposure at the target, (3) apply 
varying doses and dosing regimens to establish the PKPD relationship that drives 
in vivo efficacy.

Steps (1) and (2) should all be covered by the screening tree which also should 
take into account the target drug profile as well as the key liabilities of the chemical 
starting points, i.e. lead compounds (Ballard et al. 2012). The screening tree forms 
the basis of the design-make-test-analyse (DMTA) cycles which rationally guide 
compound optimisation and ultimately lead to the selection of a suitable drug devel-
opment candidate (Plowright et al. 2012).

12.3.2  Screening Tree for CNS vs Non-CNS Projects

A CNS project team may design a tiered screening tree with the following in silico 
parameters, in vitro assays and in vivo studies in place (Fig. 12.2):

(1a) Physicochemical (PC) properties along the “Lipinski rules for CNS- 
likeness” (Wager et al. 2010a) and aqueous solubility to eliminate totally unsuitable 
compounds (Avdeef 2012). Typical values for PC properties supporting CNS pen-
etration are shown in Fig. 12.3. Aqueous solubility should be compatible with the 
dose size, route of application and formulation anticipated.
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Fig. 12.2 Schematic of the early parts of generic lead optimisation screening trees for a hypothetical 
CNS and Non-CNS projects with the key differences for CNS projects marked in orange. Note that 
depending on the compound liabilities of the specific lead structure in a real project, the screening 
tree may well deviate from the generic version. Studies being performed at later steps such as 
non-rodent PK, toxicology tests, etc., are not shown for clarity reasons
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Fig. 12.3 In silico (physicochemical) and in vitro (ADME) compound properties favouring or 
disfavoring CNS penetration. ADME: absorption, distribution, metabolism and elimination, 
TPSA: topological surface area, HBD: hydrogen bonding donors, Papp: apparent permeability in 
units of nm/s, ER: efflux ratio, Clint: intrinsic metabolic CL scaled up to an in vivo CL, LBF—liver 
blood flow. Based on Wager et al. (2010a,b; 2012), and Ghose et al. (2012)

A. Reichel



349

(1b) Potency and Selectivity in biochemical and cellular assays to ensure minimal 
pharmacology requirements. Potency values should ideally be in the nM range, 
and selectivity >50-100-fold vs non-target receptors as sound starting point for a 
sufficiently large therapeutic window.

(2a) ADME screens: Metabolic stability (CLint) in liver microsomes and/or hepato-
cytes, Permeability (Papp) and efflux ratio (ER) in Caco-2 and/or MDCK- MDR1 
cells to enable sufficient in vivo exposure of the body. High metabolic stability (i.e. 
low intrinsic metabolic clearance, CLint <1/3 liver blood flow), high permeability 
(Papp >100 nm/s) and low susceptibility to drug efflux (efflux ratio, ER <2-3) 
should be aimed at in order to achieve high and lasting concentrations in the blood 
circulation. Compounds with poor in vitro ADME properties shall be discarded, and 
the learnings be built into structure–property relationships for the chemical space 
of the project. For a more detailed description of CLint, Papp and ER the reader is 
referred to Kerns and Di (2008) or Zhang and Surapaneni (2012).

(2b) PXR, Cyp inhibition, and hERG assays, (metabolite ID) to address basic drug 
metabolism and safety aspects. These in vitro assays typically run on high through-
put and examine the potential of compounds for CYP450 induction, CYP450 
 inhibition and hERG channel binding as surrogate for a potential QT prolongation. 
Again, compounds with poor in vitro properties shall be discarded, and the learnings 
be built into structure–property relationships for the chemical space of the project. 
For selected compounds, metabolite identification (ID) is being performed in order 
to reveal soft metabolic spots suitable for compound stabilisation and to identify 
potentially reactive metabolites. For a more detailed description of the PXR, CYP 
inhibition, hERG and metabolite ID assays the reader is referred to Kerns and Di 
(2008) or Zhang and Surapaneni (2012).

(2c) Secondary and tertiary in vitro pharmacology assays facilitate a deeper under-
standing of the primary pharmacology and the mode-of-action (MoA) in cellular 
systems in relation to disease hypothesis and treatment paradigm.

(3) Rapid exposure screen in PD species at the intended route of application and 
pharmacologically active (high) doses at 3–5 time points to select doses and formu-
lations that provide sufficient target exposure as prerequisite for in vivo efficacy. 
The exposure screen is a central element in the screening and decision tree and is 
complemented by in vitro plasma protein and brain tissue binding data to produce 
the following readouts: (i) plasma concentration-time profile, (ii) brain concentration- 
time profile (same time points), (iii) calculation of the AUC for the plasma and brain 
concentration-time profiles, (iv) unbound plasma and unbound brain concentration- 
time profiles, (v) Kp,brain (total AUC brain / total AUC plasma) and Kp,uu,brain (unbound 
AUC brain / unbound AUC plasma), (vi) unbound brain concentration vs in vitro 
potency (e.g. IC50 or Kd) relationship.

(4a) in vivo PD experiment at a dose expected to expose the target to provide first 
evidence of the in vivo mode-of-action (MoA) and, if possible, to get first evidence 
for in vivo efficacy in a disease model. Dose, route and formulation shall be selected 
based on the data obtained in step 3.
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(4b) Low dose full PK in rat to identify PK deficits which cause exposure limitations 
in vivo and that need to be optimised in order to reduce/eliminate PK-related risks 
for drug development and in human. Key liabilities to watch out for are high clear-
ance, short half-life, low bioavailability, or non-linearity. The total clearance in vivo 
will be compared with the in vitro CL (CLint) obtained in step 2a to delineate the 
main clearance pathways in vivo.

(5) In-depth in vivo PD at different doses (dose–response) and if possible different 
dose regimens (e.g. infusions, split dose) to explore exposure–MoA relation, expo-
sure–efficacy relation, and/or exposure–biomarker/efficacy surrogate relation sup-
ported by PKPD modelling. The selection of suitable endpoints is key for the 
translatability of the results to the human situation and the validity of dose and 
dosing schedule predictions to be made later in the project. Although it may be 
tempting to go ahead with the first compound getting to this stage, balancing speed 
against competition and level of removal of uncertainty to avoid failure in clinical 
proof-of- concept (PoC) trials often pays out later on (Cartwright et al. 2010). It is 
the relation between PK and PD which should be carefully worked out not only to 
avoid failure but also to be able to define what type of parameter(s) actually should 
be optimised and what is the best property mix in a compound for robust efficacy in 
vivo. The better the PK–exposure–efficacy relationship is being understood in the 
animal, the more certainty will accompany the course of the project.

(6) Further studies and activities to complete the profiling of potential development 
candidates such as non-rodent PK, PK at different doses to examine dose- linearity 
and to establish multiples of exposures, PK of micronised crystalline material to 
inform pharmaceutical development, toxicology and safety pharmacology testing, 
PBPK and species scaling of PK to human, prediction of human therapeutic dose 
and safety margins.

12.3.3  Key Elements of the New Concept of CNS Penetration

While several of the above aspects are central to drug discovery projects in most 
therapeutic areas, the following elements are more specific to CNS projects 
(Fig. 12.2) taking specific consideration of the effect compartment (i.e. brain ISF) 
being separated from the blood circulation (i.e. plasma compartment) by the BBB 
or BCSFB:

12.3.3.1  Permeability and Susceptibility to Drug Efflux

A high intrinsic permeability and a low efflux ratio in both MDR1 and BCRP over-
expressing cells are both very important for a good CNS penetration as otherwise 
non-CNS availability is very likely to occur (Cole et al. 2012). With the cell mem-
branes of brain endothelial cells being more enriched with cholesterol and hence 
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providing more resistance to passive transmembrane permeation and at the same 
time making the impact of efflux pumps stronger (Aänismaa et al. 2008; Nervi et al. 
2010), it is important to optimise compounds toward both a high permeability and 
a low efflux ratio. While the Caco-2 cell permeability screen may suffice to demon-
strate rapid permeability, cell lines overexpressing MDR1 and BCRP may be used 
to optimise the efflux ratio against these two ABC transporters. It is important to 
note that the combined effort of MDR1 and BCRP as occurring at the BBB in vivo 
can pose a significant limitation to the CNS penetration of drugs despite only show-
ing moderate efflux in cells overexpressing just one of the two efflux transporters 
(Kusuhara and Sugiyama 2009; Agarwal et al. 2011).

12.3.3.2  Fraction Unbound in Brain Tissue

As stated under 12.2, the in vivo activity of a CNS compounds depends on whether 
the unbound concentration in brain (i.e. brain ISF levels) reaches levels that match 
the in vitro potency of the drug. In order to calculate the free concentrations in brain, 
the fraction unbound in brain needs to be determined in vitro. There are now two 
different methods available to determine fu,brain (Fridén et al. 2007): (i) equilib-
rium dialysis against brain homogenate of rodents, and (ii) distribution into freshly 
isolated rodent brain slices ex vivo. Both experimental methods are being discussed 
in detail in Chap. 10. The equilibrium brain homogenate dialysis technique has 
earned rapid and wide acceptance as standard method for fu,brain in industry. 
The method can be run at high throughput in an automated fashion, utilising the 
same equipment as used for the in vitro determination of plasma protein binding. 
This type of data is thus being obtained very easily. The brain homogenate method 
can also be used in a cassette format (Wan et al. 2007). Since brain composition and 
fu,brain shows little differences across species (Summerfield et al. 2008; Di et al 
2011), it is enough to measure this parameter in only one species, typically the 
pharmacodynamic species (rat or mouse) (Read and Braggio 2010). It has been 
argued that destroying the brain compartments during the homogenisation procedure 
does no longer reflect tissue binding and distribution as occurring in vivo, a fact that 
would speak in favour of the brain slice technique. To make this very elaborate 
technique more attractive, a high throughput format has been put forward (Fridén 
et al. 2009a). However, the experimental advantages of the homogenate technique 
and the accumulating evidence of its value give little reason to switch to the more 
laborious brain slice technique. Even more so, as the fu,brain readout of homoge-
nate technique can be improved by correcting for pH partitioning as proposed by 
Fridén et al. (2011). This is because intra-brain distribution is affected not only 
by non-specific binding to brain tissue but also by pH partitioning of charged drugs 
between interstitial fluid and the cells’ cytosol and sub-compartments as well as 
transport processes at the level of brain cells. Although the latter process cannot be 
taken into account by the proposed pH partitioning method it suffices to get the 
fu,brain results within 2-fold of brain slice method. The brain slice method may 
be of advantage in cases where the CNS target resides within brain cells with 
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cytosolic compound levels being different to those in the ISF due to active transport 
at the level of the target brain cells (Westerhout et al. 2011; Ballard et al. 2012).

Both in vitro methods, however, are much easier than brain microdialysis, are 
amenable to higher throughput, cost effective and thereby fully compatible with 
assay needs in a drug discovery setting. With the arrival of these in vitro tissue binding 
methods, the missing link between the theoretical concept and its practical implication 
has finally materialised bringing the new concept to its full fruition now.

Last but not least, there is an important note to be made: The fraction unbound, 
i.e. fu,brain as well as fu,plasma, has only to be seen as descriptive property and shall 
not become an optimisation parameter in itself as has been explained convincingly 
by Smith et al. (2010) and Liu et al. (2011). The only exception to this may be the 
requirement for a very rapid onset of action (e.g. in the case of anaesthetics, 
anti-epileptics or some stroke treatments) as a short time to achieve equilibrium 
distribution between plasma and brain will require both a high permeability and a 
high fraction unbound in brain, according to the equation t1/2 = ln2 x Vbrain / PS x 
fu,brain (Liu et al. 2005). For the more often used chronic drug administration, 
however, time to achieve equilibrium is only of minor relevance.

12.3.3.3  Kp,brain, Kp,uu,brain and Cu,brain

Total concentrations in brain and plasma and the corresponding Kp,brain ratio are typi-
cally determined in rodents, with the selection between rat or mouse depending on 
which species will be used for pharmacodynamic studies. As the result for Kp,brain may 
depend on the route of administration (Sane et al. 2012), careful consideration should 
be given as to which route of application will be tested. Ideally this shall be the route 
which is also going to be used in the clinic and in in vivo pharmacology studies. An 
abbreviated concentration-time (c-t) profile is preferable (about 4 time points) over a 
single time point. It allows to calculate AUC values for both plasma and brain and to 
assess whether or not the c-t profiles run in parallel. Parallel c-t courses in brain and 
plasma suggest that both compartments are in equilibrium and that their unbound 
concentrations are in correspondence (Gabrielsson and Hjorth 2012). In the absence 
of barriers between both compartments, the unbound levels would be identical—an 
assumption that holds true for most peripheral tissues. However, because plasma and 
CNS tissue are separated by the BBB, the unbound concentrations in plasma and brain 
ISF will differ by the factor equivalent to Kp,uu,brain if either active transport is involved 
or if there is a significant gradient between the diffusion rate from blood to brain ISF 
(PS + CLuptake) vs that from brain ISF into CSF (CL,bulk) (Fig. 12.4).

A Kp,uu,brain of approximately 1 is indicative of a purely passive distribution of the 
test compound between blood and brain. Note, if the blood:plasma ratio differs from 
unity, fu,blood should be taken instead of fu,plasma in all calculations 
(fu,blood = fu,plasma/blood:plasma ratio).

Kp,uu,brain is far better suited than Kp,brain as measure of the extent of brain penetra-
tions, since Kp,uu,brain purely reflects the ratio of the free equilibrium concentrations 
between brain and plasma unbiased of binding to tissue or plasma proteins as is the 
case for Kp,brain which hence is a mixed parameter. In contrast, Kp,uu,brain provides a 
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The new concept of CNS penetration
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Fig. 12.4 Key elements of the new concept of addressing CNS penetration. The top panel illus-
trates the importance of differentiating between rate and extent as two independent key aspects of 
brain penetration. The middle panel shows the different brain compartments and the distributional 
processes between them that ultimately drive the unbound concentration in brain interstitial fluid. 
The processes which control intracellular brain concentrations have not been depicted for clarity 
reasons. For the same reason some other processes, e.g. transport between plasma and CSF have 
been omitted from the scheme. The bottom panel lists key equations which are fundamental to the 
new concept. For abbreviations see text
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direct measure for the extent of BBB transport and allows to directly derive the 
unbound brain exposure from the unbound systemic exposure of a compound.

The unbound brain concentrations, unbound c-t profile and unbound AUC for a 
given dose can be calculated by multiplying the total brain concentration with fu,brain. 
The comparison of Kp,brain as determined from AUCbrain/AUCplasma in vivo vs the 
Kp,brain as calculated from fu,plasma/fu,brain in vitro can provide additional insights 
as to whether the data are consistent and—if not—give rise to search for the causes 
of the inconsistency, e.g. strong involvement of transport processes, blood:plasma 
ratio different from unity, non-specific binding to equipment affecting the in vitro fu 
readouts, etc.

To make this in vivo technique more efficient, Liu et al. (2012) have developed 
and validated an adaptation which uses cassette dosing combined with the estimation 
of Kp,brain directly from the LC/MS/MS mass spectrometer responses without using 
any standard curves to quantitate the actual plasma and brain concentrations.

12.3.3.4  CSF Levels

Because the cerebrospinal fluid is in close correspondence with the brain interstitial 
fluid, i.e. not separated by a tight cell layer because the ependyma lining the 
ventricles is very leaky, CSF has always been a popular surrogate for brain ISF. 
Its composition is relatively similar to that of ISF (yet both are very different to 
plasma) and it is relatively easily accessible in vivo. CSF can be collected by punc-
ture of the cisterna magna from rat and mouse, but also more continuously by serial 
sampling from an inserted catheter therein (Shen et al. 2004; Lin 2008). Owing to 
its very little amount of proteins, sample preparation for LC/MS/MS analysis is 
much easier compared to plasma or brain tissue and effectively represents unbound 
concentration.

When using CSF levels as surrogate for drug ISF concentrations, it has to be kept 
in mind that CSF levels do not necessarily reflect ISF levels. If they differ, they may 

CSF  ~  ISF CSF  >  ISF CSF  <  ISF

• high permeability 
compound, with
no/little efflux or 
uptake

•

 free equilibrium

• low permeability 
compound,  being
substrate for P-gp
and/or BCRP

•

 active CSF uptake

• BBB permeability 
even higher than 
bulkflow to CSF

• active BBB uptake

 strong BBB transfer

Fig. 12.5 Different scenarios for the relation between compound concentrations in brain CSF and 
brain ISF and how they can be interpreted or predicted based on the permeability and efflux 
characteristics of a test compound
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either be overpredictive or underpredictive (Fig. 12.5). In two systematic studies of 
39 compounds by Fridén et al. (2009b) and 25 compounds by Kodaira et al. (2011), 
both groups demonstrated that good correspondence is to be expected for com-
pounds that show a high permeability and little or no drug efflux. For those com-
pounds, CSF levels can be a reliable surrogate for the concentration in the effect 
compartment of the brain. Deviations, however, occur for those compounds which 
show a relevant net transport by P-gp and/or BCRP across the BBB (e.g. verapamil, 
loperamide, quinidine or cimetidine). While P-gp or BCRP substrates show higher 
levels in CSF than in ISF, the opposite may occur for compounds with a very high 
rate of BBB permeation and low brain tissue binding causing the rate at which the 
brain ISF volume fills up to exceed the bulk flow of the ISF into the CSF (Fig. 12.5).

With regard to species scaling and translating rodent data to larger animals and 
human, Doran et al. (2012) have demonstrated that CSF sampling in higher species 
may be more relevant for compounds that are substrates for efflux and show a low 
permeability. Apparently, for compounds with a Kp,uu,brain deviating from unity, the 
error from using the rodent Kp,uu,brain across species is larger than from using CSF levels 
of the very species, presumably due to species differences in the expression, func-
tion and impact BBB transporters have on the Kp,uu,brain of such compounds between 
species. As pointed out by Fridén et al. (2009b) care must be taken when interpret-
ing CSF data between species and attempts should be made to discriminate real 
species differences from experimental bias.

12.3.3.5  PKPD Relationships and Target Receptor Occupancy

The establishment of sound PKPD relationships is a key element of any drug dis-
covery programme and serves (i) to understand and translate the in vitro pharmacol-
ogy to in vivo efficacy with regard to the mode-of-action (MoA) in vivo and how it 
relates to the therapeutic effects in an animal disease model, (ii) this in turn serves 
as basis to translate the results to the human situation, (iii) and forms the rational 
basis for the estimation of a human therapeutic dose, optimal dose regimens and the 
anticipated therapeutic window in human.

Crucial to the validity of any PKPD model is the availability of pharmacokinetic 
data of the effect compartment, i.e. the concentration-time profile at the proposed 
site of action or a relevant surrogate measure of it. In case of most CNS compounds 
by far the best correlations are found using the unbound concentrations in brain, 
i.e. Cu,brain (Hammarlund-Udenaes 2009; Read and Braggio 2010; Westerhout et al. 
2011; Liu et al. 2012).

Attention shall be paid to establish a relation between the in vitro potency of the 
compound at the target, the target site occupancy in vivo and how this translates to 
the expected MoA in the target cells and further to the efficacy in the in vivo disease 
model (Shaffer 2010). Computing unbound drug concentrations vs in vitro potency 
data from cellular assays is a straight forward approach to see what pattern is 
required for a positive in vivo MoA and efficacy result. In CNS research, the deter-
mination of receptor occupancy (RO) is common place to determine how much 
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target site occupancy is required for the therapeutic effect (Grimwood and Hartig 
2009). The level of receptor occupancy for a given unbound brain concentration can 
be predicted using the equation

 RO = C / (C + Kd)u,brain u,brain  (12.1)

with Kd being the in vitro potency, providing a theoretical estimate of the occupancy 
target receptor. This theoretical estimate should be verified using experimental data 
from dose–response studies, e.g. from ex vivo receptor occupancy studies (Suzuki 
et al. 2009) or PET studies in animals (Gunn et al. 2012) in order to verify the 
RO estimate, and the reliability of the estimation of Cu,brain as surrogate for the con-
centration in the effect compartment. It also aids to the team’s understanding of the 
level of RO needed for efficacy. The earlier this understanding is available, the bet-
ter the compound optimisation can be guided to deliver the optimal drug candidate 
(Read and Braggio 2010). Typically, antagonists require approximately 60-90 % 
target occupancy to elicit a sufficient functional response, while there is no such rule 
of thumb for agonists since their optimal RO depends on a number of variables that 
are specific to the target and the compound (Grimwood and Hartig 2009). It should 
be kept in mind that high receptor occupancy per se may not necessarily translate 
into therapeutic effects as reported by Borsook et al. (2012) for NK-1 receptor 
antagonists and pain, despite their impressive efficacy in emesis.

Once the level of receptor occupancy needed for in vivo efficacy and the rele-
vance of Cu,brain as suitable surrogate for the effect compartment are established, 
this information needs to be linked to dose and peripheral PK using typical PKPD 
models, paying specific attention to the link between plasma PK and brain PK 
essentially following the equation Cu,brain = Cu,plasma x Kp,uu,brain (Fig. 12.4). The 
confidence in this relationship becomes high if the concentration-time profile of 
the compound in plasma and brain run in parallel. Note again, if the blood:plasma 
ratio of the compound differs from equity Cu,blood should be used instead of 
Cu,plasma.

12.3.3.6 Translating PKPD from Rodents to Larger Animals and Human

Once the relation between dose (route, size and regimen), plasma PK, brain PK 
(target exposure), target binding (receptor occupancy), functional response (MoA) 
and in vivo efficacy is established in an animal disease model, translation to larger 
animals for safety testing and to human for projecting a clinically effective dose is 
required.

For toxicological studies it may be of interest to estimate the level of brain expo-
sure at the (high) doses tested in order to evaluate the therapeutic window for CNS 
side effects via off-target receptors, transporters or ion channels. Doran et al. (2012) 
have proposed an approach of how to translate the brain PK as determined in rodents 
to larger animals where there is limited or even no access to brain samples. In a 
study examining the species extrapolation to dog and non-human primate of 
unbound brain concentrations of 11 compounds as determined in rat, they 
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concluded that the best estimates for Cu,brain in the species is obtained using the 
 following equation, which also contains a term for the molecular weight (MW) 
of the compound:

 C species = Cu,plasma species rat 1,00u,brain ( ) ( )´ ( )´Kp,uu,brain 00 / MW  (12.2)

While this equation works well for compounds with high permeability and low 
susceptibility to drug efflux across the BBB in vitro, this approach is less reliable 
for low permeability compounds that are also substrates for P-gp and/or BCRP 
(see above). For such compounds, CSF levels appeared to provide the better estimate 
of free brain concentrations in the respective species (Doran et al. 2012).

In addition, it should be kept in mind that the disease state as well as the treatments 
the patient is under may change the state and the function of the BBB and hence 
Kp,uu,brain, e.g. by breakdown of the barrier function (PS may increase) or up- and 
downregulation of transport processes (CLuptake and CLefflux may change accord-
ingly) (Reichel 2006).

The effective concentration-time profile both for plasma and brain (including 
unbound plasma and brain) as identified in animal disease model(s) will provide the 
corresponding target c-t profiles in human as required for efficacy in patients. 
Applying PK scaling approaches, e.g. allometric species scaling or physiologically 
based PK scaling, estimates for the principal PK parameters, such as total clearance, 
volume of distribution, half-life and oral bioavailability can be obtained which in 
turn allow to simulate a dose and dosing schedule which is most likely to obtain the 
desired target c-t profile in human (Rowland et al. 2011; Jones et al. 2012; Peters 
2012; Ballard et al. 2012; Zhang and Surapaneni 2012). This is done with the aim 
to propose a dose (size and regimen) which will generate a drug exposure profile in 
human that is likely to achieve the same level of target exposure and occupancy as 
was required for efficacy in the animal disease model(s). If validated PET tracers 
are available, the estimate may be confirmed or adjusted in human PET studies 
thereby aiding further clinical development (Borsook et al. 2012; Wong et al. 2012). 
Additional examples of translational PKPD modelling from preclinical species to 
the clinical situation can also be found in Westerhout et al. (2011), Kielbasa and 
Stratford (2012) and Chap. 9.

As stated above, the most reliable extrapolations can be made for compounds 
whose c-t profiles in plasma and brain run in parallel, which have a Kp,uu,brain near 
unity, high permeability and no/low efflux. For such compounds Cu,plasma can 
reliably be taken as surrogate for the effect compartment in the brain. This bioma-
trix is also the matrix of choice during preclinical and clinical drug development 
and for which there is a wealth of experience with regard to inter-species extrapola-
tions of PK parameters (Zhang and Surapaneni 2012).

While such a compound profile may sound very ideal, stringent optimisation of 
physicochemical and pharmacokinetic compound properties may well put such a pro-
file into the reach of the chemical space available. In any case increased effort toward 
obtaining such a profile is very likely to pay out later on, as compounds with a strong 
non-parallel c-t profile between plasma and brain will carry a high level uncertainty 
with regard to (i) accurate estimation of their unbound brain concentrations in the 
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effect compartment even in the lab animal where brain samples can be taken, and (ii) 
reliable prediction of relevant brain concentrations across species and to human. This 
is because a strong non-parallel c-t profile in plasma and brain does not permit calcu-
lation of Cu,brain based on the key equation Cu,brain = Cu,plasma x Kp,uu,brain, because 
Kp,uu,brain applies to equilibrium conditions which obviously have not been reached in 
this case and non-specific brain tissue binding is still dominating the PK profile 
(Fig. 12.6). Cu,brain may be estimated based on Cu,brain = C,brain(total) x fu,brain, but the 
limitation becomes obvious when attempting to get the input for this equation from 
higher animal species and human, i.e. C,brain(total). Keeping in mind these serious 
limitations of a non-parallel c-t profile in plasma and brain may spur optimisation 
efforts to remove this liability from the current compounds by reducing the excessive 
lipophilicity-driven non- specific binding to brain tissue.

12.3.4  Strategies to Improve Brain Penetration

If compounds show poor efficacy in vivo as a result of insufficient target receptor 
occupancy, there are principally two ways to improve on compounds: either by 
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equilibrium, most often due to very extensive non-specific binding to brain tissue
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boosting their target affinity (i.e. reducing Kd) and/or by boosting their target expo-
sure (increase Cu,brain). For instance, if Cu,brain and Kd can be brought in a relation of 
3:1, the target receptor occupancy will be 75 %. Hence, it is not the absolute values 
that are important but their ratio to one another and an improvement can be made on 
either one, depending on which of the two has the greatest potential for improve-
ment in the chemical space available to the project team. In the following, a path for 
improvement is described for Cu,brain only.

Since Cu,brain depends on both Cu,plasma and Kp,uu,brain, the levers to improve brain 
target exposure can be derived if one delineates the corresponding  mechanisms that 
determine Cu,plasma and Kp,uu,brain, respectively.

12.3.4.1 Improving Kp,uu,brain

Kp,uu,brain may be improved only if its value is much below unity to begin with. Based 
on the below equation, this can result either from the compound being a very strong 
efflux substrate (i.e. CLefflux dominates), or having a very low BBB permeability 
(PS) compared to the interstitial bulk flow (CLbulkflow ~0.1–0.3 μl/min/g brain; 
Abbott 2004). For example, mannitol is a compound of low permeability with a PS 
value <1 μl/min/g, and thus bulk flow becomes significant, resulting in a very low 
Kp,uu,brain of 0.01 (Liu and Chen 2005). Since drug metabolising enzymes are less 
active in the brain, CLmetab rarely is a relevant parameter, although it may 
become significant for some compounds (see Chap. 4).

 Kp,uu,brain = (PS+ CLuptake) / (PS+ CLefflux + CLbulkflow + CLmetab)  (12.3)

Consequently, the most straight forward pathway to bring Kp,uu,brain to unity is to 
increase the intrinsic permeability of the compound while removing its recognition 
by efflux pumps, both of which can relatively easily be achieved using cell-based 
systems such as MDCK cells overexpressing P-gp and BCRP or Caco-2 cells (Kerns 
and Di 2008; Wang and Skolnik 2010; Zhang and Surapaneni 2012).

Theoretically, Kp,uu,brain can be lifted up to become greater than one, but there is 
little experience in rationally designing in compound recognition by active uptake 
transporters at the BBB (i.e. increasing CLuptake) (Reichel et al. 2000), although 
there are examples of CNS compounds using drug transporters to enter the CNS (see 
Chap. 2).

12.3.4.2 Improving Cu,plasma

Since Cu,brain depends on the unbound plasma concentration and Kp,uu,brain, the second 
key lever is the improvement of the (unbound) systemic exposure of the test 
compounds.

According to the relation Cu,plasma = C,plasma(total) × fu,plasma, the reduction 
in plasma protein binding has occasionally been attempted to improve the systemic 
exposure of new compounds in a chemical series. However, it has now become very 
clear, that any reduction in fu,plasma will have counterproductive effects on the 
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systemic clearance of the compounds, leaving the resulting Cu,plasma levels effectively 
the same as explained very eloquently by Smith et al. (2010).

The unbound systemic exposure of a compound depends on the oral bioavail-
ability (F), the dose size administered (Dose), the total systemic clearance of the 
compound and, of course, it’s free fraction according to following equation:

 AUCu = fu,plasma F Dose / CL ´ ´  (12.4)

Since a high total clearance is likely to result in a low oral bioavailability, improv-
ing the systemic CL is an essential element in improving the systemic exposure of 
any compound in any project, including CNS projects. As liver metabolism is often 
the key driver of total clearance, reducing the rate of degradation of compounds in 
a series is being accomplished by measuring the intrinsic metabolic CL (CLint,Liver) 
in liver microsomes or hepatocytes, an assay which has become a cornerstone of 
early ADME screening (Kerns and Di 2008; Ballard et al. 2012; Zhang and 
Surapaneni 2012).

Upon transforming the oral exposure measure of AUC to plasma concentrations, 
the above equation changes to the following relation (for a stepwise deviation of the 
equation see for instance Liu et al. 2011 or Gabrielsson and Hjorth 2012):

 Cu,plasma = Dose rate Fabs / CLint,Liver´( ) ( )  (12.5)

Consistent with the statement above, the following strategies improve unbound 
plasma exposure (and in turn unbound brain exposure):

 1. Reducing CLint,Liver, i.e. the intrinsic susceptibility to degradation by the drug 
metabolizing enzymes in the liver, by metabolic stabilisation of the compounds. 
Metabolite ID may be used to identify the location of the metabolic soft spots in 
a molecule.

 2. Increasing the fraction of dose absorbed (Fabs), which can be achieved by 
increasing the solubility of the compound and/or its intestinal permeability 
(see also Kerns and Di 2008, Ballard et al. 2012, Zhang and Surapaneni 2012),

 3. Although equation 12.5 implies that increasing the dose rate, i.e. the dose size 
per dosing interval will be beneficial, in reality this often is not feasible as 
increasing the dose may become counterproductive for the fraction absorbed 
(Fabs) if intestinal absorption becomes solubility limited, or higher doses simply 
increase the occurrence of unwanted side effects. It may however be possible to 
change the dosing regimen, i.e. to split the dose and give it more often during the 
treatment period (e.g. BID instead of QD).

Taken together (Fig. 12.7), unbound brain concentration can be described pharma-
cokinetically by the following equation which delineates what the most powerful 
levers are to optimise this key driver of efficacy in CNS drug discovery programmes:

 C = Dose rate Fabs / CLint,Liveru,brain ´ ´( ) ( )Kp,uu,brain  (12.6)

The equation makes again clear, that neither permeability as such nor total brain 
levels or the brain/plasma ratio control the drug concentration in brain ISF as a key 
effect compartment of the CNS.
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For compounds which require a rapid onset of action (e.g. for anaesthesia, stroke, 
epilepsy), the time to achieve equilibrium (t1/2) will have to be short:

 t1 / 2 = ln2 Vbrain / PS x fu,brain ´  (12.7)

According to the above equation which was derived by (Liu et al. 2005), such 
compounds should be optimised toward a high BBB permeability and a low brain 
tissue binding, to be able to rapidly fill the interstitial fluid compartment of the brain.

Some recent examples of how to optimise the CNS penetration from a medicinal 
chemistry point of view can be found in Wager et al. (2010a,b) who used a multi- 
parameter optimisation (MPO) strategy with a simple scoring system related to 
potency, PK and safety aspects to rank order compounds and to inform chemical 
synthesis toward improved compounds along the design-make-test-analyse (DMTA) 
cycle. The group describe how they have used this approach for hypothesis-driven 
optimisation cycles to obtain drug-like, effective and safe H3 receptor antagonists to 
treat CNS disorders including the incorporation of specific safety aspects and the pro-
jection to clinical efficacious concentrations (Wager et al. 2011). In silico approaches 
to guide the chemical synthesis of compounds with improved CNS penetration 
properties are also described by Ghose et al. (2012) and in Chap. 11. Recently, the 
biopharmaceutical drug disposition classification system (BDDCS) has been expanded 
to aid the prediction of CNS penetration (Broccatelli et al. 2012).

Cu,brain =  DR x Fabs x Kp,uu,brain
CLint

p

Dose rate (DR)
• Increase of dose size

often not feasible, but
dosing regimen may be
varied, e.g. frequency
of administration

•

Fraction dose 
absorbed (Fabs)
• Increase solubility
• Increase intestinal 

permeability and lower
any P-gp efflux

Intrinsic metabolic
clearance (CLint)
• Increase metabolic

stability in hepatocytes
• use metabolite ID to

identify soft spots

Extent of brain
penetration (Kp,uu,brain)
• Increase permeability

in MDCK-MDR1 cells
• Avoid recognition by

P-gp and BCRP efflux

Ò

Fig. 12.7 Schematic illustrating the PK properties which determine unbound concentrations in 
the CNS and how corresponding in vitro physchem and ADME assays can be used to guide the 
improvement of the brain penetration of new compounds
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12.3.5  Strategies to Avoid Brain Penetration

Avoiding CNS penetration may be an important aspect for peripherally acting drugs 
whose pharmacological target receptors (or off-target receptors) also reside in the 
CNS, but shall not be activated in vivo in order to avoid CNS side effects (Easter 
et al. 2009; Wager et al. 2012). A well-known example where this has been achieved 
are the second generation antihistaminic agents which despite being active on central 
histamine receptors in vitro, do not elicit central effects, what their first generation 
counterparts do (Yanai et al. 2012). After some other hypotheses, affinity for 
P-glycoprotein-mediated drug efflux at the level of the BBB has been identified 
as main reason why 2nd generation antihistamines show little CNS side effects 
(Chishty et al. 2001; Obradovic et al. 2007). While this protecting mechanism was 
discovered only later on in the case of the antihistamines, it is now becoming a 
rational element in optimising the separation between the peripheral and the central 
activity of compounds in drug discovery projects aiming at a very low/no central 
activity to avoid CNS side effects (Broccatelli et al. 2010; Cole et al. 2012).

Revisiting the equation given in Fig. 12.4, Cu,brain could principally be diminished 
by either reducing Cu,plasma and/or Kp,uu,brain. Obviously, reducing Cu,plasma 
would be counterproductive as the compound’s peripheral activity will require a 
certain minimum unbound exposure in the blood circulation. Hence, the only handle 
remaining is to reduce Kp,uu,brain, so to lower Cu,brain below a level at which it no longer 
sufficiently occupies central receptors, while the occupation of the peripheral targets 
still suffices to elicit the desired effects due to the relatively higher Cu,plasma.

Cole et al. (2012) have reported recently how they have accomplished this 
“peripherally restrictive” profile with a couple of in-house examples from Pfizer. 
They report that compounds with a low intrinsic permeability (MDCK cells, 
Papp < 100 nm/s) and a high efflux ratio (P-gp- and BCRP-overexpressing MDCK 
cells, ER > 10-20) best fulfil this profile (Fig. 12.3). They have validated these 
compounds in vivo by showing their CSF levels to be <10 % of their unbound 
plasma concentrations and most importantly by absence of a functional response in 
pharmacological in vivo studies.

Benet and co-workers describe that drugs having one or two violations of the 
Lipinski “rule-of-five” are very likely to be substrates for P-gp, 61 % and 89 %, 
respectively (Broccatelli et al. 2012). This finding may very easily be welcomed by 
the medicinal chemist’s toolbox for avoidance of CNS-penetration. The group of 
Benet further concludes, that P-gp substrates are excluded from brain significantly only 
in case the compound is a non-BDDCS class 1 drug. Hence, drugs for peripheral 
use should avoid to be in BDDCS class 1, while BDDCS class 2 may be ideal in 
order to escape CNS side effects (Broccatelli et al. 2012).

It follows from the theory laid out in this chapter that a complete avoidance of 
CNS penetration cannot be achieved, but rather a reduction in ISF levels relative to 
unbound plasma levels. Thus, for such compounds Kp,uu,brain effectively becomes the 
basis for the safety margin between peripheral and central effects. Currently, it is not 
very clear yet how Kp,uu,brain values from rodents translate quantitatively to human 
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(see Doran et al. 2012). It remains to be seen how differences in the expression 
levels of transporters contribute to species differences in transporter function at the 
BBB as well as drug distribution to the brain (Ohtsuki et al. 2011). It also remains 
to be seen whether co-medications potentially can lead to an inhibition of drug 
efflux at the BBB, and hence whether switching off the “Kp,uu,brain barrier” can affect 
the safety of such compounds in the clinical situation with patients.

12.4  Drug–Transporter Interactions at the BBB

In a world of an ageing multi-morbid population requiring polypharmacology, one 
of the biggest challenges is to ensure that new chemical entities (NCE) can be 
applied safely along with the co-medications a patient is already on. Drug–drug 
interactions (DDI) can occur at the level of drug metabolising enzymes and/or drug 
transporters (both uptake and efflux) leading to an increase in the exposure if both the 
NCE and the co-medication are being cleared predominantly by the same enzymatic 
or transporter pathway. The inhibiting drug is called “perpetrator”, while the drug 
whose exposure will change due to the inhibition is called “victim”. Either the NCE 
or the co-medication can act as victim or perpetrator (Fig. 12.8). A change in the 
exposure can lead to an increase in the exposure which in turn can cause serious or 

Victim drug
(substrate)

• Identify the transporter(s) 
and enzymes that are rate 
limiting for the elimination 
of the compound or its 
distribution (e.g. into CNS) 

• Determine the relative 
contribution (fm) of the 
transporter and/or 
metabolic pathway to the 
overall clearance of the 
compound 

Compound Properties to know in order to predict the 
Extent of potential Drug-Drug Interactions (DDI)

Perpetrator 
(inhibitor)

• Determine the inhibitory 
constant (Ki, IC50) for the 
transporter and/or 
enzyme(s) that are critical 
for the elimination of the 
victim drug 

• Estimate the effective 
concentration (I) of the 
perpetrator at the site of 
the DDI, e.g. the transporter 
at the liver or the BBB 

Fig. 12.8 Compound properties which have to be determined in order to predict the effect of 
drug–drug interactions (DDI). There are different parameters to be acquired depending on whether 
the compound acts as perpetrator or as victim of the DDI. Equations to predict the extent of 
transporter- mediated DDIs based on these parameters can be found in Yoshida et al. (2012)
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even fatal adverse effects, or to a decrease in the exposure rendering the NCE or the 
co-medication ineffective. For more details about the broad field of DDIs the reader 
is referred to special monographs, e.g. by Pang et al. (2010).

Avoiding any DDI risk is essential for the safe administration of a new drug 
candidate to patients under co-medication(s). Thus, regulators demand particular 
attention to this subject, as can be seen from the recently released guidelines for 
sponsors, both from the FDA and the EMA (see websites under list of references).

Although DDIs can occur from interaction at the level of drug metabolising 
enzymes (DMEs) and drug transporters, the following chapter will deal only with 
the latter, since the expression of DMEs is much lower at the BBB as compared 
to the liver (see also Chap. 4), whereas the expression of drug transporters at the 
BBB is significant (see Chap. 2).

Given that P-gp is very highly expressed in the BBB where it acts to restrict the 
distribution of many compounds into brain, it is surprising to learn that CNS drug–
transporter interactions are very rare. Indeed, thus far there are only two reports for 
P-gp-mediated DDIs affecting CNS distribution: (i) verapamil (victim) and cyclo-
sporine (perpetrator) (Sasongko et al. 2005), (ii) loperamide (victim) and quinidine 
(perpetrator) (Sadeque et al. 2000; Skarke et al. 2003). These studies involve unusually 
high doses of the perpetrator (2.5 mg/kg iv of cyclosporine; 600 mg of loperamide 
vs the recommended 4–8 mg recommended against diarrhoea), and the higher brain 
concentrations of the victim drug most likely are simply a consequence of the higher 
plasma concentrations resulting from an interaction occurring at other sites in the 
body, rather than an inhibition at the level of BBB since the brain/plasma ratio 
remained unchanged (Cole et al. 2012). Furthermore, a study of these interactions 
in rodents suggests that they are unlikely to occur at the typical therapeutic doses 
that are actually used in human patients (Sugimoto et al. 2011).

A similar picture emerges looking at a human study of the endothelin receptor 
antagonist tezosentan which was dosed with cyclosporine for inhibition of P-gp in 
humans, as the drug is eliminated into the bile (van Giersbergen et al. 2002). 
The authors note an increased incidence of adverse events, including headache, 
hot flushes, and nausea, that may have been caused by increased brain distribution 
of the drug, although it is not clear whether the mechanism is at the level of P-gp 
inhibition at the BBB or simply a result of the increase in plasma exposure, which 
in turn will also increase brain exposure, and yet again is only secondary to a periph-
erally occurring DDI.

Because liver and kidneys express the greatest level and variety of transporters, 
Grover and Benet (2009) denote these organs as the primary location of transporter- 
based interactions. They conclude that while altered distribution due to secondary 
interactions at tissues other than the liver and kidneys may have a pharmacody-
namic effect, these interactions, at least at the BBB, do not appear to significantly 
influence overall distribution volume. Thus, while brain distribution may change, 
even dramatically as in the case of ABC-transporter knockout mice, these changes 
do not necessarily manifest in a change in the volume of distribution (Grover and 
Benet 2009). An inhibitor of P-gp may hence affect the distribution of a P-gp sub-
strate into brain, as observed for the verapamil–cyclosporine A interaction, without 
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significantly affecting the plasma concentration-time profile of the substrate 
(Sasongko et al. 2005). This is possible because the amount of drug distributing into 
the tissue of interest (e.g. the brain) is only a small fraction of the total amount of 
the drug in the body, and the clearance of the drug from the body may be mediated 
by processes other than the affected transporter, e.g. metabolism (Endres et al. 
2006). While most clinically significant interactions result in noticeable changes 
in plasma concentrations, there are cases where a change in plasma concentrations 
is not evident, as is the case for tissues with a low volume of distribution, e.g. brain. 
In these instances, a transporter-based interaction could indeed occur, but the result-
ing effect on tissue concentrations may not be evident from the corresponding 
plasma concentration (Thompson 2011).

Therefore, due to the complexity of transporter-mediated clearance and distribu-
tion processes occurring simultaneously in different organs, much remains to be 
learned with regard to DDIs at the BBB. For an elaborate review on the subject the 
reader is referred to the publication of Eyal et al. (2009).

The importance of transporter-mediated DDIs has been emphasised in a recent 
draft guidance document by the FDA, and a final guidance document from the EMA 
(see websites under list of references). These documents are intended to give a com-
prehensive, systematic and mechanistic approach to the evaluation of the interaction 
potential of NCEs. They propose the use of (i) well-characterised in vitro assay 
systems to define the roles of the different transporters in drug absorption, distribution 
and elimination, and (ii) clinically relevant, selective probe substrates, inhibitors for 
the most important transporter subtypes. They further propose decision trees that 
attempt to define what can be extrapolated from current knowledge to aid in guiding 
the need, or lack thereof, for clinical DDI studies. A recent “ITC White Paper on 
transporters” of The International Transporter Consortium (ITC) has highlighted 
major uptake and efflux transporters that could be relevant in terms of the potential 
clinical outcome (Giacomini et al. 2010) mitigating efficacy and safety as well as 
the potential of genetic polymorphisms to become an issue in the clinic. The paper 
states “that current clinical data indicate that there are no consistent examples in 
which inhibition of P-gp in the BBB resulted in adverse effects”.

A quantitative framework for examining P-gp-mediated DDI at the BBB in vitro 
and extrapolating the results to in vivo (rat) and further to human has been proposed 
by Sugimoto et al. (2011) and Hsiao and Unadkat (2012). An important step in the 
evaluation is to elucidate the relative contribution of the target transporter to the 
overall membrane transport of a given drug (Kusuhara and Sugiyama 2009). 
Sugimoto et al. (2011) used a MDR-1 overexpressing cell line as in vitro P-gp inhi-
bition system from which they derived Ki values for a number of compounds. The 
Ki values were then related to the unbound plasma concentrations of the inhibi-
tor in vivo (I,unbound). DDIs, as determined by changes in Kp,brain, were predicted 
for compounds where the ratio I,unbound/Ki was greater than 1. The conclusions 
were confirmed in the rat in vivo and compared with data from human.

Of the other transporter systems mentioned by Giacomini et al. 2010 to be 
expressed at the BBB (e.g. BCRP, MRP4/5, OATP1A2/2B1), there is no reported 
evidence for clinical DDIs (Kalvass et al. 2013).
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Noteworthy, there seems to be a combined or even synergistic effect of P-gp 
and BCRP at the BBB with both efflux pumps cooperating to very strongly 
reduce CNS levels of tyrosine kinase inhibitors such as lapatinib, gefitinib, ima-
tinib, dasatinib, sorafenib, axitinib, and cediranib (see Giacomini et al. 2010). 
Thus, compounds inhibiting both P-gp and BCRP at the same time could poten-
tially have a strong impact on the brain distribution of these drugs (Kusuhara and 
Sugiyama 2009).

Regarding the l-system amino acid transporter at the BBB, there have been 
concerns in the past for the safe use of the artificial sweetener Aspartam as voiced 
by Pardridge (1986). Blood phenylalanine levels are known to increase following 
aspartame consumption. Thus, fivefold increases in the plasma phenylalanine level 
are expected in the up to 20 million individuals with impairment in phenylalanine 
metabolism who consume high amounts of aspartame per day. This unilateral 
increase may saturate the l-system amino acid transporter thereby leading to a dis-
tortion of the transport of the essential amino acids all entering the brain via this 
route, potentially impacting brain development and in particular those processes 
within the CNS which require constant supply with essential amino acids (e.g. neu-
rotransmitter and protein synthesis), ultimately causing a subtle yet distinct impair-
ment in brain (Pardridge 1986). l-Dopa and melphalan are drugs that also utilise 
this carrier system to gain access to the CNS. An interaction study with high doses 
of Aspartam in Parkinson patients on l-Dopa, however, did not reveal any adverse 
effects (Karstaedt and Pincus 1993).

The area of transporter-mediated processes and their consequences on PK, effi-
cacy and safety, including DDIs, is currently one of the fastest growing areas in 
pharmacokinetic and clinical research. The field is on a very steep learning curve 
with new insights accumulating rapidly, but waiting to be integrated into a compre-
hensive and predictive framework.

12.5  Summary and Conclusions

The complex structure of the CNS also makes brain penetration and distribution a 
complex multi-parameter process which cannot be rationalised on the basis of any 
single parameter. Not adequately addressing this complexity has resulted in many 
CNS drug discovery programmes to go on a troubled path too often ending up in 
clinical failures. Clinical trials costs but also failure rates in CNS drug development 
are higher than in any other therapeutic area today making R&D into new CNS drug 
targets economically non-viable and unattractive. Several Big Pharma companies 
have responded by downsizing their efforts or even departing the field very recently 
(Abbott 2011; Tufts CSDD Impact Report 2012). In spite of Neurosciences research 
being very exciting in many areas, current understanding of the neuropathology of 
many CNS diseases is incomplete and not seen mature enough to make drug discovery 
both efficient for drug development and effective in patient trials (Palmer 2011a,b; 
Tufts CSDD Impact Report 2012).
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Re-entering the field will require that the right conclusions are drawn very carefully 
from both preclinical and clinical failures, and that the lessons are learned at a level 
which allows implementing a new CNS drug discovery and development paradigm 
that encompasses the high complexity of a drug’s action at CNS targets in their full 
spatial and temporal resolution in conjunction with disease aetiology. A high level 
of understanding and confidence on the drug’s CNS penetration and distribution to 
the site of action will be a fundamental basis of this new paradigm allowing more 
clearly to differentiate between lack of response due to a flawed disease hypothesis 
and failures due to technical reasons.

The past strategy of (simply) optimising total brain levels, i.e. Kp, has turned out 
to be part of the problem. Abandoning the old strategy very rapidly makes way for 
a broad acceptance of the new concept of CNS penetration and distribution that 
acknowledges the interplay between the different PK compartments in blood and 
brain, BBB transport, and drug distribution to the site of action within the CNS in 
an integrative fashion. The new concept gives a comprehensive framework of the 
essential science as well as a methodological spectrum which is fully compatible 
with routine implementation in today’s drug discovery process.

For many CNS drugs, their target site concentrations are directly linked to drug 
concentrations in the brain ISF, i.e. their unbound levels in brain (Westerhout et al. 
2011). Unbound brain concentrations are therefore a reliable surrogate of the 
driving force of drug action in the CNS. The new definition of CNS exposure thus is 
unbound drug concentration in brain as surrogate for the pharmacologically active 
drug concentration in brain. Furthermore, Kp,uu,brain is to replace Kp,brain as measure of 
the extent of brain penetration as Kp,uu,brain is not distorted by non-specific binding to 
brain tissue and hence directly reflects the processes affecting brain interstitial fluid 
concentrations, i.e. the unbound drug levels in the key effect compartment of many 
CNS targets.

With the strategy essentially being in place to be able to follow the concentra-
tion–time profile at the target site in the brain, disease hypotheses and therapeutic 
potential of new CNS drug targets can be examined much more rigorously than has 
been possible in the past. This will greatly benefit the extraction of powerful conclu-
sions from failed clinical trials as it may help to identify those mechanisms out of 
the complex pattern of reported reasons that are key to the solution (Reichel 2009; 
Palmer and Alavijeh 2012).

Many CNS diseases have been defined more than a century ago by clinical symp-
toms rather than pharmacological mechanisms, hence there often is a large fraction 
of non-responders in the patient population masking the effect in a potentially 
responding sub-population of a drug that is very selectively acting on one particular 
molecular CNS target. Our understanding of the mechanisms underlying the patho-
physiology of CNS diseases is still seen to be very insufficient or even in its infancy, 
as for instance in the case of stroke but also in other neuropathological diseases. 
More than too often, there were no effects in human despite significant effects in the 
lab questioning the clinical relevance of animal disease models. Also, short-term 
favourable effects may reverse over longer-term applications, pointing toward tem-
poral response patterns which change between acute and during chronic treatment 
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as the CNS appears to respond to treatment in a complex spatial and temporal mode. 
Another problem to this day is to identify an appropriate dose and schedule in the 
clinical trial which is both efficacious and safe, this difficulty being further aggra-
vated if the drug candidate has a very narrow therapeutic window and validated 
biomarkers are not available. Failures due to insufficient CNS penetration have also 
been reported, but should soon be a matter of the past (Reichel 2009; Enna and 
Williams 2009; Palmer 2011a,b; Palmer and Alavijeh 2012).

Based on the new concept of CNS penetration allowing to determine and control 
brain target exposure, therapeutic hypotheses can be tested much more stringently 
than has been possible in the past. By systematically changing some key properties 
of new compounds or experimental conditions, one can decipher the impact these 
changes will have on plasma and brain PK, BBB transport, CNS distribution and 
target engagement using the integrative power of PKPD modelling and simulation. 
The concept will thus form a solid basis for the systematic investigation of the 
relation between target engagement, functional target response and its potential 
therapeutic role in the course of a disease. Aspirations are high that this approach 
will be one key to solve the conundrum why positive effects in animal disease 
models do not translate to the human patient.

PET studies in patients to examine target receptor occupancy in the human brain, 
to define effective plasma concentrations and hence clinical doses, and to study 
treatment paradigms in human are becoming another key methodology (Wong et al. 
2009). The use of receptor occupancy PET imaging allows to study the pharmaco-
dynamic consequences of target engagement, and to follow “downstream” pharma-
cology, i.e. the pharmacodynamic consequences of target engagement to verify the 
disease hypothesis as related to the proposed action of the drug to a specific biological 
effect that is the basis for the therapeutic rationale of the programme. If available, 
PET occupancy studies may also help stratifying patients to select the right patients 
for Phase II proof-of-concept trials.

Such imaging studies will not only facilitate the development of new CNS 
medications but also help redefining dose and dosing regimens of already existing 
“old” medications as suggested by Gründer et al. (2011). The authors show that 
many classical antipsychotics have never undergone any rational dose-finding study. 
They now will be subjected to PET occupancy studies in patients to readjust the 
recommended doses in order to make their use more efficient and safer compared to 
the traditional doses and hopefully also improving their often poor response rates 
within the patient population.

In view of the enormous potential of the new concept of brain penetration, it 
would be great to see it becoming a turning point that refuels the fading interest 
in CNS drug research. With the CNS drug market currently being valued at more 
than $50bn worldwide and growing at an annual rate of ~15 % (Enna and 
Williams 2009), with CNS disorders to affect over 1.5bn people worldwide 
accounting for about one-third of the global disease burden (Palmer 2011a), 
there is a lot waiting for us to be accomplished by future CNS drug discovery and 
development.
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    Abstract     Recent advances in understanding of the blood–brain barrier (BBB) suggest 
that we are entering an era in which basic discoveries of BBB structure and function 
may be parlayed into meaningful disease applications. The development of impact-
ful human therapies is a diffi cult and lengthy process; nonetheless, many research-
ers desire to see their work applied to the treatment of human disease. Signifi cant 
fi nancial reward will follow functional solutions to BBB delivery challenges; how-
ever, validating a trans-BBB delivery strategy to support and sustain a clinical pro-
gram is costly and risky and requires multidisciplinary expertise. Investigators must 
necessarily garner funding and expertise for such campaigns, mainly through gov-
ernment grants, private investment fi rms, and industrial partnerships. Among the 
many considerations for researchers looking to advance brain delivery technology 
are the commercial aspects of the technology and the requirements attached to the 
funding mechanisms for clinical development. Early choices about delivery modal-
ity and target therapy (indication) have important consequences for the develop-
ment process. An understanding of the forces that currently drive the pricing of 
therapeutics and the factors considered by potential investors who can fund expen-
sive clinical development programs is helpful for framing a discussion about the 
pharmacoeconomics of BBB delivery. Complex multimodal delivery technologies 
may have added challenges for demonstrating safety and signifi cantly higher drug 
manufacturing costs that can infl uence the risk–benefi t analysis made by potential 
investors. Both the therapeutic application and the delivery system infl uence the 
path to generating commercial or government interest in advancing a particular 
brain delivery approach toward the clinic.  

    Chapter 13   
 Pharmacoeconomic Considerations 
in CNS Drug Development 

             David     Gray    
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  Abbreviations 

   BBB    Blood–brain barrier   
  CNS    Central nervous system   
  GMP    Good manufacturing practice   
  NIH    National Institute of Health   
  QALY    Auality-adjusted life year   

13.1           Introduction 

 As described in Chaps.   1     and   2    , blood–brain barrier (BBB) functionally limits the 
access of many reagents to the brain. Clearly, strategies that overcome the drug- 
limiting aspects of the BBB could be important components to future treatment of 
CNS-based disease (Bisht  2011 ; Frank et al.  2011 ; Jain and Jain  2011 ; Malakoutikhah 
et al.  2011 ; Rajadhyaksha et al.  2011 ; Shinde et al.  2011 ; Tian et al.  2011 ; Tucker 
 2011 ). Signifi cant progress in the development of protein, peptide, antibody, protein 
fusion, stem cell, viral, gene, and other therapeutic modalities (biotherapeutics) has 
redefi ned the landscape of investigational clinical drugs for non-CNS indications 
(Schneider et al.  2010 ), and a substantial portion of successful new pharmaceutical 
treatments are expected to be biotherapies (Zhong et al.  2011 ). In contrast to treat-
ments in other disease areas, both existing drugs and current exploratory agents for 
common CNS disorders are almost exclusively small molecule entities (Pardridge 
 2005 ; Misra  2003 ). Effective or improved treatment of CNS disease is one of the 
most important unmet medical needs and could alleviate a signifi cant fi nancial bur-
den on society. In a critical research area beset with poor translational disease 
models, the signifi cant BBB-imposed restrictions on drug composition and modal-
ity are unwelcome impediments to progress. 

 For nearly 40 years, researchers have been looking for ways to circumvent the 
BBB to deliver otherwise brain-impaired molecules to CNS targets (Bodor et al. 
 1975 ). Until recently, the successful endpoint for these programs was an in vitro or 
rodent model demonstrating modifi ed brain levels of a payload agent (Fig.  13.1 ). 
Chapters   16    –  22     of this text describe and reference many of these approaches and 
their success. With a maturing understanding of BBB structure and physiology, 
many BBB delivery researchers have shifted their focus from achieving laboratory 
success in vitro or in rodents to establishing methods or techniques that can effect 
brain delivery in a human clinical setting and thus contribute to the progress of CNS 
clinical research (see Fig.  13.1 ). Moving research objectives from the laboratory to 
the clinic brings a new set of funding challenges and decisions as well as potential 
fi nancial reward.

   Safety and effi cacy are most critical and deterministic to the clinical success of 
any drug development program. Making a program attractive to investment, how-
ever, can be addressed and considered by investigators early in a BBB delivery 
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research program. In some cases, early choices about therapeutic application and 
reagent construction may impact opportunities to obtain support for clinical testing. 
This chapter discusses the orientation and prosecution of research within the larger 
picture clinical funding and provides context for cost-related considerations as they 
pertain to BBB delivery research. 

13.1.1     Funding for BBB Delivery Research 

 BBB research that is not specifi cally directed toward clinical application is clearly 
valuable. Some public funding sources specifi cally foster research that is fundamen-
tal, speculative, or disconnected from the restrictions imposed by application. 
Presently, however, some of the largest sources of public research funding (NIH 
R01 grants in the USA, for example) are earmarked for health-related research. 
Given the increased diffi culty in obtaining funding for basic science and the 
increased costs of laboratory research, lead investigators have become accustomed 
to aligning their research proposals to the requirements of funding sources. Some of 
these alignments are made primarily to satisfy the appearance of a human health 
application, whereas others genuinely attempt to assemble the elements necessary 
to advance a research idea toward a potential clinical application. 

 The most effective time to incorporate considerations about the clinical applica-
tion of a BBB technology is often very early in research when pivotal decisions 
about potential human treatment are made; however, given the low conversion rate 
of BBB delivery research ideas into clinical trials, altering or constraining early 
stage BBB delivery research to align with an optimum path to clinical application 
may be counterproductive to innovation. As a technology gains momentum and its 

  Fig. 13.1    Transition from successful preclinical demonstration of brain delivery to clinical 
validation       
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proponents begin to think seriously about building toward human clinical studies, it 
is absolutely essential to begin planning a path that goes beyond “getting into the 
clinic” to consider what data will be necessary to make the opportunity attractive to 
investors.  

13.1.2     Description of Stage Gates and Costs 

 The process of developing an idea into a market drug is often divided into a preclini-
cal research stage and then into four development stages that roughly coincide with 
increasing levels of fi nancial investment. The preclinical research stage culminates 
in the identifi cation of a specifi c and defi ned therapeutic agent with suffi ciently 
promising preclinical data to justify a development program that includes

•    Late-stage preclinical research (meets regulatory requirements prior to human 
testing).  

•   Phase I, clinical testing (safety).  
•   Phase II, clinical research (effi cacy).  
•   Phase III, large-scale clinical testing (robust safety and effi cacy).    

 Most current BBB delivery concepts are in the early preclinical research stage. 
Relative to the development stage, preclinical research is less expensive, less subject 
to regulation, and less driven by timelines for progress. As a precursor to clinical 
work, preclinical biomedical research aims to generate a single reagent for testing 
and assemble an associated dataset to convince private investment to fund clinical 
exploration. 

 The fi rst part of a development program is a late-stage preclinical phase that 
involves the manufacturing of test articles and gathering of safety data on the inves-
tigational agent under rigorous conditions that meet regulatory safety requirements. 
Once a therapeutic reagent enters development, any change in its molecular compo-
sition necessitates the restarting of preclinical or clinical research to generate data 
on the new material. Practically speaking, from the point a reagent is selected for 
late preclinical development, most of the elements that will determine clinical suc-
cess or failure are irreversibly locked in. All subsequent work is geared toward 
investigating the potential of the selected reagent without opportunities to change 
payloads, linkers, loading, or other fundamental aspects of the therapeutic that 
impact safety, indication, and effi cacy. Some reagents have long polymers or other 
complex components (large polyethylene glycol chains, for example) that result in 
drug products that vary within precisely defi ned analytical specifi cations. Such 
reagents can be advanced provided that all development work is conducted with 
material that is rigorously shown to meet manufacturing control standards and lies 
within prespecifi ed distribution ranges. Manufacturing and safety data together with 
information that justifi es testing in human subjects are submitted to a regulatory 
authority that reviews them and can grant approval for human clinical testing.  
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13.1.3     Phases of Clinical Development 

 The clinical development of novel agents is extraordinarily expensive and almost 
entirely funded by private investment. As a consequence, such research must align 
to the goals of the individuals or institutions providing the funding. BBB researchers 
who are serious about contributing to clinical advances in BBB delivery should 
consider the challenging and frequently unfamiliar fi nancial realities of later-stage 
clinical research as they make decisions early in their programs. Colleagues in 
pharmaceutical or biotechnology companies can be useful resources for early con-
versations on this topic. 

 In Phase I, regulators grant approval for limited human testing with the primary 
aim of establishing data to support the safety of a drug. With suffi cient demonstration 
of human safety, approval may be granted to expand the clinical program into Phase 
II exploratory studies focused on assessing the effi cacy of a drug in patients. The 
validity of the approach for impacting human disease is typically fi rst assessed at 
this stage. If an investigational agent shows acceptable safety and suffi cient promise 
of patient benefi t in Phase II studies, approval can be obtained to initiate Phase III 
studies in broader groups of patients in which a thorough assessment of safety and 
effi cacy can be conducted to support an application to bring the drug to market. In 
some cases, the developing company and regulators may agree that it is advanta-
geous to evaluate safety and some measures of effi cacy in patients simultaneously 
in a hybrid stage often called Phase I/II. Some important areas in which effi cacy 
testing has recently occurred in very small numbers of patients in Phase I/II studies 
include life-threatening cancers and severely debilitating genetic illnesses. The 
most advanced clinical testing of the viability of BBB delivery strategies is directed 
toward these indications—specifi cally, brain cancers, lysosomal storage disorders, 
and advanced Parkinson’s disease in which limited effi cacy assessment can be con-
ducted concomitantly with safety studies in patients during Phase I. Patients with 
these severe or terminal illnesses have limited treatment options, and their participa-
tion in Phase I/II effi cacy studies can both accelerate the availability of new thera-
pies for their illnesses and provide early data on brain delivery effi cacy in a clinical 
setting. In these cases, defi nitive Phase II and Phase III studies in larger numbers of 
patients are still required for convincing demonstration of safety and effi cacy.  

13.1.4     Drug Partitioning Between Brain and Other Tissues 

 Much of the clinical failure of novel therapeutics or technologies can be directly 
attributed to insuffi cient safety or effi cacy. Essentially all substances are toxic to the 
human body in excess (Rosenberg et al.  2003 ). When the BBB restricts the parti-
tioning of a CNS therapeutic agent into the brain, other organs and tissues are gener-
ally exposed to much higher levels of that agent than those intended for brain targets, 
in turn increasing the risk of a toxic event related to elevated exposure in untargeted 
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tissue (Jeffrey and Summerfi eld  2010 ). Most drugs and biotherapeutics partition 
more effectively into other tissues than they do into the brain; however, data to date 
show that at steady state, nearly all substances (including large biotherapeutic 
reagents) can get into the brain to some (often very limited) extent even without the 
aid of a delivery technology (Gosk et al.  2004 ; Moos and Morgan  2001 ; Yu et al. 
 2011 ). In theory, if an effective agent posed no risk of toxicity but was ineffi cacious 
because of poor brain penetration at standard doses, the dose could be increased 
thousands or millions of fold to a point at which the concentration gradient outside 
of the brain would drive an equilibrium to achieve the necessary engagement of the 
therapeutic mechanism in the brain. In practice, however, dosing to extreme levels 
to overcome major CNS impairment is neither safe nor practical. Thus, a major 
focus in BBB delivery research is the validation of strategies that favorably alter the 
partitioning of an agent toward increased exposure at CNS targets relative to other 
tissues. Technologies that increase distribution into the brain and other tissues with-
out altering the partition equilibrium across tissues are approached with caution by 
clinicians for all but the most terminal patients. Any serious BBB delivery approach 
must accumulate robust evidence of cost, safety, and effi cacy advantages well 
beyond what can be achieved by simply dosing the payload at a higher level.  

13.1.5     Next Horizons for BBB Delivery Research 

 Although many publications are describing preclinical evidence of increased parti-
tioning of brain-impaired reagents, at the time of this writing, no technologies, plat-
forms, or strategies have been clinically proven to mediate reliable, therapeutically 
signifi cant increases in the partitioning of a drug to targets in the whole human brain 
parenchyma relative to levels achieved in non-CNS tissues, although several impor-
tant human trials are currently under way (Bisht  2011 ). The ultimate goal for applied 
BBB delivery research is to achieve safe, functionally signifi cant improvement in 
human disease status using therapeutics that would be otherwise unsafe or ineffec-
tive. An intermediate but still important advance would be the demonstration of 
unequivocal engagement of targets in the healthy parenchyma by reagents that do 
not engage the target unless assisted by a delivery technology. This type of clinical 
demonstration, particularly if coupled to evidence of enhanced partitioning into the 
brain relative to other organs (liver, spleen, lung, etc.), would advance the fi eld even 
if the engagement did not lead to the desired functional improvement in patients. 

 The challenges associated with achieving the ultimate goal of successful human 
therapy are immense. Success requires, among other elements, the simultaneous 
juxtaposition of a safe and successful therapeutic agent, a safe and effective delivery 
approach, the design and execution of effective clinical trials in the appropriate 
patient populations, and substantial amounts of money (Fig.  13.2 ). If any of these 
elements is missing from a program, the end result, measured against the goal of 
improving clinical outcomes, will be a failure. In practical terms, even researchers 
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with effective BBB delivery strategies may be unable to demonstrate success if their 
strategies are paired with ineffective therapies, applied to the wrong patient popula-
tion, or insuffi ciently supported fi nancially to conduct the necessary studies.

13.2         Basics of Pricing 

 Companies and investors must take substantial risks with large investments over 
extended periods to bring new drugs to market (Paul et al.  2010 ; Basu et al.  2008 ; 
Adams and Brantner  2006 ). The current intellectual property system in the USA, 
Europe, Japan, and many other countries provides a means for companies and inves-
tors to make a profi t commensurate with the risk and investment shouldered during 
drug development based on the value that an effective therapy brings to society 
during a short period of legally protected exclusivity. Developing a potential thera-
peutic agent into a marketed drug requires a sustained investment of capital, skill, 
and research dedication that could potentially be applied to any other endeavor 
(opportunity cost). To encourage the application of those resources to the socially 
important goal of improved health, the patent system protects well-considered 
investments in innovative new drug therapies. Patients and society benefi t from 
successful research funded by for-profi t entities, and the government maintains 
regulatory control over the process for new drug approval to protect the safety of 
those taking the drug. After extensive review of the clinical data and risk–benefi t 
profi le, a regulatory agency may grant approval to market a new drug for a specifi c 

  Fig. 13.2    Common failure 
modes in clinical 
development       
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indication, and the developing company can begin to sell the drug. Ultimately, drug 
prices during the period of patent exclusivity refl ect the value of effective new 
therapies to patients and society. Examples of specifi c factors that infl uence drug 
pricing include the effectiveness of a drug compared with other treatment options, 
the magnitude of the benefi cial effect, and the societal burden and functional signifi -
cance of the illness being treated. Untreated illness frequently leads to lower quality 
of life, loss of productivity, and increased health care expenditures for hospitaliza-
tion, emergency room treatment, family care, and doctor visits (Goldie et al.  2004 ). 
Effective pharmacotherapy often substantially lowers total health care costs for 
groups of patients (Arnold  2007 ; Lock et al.  2011 ) and can drive marked improve-
ment in the quality of life for those patients and their families. The evaluation of 
drug pricing considers principles of both macroeconomics and humanity. 

13.2.1     Placing a Value on Effi cacy 

 Some pricing parameters are determined by society (and may differ from country to 
country), whereas others are defi ned by the outcome of controlled clinical studies 
on the safety and effi cacy of a new drug. One highly debated subjective parameter 
that undergoes constant revision is the value that society (usually a specifi c country) 
places on an additional quality-adjusted life year (QALY). Cost-effectiveness analy-
ses frequently compare a chosen QALY value to the cost of the therapy (Marino 
et al.  2008 ). At the time of this writing, QALY values vary by country and method-
ology from US$30,000 to US$130,000. A readily understood example in which 
these factors could combine to support a signifi cant valuation for a successful and 
innovative therapy is the treatment of a deadly cancer. The safety and effi cacy of a 
potential new cancer drug are defi ned in carefully controlled clinical studies that 
assess specifi ed patient outcomes such as survival and measures of quality of life. 
The outcomes for each patient in the trials are frequently combined to derive aver-
age outcomes across all patients or for defi ned subgroups in the study, and the over-
all effectiveness and safety of the new drug is put into context with expected or 
concomitantly measured outcomes of other available therapies. If the studies show 
that the treatment is benefi cial, the additional months or years of life or improved 
functional outcomes (QALY) have a substantial value to the cancer patient and to 
society, which is refl ected in a high valuation. Debilitating illnesses exist for which 
most or all patients currently lack treatment options. Unmet medical needs are high 
in these diseases, and society places great value on therapeutic advances.  

13.2.2     Evaluating Commercial Potential 

 Before assuming the enormous cost and risk of developing a new drug, investing 
organizations consider the commercial potential of the successful drug by forecasting 
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the number of patients it may treat (market size) and the societal, disease, and 
competitive factors that will infl uence pricing when it is launched. Frequently, these 
forecasts stretch many years into the future and have signifi cant uncertainty. The 
investing organization will try to estimate the likelihood that an investigational 
agent will demonstrate the necessary safety and effi cacy to become a marketed 
drug, the cost of the development program, and the length of remaining patent 
exclusivity at product launch (Wermeling  1993 ). Investors seek opportunities for 
which all of these factors combine to suggest a potential return on the total invest-
ment that is commensurate with its risk. 

 The expected cost of manufacturing a fi nal drug product is another variable that 
can infl uence the commercial potential of a new therapy. Most current BBB delivery 
approaches can be conceptualized as having a payload component (the therapeutic 
agent), a targeting component, and frequently, additional components that join the 
payload to the targeting element (linker element; see Fig.  13.3 ). The costs for GMP 
synthesis and validation of these components together with the expense of combining, 
purifying, formulating, packaging, and storing the fi nal drug product defi ne the cost 
of goods per unit of active pharmaceutical ingredient (Fig.  13.4 ) (Basu et al.  2008 ). 
Manufacturing, storage, and distribution costs (cost of goods) that are too high 
relative to the market-established value of a therapy can erode the capability of a 

  Fig. 13.3    General composition of brain delivery-enabled therapeutics       

  Fig. 13.4    Factors considered in commercial assessments       
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developing company to make a profi t and justify the investment. As a drug moves 
through the development process, a staged investment is made in the manufacture of 
the drug product itself with the aim of lowering the cost of goods via effi cient 
production processes. Throughout the development process, companies frequently 
reevaluate the commercial potential of an investigational agent as new information 
on safety, effi cacy, market size, regulatory environment, societal factors, and cost of 
manufacturing becomes available. These reevaluations can reveal that continued 
investment in the development of the agent is no longer justifi ed for commercial 
reasons. For truly novel approaches such as BBB delivery strategies in which sig-
nifi cant safety and technical hurdles remain unexplored, investors are more willing 
to assume the risk and expense of clinical development when they are applied to 
high-value therapeutic indications. Governments have established additional incen-
tives to encourage research for rare illnesses with high unmet medical need (Sharma 
et al.  2010 ). These mechanisms can help make high-risk clinical research for rare or 
so-called orphan diseases fi nancially attractive to private investment.

13.2.3         Expectations Accompanying Clinical 
Development Funding 

 Preclinical biomedical research is supported by many funding sources, including 
government grants, university budgets and endowments, charitable foundations, 
venture capital (VC) groups, and pharmaceutical and biotechnology companies. 
Public funding for early preclinical research is typically granted without any expec-
tation of clinical advancement or application. The costs associated with advancing 
a successful preclinical laboratory demonstration of BBB delivery through early 
development to a completed, defi nitive clinical proof-of-concept trial (full Phase II) 
are substantially higher than most researchers might expect. Beyond the major costs 
of the trials themselves, the costs of manufacture, formulation, and storage of 
suffi cient GMP material, required preclinical safety testing, legal and regulatory 
fi lings, analytical assay development, and compliance leading up to Phase I study 
are signifi cant and only increase thereafter. 

 Limited publically funded or private charity programs are available to help move 
promising ideas into limited early stage clinical studies; however, the money to 
conduct full development is generally obtained only after private investors (VC 
groups or biotechnology/pharmaceutical companies) are convinced to fi nance a 
program based on its commercial potential or approach. Biomedically focused VC 
fi rms and biotechnology/pharmaceutical partners have access to the necessary 
capital, expertise, and perspective to evaluate the merits of exploratory ideas and 
invest in them on behalf of shareholders who desire a positive return. Researchers 
must realize that potential partners will view with great caution any opportunity 
lacking clinical validation, as failure in clinical development can lead to a nearly 
complete loss of investment. Among the many important consequences of this 
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reality is that the merits of an idea and the path to a return on investment are 
considered by an organization (VC or biotechnology/pharmaceutical partner) that is 
mainly focused on the fi nancial merits of investments. Investigators must be pre-
pared if potential funders propose directions and rigorous timelines for their pro-
grams that they did not envision.  

13.2.4     Commercial Considerations Specifi c 
to BBB Delivery Technologies 

 The development of BBB delivery-enabled therapeutics may present specifi c con-
siderations for potential investors. Increased reagent complexity and manufacturing 
costs, additional uncertainty about the safety of such technologies, and unclear 
development paths weigh negatively, whereas the potential for a successful strategy 
to have expanded commercial potential as a platform for the delivery of multiple 
therapeutic agents increases attractiveness. 

13.2.4.1     Minimizing Risk with Robust Demonstration of Preclinical 
Safety 

 Before clinical studies, the safety of a new therapy is assessed in studies prescribed 
by regulatory agencies. For larger constructs, specifi c considerations of immunoge-
nicity, persistence/accumulation, metabolism, and storage/handling may be required 
in addition to the demonstration of appropriate safety margins in prescribed in vitro 
and in vivo studies. Conducting defi nitive safety studies during the preclinical 
research phase to allay the concerns of a potential investor is not always possible; 
however, risk mitigation strategies can include using materials (including drug 
payloads) with demonstrated safety and completing some non-GMP in vitro or in 
vivo safety studies before seeking VC or industry funding. The safety of any inves-
tigational agent is always discussed as the therapeutic index between safe and effi -
cacious exposures. Drug safety has an important empirical component; therefore, 
actual safety data in appropriate in vitro toxicity models and results from extended 
studies in appropriate animal species at multiples of targeted effi cacious exposure 
and via the proposed route of administration are most convincing.  

13.2.4.2     Maximizing Clinical Effi cacy 

 Managing large clinical trials is a specialized and diffi cult endeavor. In general, VC 
or biotechnology/pharmaceutical partners will lead these activities for the programs 
in which they invest. Currently, a major failure mode for CNS drug development 
programs is the lack of clinical criteria necessary to support additional advance-
ment. Many important CNS diseases (depression, schizophrenia, and Alzheimer’s 
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for example) lack validated predictive preclinical models in which novel agents can 
be vetted with confi dence. Many BBB delivery researchers look to mitigate clinical 
failure by deploying their delivery technology in the context of a therapeutic with 
established effi cacy in human studies. 

 Two companies that have advanced brain delivery approaches into the clinic are 
Angiochem and to-BBB. Angiochem’s clinical agent, ANG1005, is currently in 
Phase II studies for the treatment of brain tumors (Regina et al.  2008 ; Thomas et al. 
 2009 ). Scientists at Angiochem covalently attached the marketed anticancer drug 
paclitaxel (Taxol) to a peptide-based recognition sequence for a putative BBB tran-
scytosis effector (see Chap.   18    ). The approach by to-BBB, 2B3-101, uses a liposo-
mally encapsulated payload of the marketed chemotherapeutic doxorubicin (see 
Chap.   17    ) (Ranson et al.  2001 ). In both cases, the BBB delivery vector payloads are 
approved drugs, and the delivery systems use materials from classes with demon-
strated preclinical safety. Both companies have lowered the effi cacy-related failure 
risk of the payload by choosing proven effi cacious drugs and successfully convinced 
investors to provide millions of dollars for clinical studies on the potential that their 
technologies will carry these proven agents more effectively into brain tumors.    

13.3     Drug/Reagent Costs 

 Substantial research investment goes into the safe and reliable manufacture, formu-
lation, quality control, and packaging of drug products. The cost of a fi nished thera-
peutic includes many elements that are not part of the drug product itself, including 
regulated storage, transportation, process development, and validation of any 
devices that are part of drug administration (Pinheiro et al.  2006 ). Although these 
costs are part of the manufacturing expense and investment, they do not defi ne the 
value of a new drug the way effi cacy and societal benefi ts do. In a simplifi ed hypo-
thetical example, if two drugs had identical safety, effi cacy, and patient outcomes 
for a particular illness and one of the drugs cost ten times more to manufacture, the 
market and society would likely place a similar value on both drugs. The manufac-
turer of the more expensive drug would be at a competitive disadvantage owing to 
the higher cost of goods. 

13.3.1     Importance of Dose Amount and Frequency 

 The frequency and amount of drug administration are important drivers of the cost 
of goods. Some drugs can be given as weekly or monthly injections, whereas others 
are administered orally or must be dosed multiple times each day. The value of a 
therapy for a particular illness depends on an effective response and is less infl u-
enced by the number of doses or the amount of drug in each dose necessary to 
achieve that response. A convenient way to normalize drug costs across modalities 
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and dosing schedules is to consider the total amount of drug required for a complete 
therapeutic response during a 1-month period. This calculation also connects drug 
costs to the way in which drugs are normally purchased. The cost of goods combines 
all manufacturing and production costs for the total amount of drug needed for a 
therapeutic response during a specifi ed (often 1-month) period or, for acute illnesses, 
the amount of drug necessary to achieve of a full therapeutic response. 

 As ideas about a brain delivery technology and its human therapeutic application 
begin to crystallize, researchers must use available effi cacy data to refi ne estimates 
of the dose amount and frequency that may be required for a therapeutic response in 
human trials and use that information to estimate the impact of the cost of goods on 
viability of the program. Scenarios can unfold in which a high cost of goods driven 
by either expensive manufacturing or large drug requirement destroys the value 
proposition for the investors and discourages the initiation or continuation of clinical 
development of an agent. Monoclonal antibodies are expensive to produce relative 
to small molecules; however, marketed antibodies are often dosed infrequently 
owing to their long circulation half-life, which helps lower the cost of goods. 
Modifi cations to antibodies or other complex reagents necessary to enable brain 
delivery may result in agents with shorter half-lives, in turn driving up monthly drug 
requirements and the cost of goods for therapy.  

13.3.2     Drug Manufacturing Costs and Economy of Scale 

 The costs to manufacture a certain quantity of fi nished GMP drug products vary 
widely. Preclinical and early clinical research is carried out with smaller amounts of 
material and fi t-for-purpose processes. Additional investment in new synthetic 
routes, formulation processes, and production methods along with the construction 
of dedicated manufacturing facilities and sourcing of raw materials on larger scales 
can optimize the cost of a fi nal drug product. These expensive activities to lower the 
cost of goods are typically initiated in a staged fashion as the drug progresses 
through development. 

 The impacts of scale and dedicated manufacturing processes on pricing are 
illustrated in the case of β-cyclodextrin, which is now widely used in the formula-
tion of fi nal drug products and to enhance solubility in other industrial processes. 
When this reagent was fi rst available in high purity in 1980, it cost US$10,000/kg 
(Loftsson and Duchene  2007 ; Zulsdorf et al.  2011 ). As demand for cyclodextrin 
increased, market forces encouraged suppliers to invest in developing new synthetic 
routes and, later, dedicated manufacturing capabilities for this product. At present, 
cyclodextrin can be purchased on large scale for less than US$10/kg—a greater than 
1,000-fold decrease in the cost per gram driven by increased demand and invest-
ment in improved manufacturing processes. Although such dramatic reductions in 
price do not occur for all drug components, researchers can reasonably assume that 
the cost of goods for the fi rst dose of investigational material will be much higher 
than that calculated when the drug is launched to market owing to process improve-
ments and increased scale of production.  
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13.3.3     Impact of Drug Complexity 

 The number of processing and purifi cation steps, the cost of the raw materials, the 
amount of time needed on large-scale equipment, and any special handling require-
ments are important contributors to reagent cost. A good example of a complex 
reagent is the 36-residue peptide drug enfuvirtide (Fuzeon). This drug was brought 
to market after demonstrating clinical effi cacy in slowing the proliferation of the 
human immunodefi ciency virus in patients via a novel mechanism of action. The 
manufacture of this drug was complicated, involving more than 100 processing and 
synthesis steps, many kilograms of raw materials for each kilogram of product, and 
a large amount of time on processing and purifi cation equipment. The developing 
companies worked to bring costs down and even constructed a dedicated plant for 
production. When the drug was launched in 2003, however, it was priced at approxi-
mately US$1,650/month, and sales did not meet expectations. In a securities fi ling 
dated March 2008, the codeveloper of Fuzeon™ made the following statement 
about the impact of the cost of goods to the company: “If suffi cient amounts of 
Fuzeon™ cannot be manufactured on a cost-effective basis, our fi nancial condition 
and results of operations will be materially and adversely affected.” Millions of 
dollars were spent to reduce the cost of goods for this drug, but its complex manu-
facturing process as well as the moderately high daily dose (approximately 180 mg/
day is typical) required for effi cacy have made pricing an issue for the developing 
companies since its launch.   

13.4     Current Status of Commercial Considerations 
by Modality 

 Although every reagent has unique parameters that drive the cost of goods and 
commercial potential, some generalizations can be made about the cost of various 
BBB delivery approaches. Some of the inputs for the commercial potential of inves-
tigational drugs are depicted in Fig.  13.4 . To illustrate some of these considerations, 
several BBB delivery approaches are discussed in the sections that follow. 

13.4.1     Intranasal Delivery 

 Numerous companies and researchers are exploring nasal delivery as a potential 
privileged access route to the brain (see Chap.   16    ) (Rajadhyaksha et al.  2011 ; Landis 
et al.  2012 ; Malerba et al.  2011 ; Ugwoke et al.  2005 ). Nasal delivery is most often 
deployed in conjunction with a physical delivery device. In principle, nasal delivery 
systems could deliver small molecule therapies, administer complex drugs, or even 
be paired with BBB delivery strategies. The costs of the drug payload and additional 
BBB delivery technology must be added to the expenses specifi c to nasal delivery 
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additives and devices. The drug formulations used in most current strategies contain 
relatively simple excipients and proprietary reagents to increase permeability and 
transport at the nasal membrane. Many of these systems feature materials with 
demonstrated biocompatibility and safety to mitigate development risk (Ugwoke 
et al.  2005 ). The total amount of material that can be absorbed nasally is bounded 
by the constraints of the nasal mucous membrane; therefore, nasal delivery is lim-
ited to a relatively small total amount of drug and excipients. Many permeability 
enhancers are bulk commodities, but even custom excipients and permeability 
enhancers of the types currently being explored can be expected to contribute only 
modestly to the overall cost of the fi nished drug product unless they are complex to 
manufacture. If a nasal delivery system meaningfully increases the partitioning of a 
therapy to targets in the brain beyond what can be achieved by other routes of 
administration, few indications exist for which the  nasal-specifi c  costs of a device 
and modest amounts of excipient would destroy its value proposition. 

 The total cost of goods of the drug payload must still be considered. For exam-
ple, if only a small fraction of a hypothetical therapeutic can be absorbed nasally 
and frequent administrations of an expensive drug are needed, the total cost of a 
nasal therapy could become considerable even if brain delivery is effective. 
Depending on the pricing expectations for the targeted indication and the magnitude 
of the therapeutic advance, the cost of goods might become commercially unattract-
ive owing to excessive payload costs. The keys to making nasal delivery approaches 
to BBB delivery attractive to investors include pairing the delivery technology with 
a reagent that has demonstrated clinical safety/effi cacy via another route of admin-
istration, a deep understanding of the mechanism for enhanced BBB delivery and 
how it will translate from animals to humans (considering anatomical and expres-
sion differences), and unequivocal demonstration that nasal delivery represents a 
privileged access point for the BBB beyond that achievable via other peripheral 
routes of administration.  

13.4.2     Nanocarriers 

 Nanocarrier brain delivery systems are often based on polymers of established bio-
compatible materials or chemically modifi ed variants and are typically not discrete 
entities but rather a distribution of nanoparticles within a specifi c size range (see Chap. 
  17    ) (Beg et al.  2011 ; Blasi et al.  2011 ; Celia et al.  2011 ; De Rosa et al.  2012 ; Martin-
Banderas et al.  2011 ; Nair et al.  2012 ; Raudino et al.  2011 ; Panagiotou and Fisher 
 2011 ; Crunkhorn  2012 ). In some instances, they contain inorganic cores such as gold 
or feature coatings of polyethylene glycol or other polymers proposed to enhance 
delivery (Haque et al.  2012 ; Malhotra and Prakash  2011 ; Su et al.  2011 ; Wankhede 
et al.  2012 ; Herve et al.  2008 ). The drug payload is loaded onto the nanoparticles via 
non-covalent interactions, meaning that a given nanocarrier system could potentially 
be deployed to deliver many drugs without modifi cation to the drug or the nanocarrier. 
The types of biocompatible nanomaterials under investigation to facilitate BBB deliv-
ery are frequently available in bulk or synthesized via well-established chemistries. 
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Some challenges, such as controlling aggregation and size distribution, are inherent in 
the manufacture of nanoparticles, but simple inorganic, polymeric, or coated nanopar-
ticle delivery systems derived from established supply chains can largely be expected 
to have low to modest contributions to total drug cost. 

 Some nanoparticle systems are composed of highly specialized monomers or are 
complex multicomponent or multilayer systems. Cost can become signifi cant in 
these systems and may factor into investor decisions depending on the indication for 
the therapy. At the extreme, a multilayer nanoparticle carrier may be functionalized 
with complex antibody or peptide ligands, and such a delivery system would add 
substantially to the total cost of the active pharmaceutical ingredient (Frank et al. 
 2011 ). Despite many publications that chronicle laboratory success, nanocarrier 
BBB delivery approaches have not advanced into clinical development. The keys to 
making this approach attractive to investors are strong safety data that support a low 
risk of toxicity after chronic administration of a therapeutically relevant concentration 
of the drug to the brain and the pairing of delivery technologies with reagents that 
have demonstrated clinical safety/effi cacy.  

13.4.3     Receptor-Mediated Approaches 

 Several delivery approaches under preclinical examination operate via an endotheli-
ally expressed transporter to facilitate BBB entry of cargo (see Chap.   18    ) (Tian et al. 
 2011 ; Rip et al.  2009 ). The manufacturing of these reagents is expected to be more 
complicated than that in the other approaches discussed in this section, and most are 
administered intravenously. These properties dictate that cost of goods will be more 
particularly considered as part of decisions about clinical development of receptor- 
mediated delivery systems. Several of the current receptor-mediated technologies 
are based on peptide ligands that engage with the endocytosis receptor (Gabathuler 
 2010 ). Peptide-based reagents are attractive owing to the substantial multi-decade 
global investments that have been made in the synthesis of complex peptides and the 
established supply chains for bulk availability of starting materials. For example, 
the aforementioned ANG1005 is a 19-residue peptide composed of natural amino 
acids covalently attached to three molecules of Taxol. The cost and complexity of 
its synthesis certainly far exceed that of most small molecule drugs, but it can be 
made using established chemistries and widely available materials. Ongoing trials 
of ANG1005 for the treatment of solid tumors are targeting a dose of approximately 
1 g of active drug given as an infusion every 3 weeks. If the clinical trials show 
adequate safety and advantageous effi cacy relative to other treatment options, the 
high value of the cancer indication combined with the modest monthly amount of 
drug and the accessibility of manufacturing methods will likely encourage contin-
ued investment in the clinical program. 

 The to-BBB investigational agent, 2B3-101, is a multicomponent liposome 
composed of relatively accessible monomers. Drug-loaded liposomes are currently on 
the market, and some production methods have been established (Ranson et al.  2001 ; 
Cagnoni et al.  2000 ). 2B3-101 adds a putative brain-targeting element to the 
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approved liposomal doxorubicin (Caelyx™) by mixing a low percentage of a cus-
tom polyethylene glycol to the liposome assembly. Despite the elegant simplicity of 
the manufacturing approach, the expense of making and loading customized lipo-
somes while maintaining suffi cient control over particle size could lead to a com-
paratively expensive drug product. The relatively low doses (20–100 mg every 21 
days) being investigated in the clinic should mitigate reagent costs. Protein- and 
antibody-derived delivery systems and drugs are currently more expensive and 
complex than peptides. Some progress has being made to lower the cost of goods of 
antibody reagents, and additional decrease can be expected. Production costs are 
high for this reagent, and the total monthly dose must be carefully considered in the 
context of indication. 

 Other receptor-mediated transport targeting approaches can become quite 
complex—for example, Ding and coworkers (Ding et al.  2010 ) describe a malic 
acid polymer that includes multiple antibodies, a tracking dye, oligonucleotide 
elements, and a endosomal escape element. Although this construct was not 
intended as a therapy, it illustrates a potential disconnect between the types of 
reagents that can be used in laboratory setting and those that might be accessible for 
clinical work using current productions methods. The GMP manufacture of multi-
component materials that incorporate antibody-targeting vectors is certain to trigger 
addition scrutiny from potential investors with regard to the cost of goods. 
Researchers considering clinical work with complex delivery technologies may 
need to invest extra time to simplify manufacturing and increase the effi ciency of 
brain delivery or reagent potency to reduce dose.  

13.4.4     Neurosurgical Direct Delivery Approaches 

 Device-based delivery systems represent an interesting case study in the cost of 
therapy (see Chap.   20    ) (Ferguson et al.  2007 ; Bidros et al.  2010 ). The initial surgical 
procedure for implanting a direct CNS delivery system is substantial; the combina-
tion of surgery and device can be expected to exceed $10,000 in the USA. Once the 
device is implanted, ongoing drug material and maintenance costs are incurred 
specifi c to the drug. Directly implanted systems are widely used for intrathecal drug 
delivery in patients with chronic pain that cannot be managed with traditional 
pharmacotherapy (Kumar et al.  2001 ). Implanted devices demonstrate benefi ts—for 
example, decreases in the amount of drug used and increased tissue selectivity—
similar to those sought with BBB delivery technologies, and device companies are 
making major investments to study applications in CNS disease (de Lissovoy et al. 
 2007 ; Bensmail et al.  2009 ). If such a system can achieve selective delivery of thera-
peutically effective payloads that otherwise have insuffi cient access to the brain, an 
interplay occurs between the high initial cost of the surgery and the therapeutic 
benefi ts. Making a device-based direct delivery system commercially viable for 
indications with low reimbursement would be challenging after considering the 
surgical costs. For life-threatening illnesses or conditions with signifi cant unmet 
need, however, the economics are different and would need to be considered case by 
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case. In recent years, limited clinical exploration of direct delivery to the brain in 
severely ill patients has been funded by private charities, public research monies, or 
medical device manufacturers (Hall et al.  2003 ; Mehta et al.  2011 ). In general, these 
studies are approached as highly experimental and commercial considerations have 
not been rigorously analyzed. A clinical validation of device-based direct drug 
delivery to the brain from these efforts would certainly catalyze efforts to match this 
technology to commercially viable indications or pair it with payload modalities 
that may require only infrequent dosing (such as gene therapy).  

13.4.5     Transient BBB Opening 

 The use of hyperosmotic mannitol or focused ultrasound with microbubbles as 
described in Chaps.   21     and   22     for transient disruption of the BBB is unlikely to add 
substantial reagent cost to a development program because the opening agents cur-
rently proposed are inexpensive and the procedures infrequent (although requiring 
considerable involvement from a health care provider) (Jain and Jain  2011 ; 
Rajadhyaksha et al.  2011 ; Shinde et al.  2011 ; Etame et al.  2012 ). Parallel research 
exists between transient BBB opening and direct delivery approaches because limited 
experimental studies have been carried out in which transient BBB opening has 
being attempted in terminally ill patients in a context disconnected from commercial 
considerations (Shawkat et al.  2012 ; Iwadate et al.  1993 ). A key next step for brain 
delivery via transient opening is the gathering of clear data defi ning the safety and 
effi cacy of this approach and, from there, the identifi cation of a subset of illnesses 
for which this approach is commercially attractive.  

13.4.6     CNS Gene Therapy 

 Gene therapy has been proposed as a means to achieve persistent disease modifi ca-
tion, often in patients with severe dysfunction. Gene therapy vectors could poten-
tially be delivered in combination with other BBB delivery techniques, and dosing 
would be infrequent. Insuffi cient information is available from which to draw clear 
conclusions about the impact of drug reagent costs on the economics of gene 
therapy and viral vector approaches. With these emerging technologies, current 
research is appropriately focused on safety and effi cacy; commercial aspects can be 
addressed as the scope of the technique is defi ned.   

13.5     Conclusions 

 Any researcher with a true desire to advance BBB delivery technologies to a clinical 
proof of concept must eventually consider the means through which funding for that 
endeavor will be obtained. As a program moves along, key decisions about payload, 
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indication, safety data, and manufacturing can strongly infl uence how the opportunity 
will be viewed by VC, biotechnology, or pharmaceutical partners, and as the tech-
nology for the manufacture of certain biologic constructs improves, some of the 
cost-of-goods pressures will likely ease. Investigators must be prepared, however, 
for a future research environment in which the demonstration of safety and effi cacy 
will be even more challenging than it is today. An increasing drive toward conducting 
high-risk/high-reward BBB delivery research in the context of innovative partner-
ships, pre-competitive research consortiums, and cost-sharing models may emerge 
in which the control of research objectives shifts toward those providing fi nancial 
backing (Kessel and Frank  2007 ). Important societal conversations about the value 
of innovation and mechanisms to reward high-risk investment in drug research are 
playing out in various countries and governing bodies, and their outcomes may have 
a substantial infl uence on the way that capital is deployed to support cutting-edge 
research and development (Meropol et al.  2009 ). 

 Many BBB delivery researchers appreciate that the intersection of clinically vali-
dated or high-confi dence therapeutics (lower failure risk owing to mechanism effi cacy 
or study design) and life-threatening illness (strong valuation for successful therapies) 
represents an important opportunity to validate novel brain delivery strategies in a way 
that attracts needed investment from VC, biotechnology, or pharmaceutical partners. 
When a delivery technology adds substantially to fi nal drug costs, researchers would 
be wise to consider addressing cost-of-goods issues by investing additional time and 
effort to improve delivery effi ciency or payload effi cacy. Both primary and business 
development literature describing novel brain delivery methods frequently tout cost 
savings or safety advantages associated with using a particular brain delivery approach 
to lower the payload needed for effi cacy. Although these theoretical advantages are 
part of the opportunity for BBB delivery technologies, any such expectations need to 
be grounded in data before they can be factored into an analysis of commercial potential. 
In truth, brain delivery systems will bring additional safety risks and costs to clinical 
development until compelling data demonstrate that their theoretical advantages can 
be realized. Robust clinical brain delivery is a challenging problem, but without a 
doubt, opening the door to the use of brain-impaired reagents in CNS-based disorders 
represents an important and commercially valuable medical advance.  

13.6     Points for Discussion 

     1.    What role should biomedical researchers play in the dialogue about how health 
care innovation is funded and directed?   

   2.    Do mechanisms exist for scientists to debate these issues within the scientifi c 
community or to educate policymakers on the likely impact of various approaches? 
Is this type of dialogue important to the advancement of human health?   

   3.    What are the pros and cons of the current system for drug pricing?   
   4.    What might you approach differently in your research after reading this chap-

ter? Did any of the information herein surprise you? Were there statements that 
“rubbed you the wrong way?” If so, why?   
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   5.    What value would you place on an extra year of life? Do you think accepted 
values for QALYs will change in the next 5 years? If so, in what direction?   

   6.    Do you think that a lot of brain delivery “winners” are simply not getting a 
chance to advance owing to lack of funding?   

   7.    How important is marketing when trying to attract private funding to develop 
a new therapy?   

   8.    Are elements of the current privately funded drug development process coun-
terproductive or ineffi cient? If so, which ones?   

   9.    Should the emphasis of government funding for research change? Should 
increased requirements for applicability be put in place for grants such as 
NIH R01?   

   10.    What kinds of brain delivery clinical studies do you anticipate in 5 years, and 
do you expect new funding mechanisms or arrangements to foster clinical 
research in exploratory areas?         
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    Abstract     Drug delivery into the central nervous system (CNS) compartment is 
often restricted by the blood–brain barrier (BBB) and blood–cerebrospinal fl uid 
barriers (BCSFB) that separate the blood from brain interstitial and cerebrospinal 
fl uids, respectively. New strategies to circumvent the BBB are greatly needed to 
utilize polar pharmaceuticals and large biotherapeutics for CNS disease treatment 
because the BBB is typically impermeable to such compounds. Intranasal adminis-
tration is a noninvasive method of drug delivery that potentially allows even large 
biotherapeutics access to the CNS along extracellular pathways associated with the 
olfactory and trigeminal nerves. Rapid effects, ease of self-administration, and 
the potential for frequent, chronic dosing are among the potential advantages of the 
intranasal route. This chapter provides an overview of the unique anatomic and 
physiologic attributes of the nasal mucosa and its associated cranial nerves that 
allow small but signifi cant fractions of certain intranasally applied drugs to transfer 
across the nasal epithelia and subsequently be transported directly into the CNS. 
We also review the preclinical and clinical literature related to intranasal targeting 
of biotherapeutics to the CNS and speculate on future directions.  
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14.1         Introduction 

 The blood–brain barrier (BBB) and blood–cerebrospinal fl uid barriers (BCSFB) are 
critical for maintenance of central nervous system (CNS) homeostasis. Although 
these barriers restrict neurotoxic substances from entering the brain, they also 
restrict many potential therapeutics from reaching the CNS. The BBB, formed by 
brain endothelial cells lining microvessels, exhibits a low rate of pinocytosis and 
possesses tight junction (TJ) protein complexes on neighboring cells that limit 
paracellular permeability (Reese and Karnovsky  1967 ). These TJ create a high tran-
sendothelial electrical resistance of 1,500–2,000 Ω cm 2  compared to 3–30 Ω cm 2  
across most peripheral microvessels (Crone and Olesen  1982 ; Butt et al.  1990 ). This 
high resistance is associated with very low paracellular permeability, and typically, 
only small (<600 Da) lipophilic molecules appreciably cross the healthy BBB via 
transcellular passive diffusion, although some limited transport of certain peptides 
and peptide analogs has been reported (Banks  2009 ). Additionally, many potential 
therapeutics that would otherwise be predicted to cross the BBB based on their 
molecular weight (MW) and lipophilicity are restricted by the expression of drug 
transporters (e.g., P-glycoprotein) (Miller  2010 ; Ronaldson et al.  2007 ). 

 Nearly all CNS drugs in clinical use today can be categorized as small MW phar-
maceuticals that either cross the BBB transcellularly (e.g., barbiturates) or utilize 
endogenous transporters expressed on endothelial cells (e.g., the Parkinson’s thera-
peutic levodopa). Just about all large MW substances are severely restricted from 
crossing the BBB under normal (non-pathological) physiological conditions. 
Indeed, the only examples of large MW drugs approved for clinical use in treating 
neurological illnesses are those that act outside the CNS (e.g., type I interferons for 
treating multiple sclerosis), those with the chance to cross compromised endothelial 
barriers associated with some CNS tumors (e.g., the humanized monoclonal anti-
body bevacizumab for the treatment of recurrent glioblastoma), and a peptide 
administered intrathecally to treat severe, chronic pain (the ~3 kDa cone snail toxin 
ziconotide). Many other large MW peptides, proteins, oligonucleotides, and gene 
therapy vectors have been identifi ed as potential CNS therapeutics based on studies 
utilizing in vitro systems and animal models; however, new drug delivery strategies 
are needed to allow these potential drugs to cross or bypass the BBB and BCSFB 
for these studies to translate to the clinic (Neuwelt et al.  2008 ). 

 Central input of substances through intraparenchymal, intracerebroventricular, 
or intrathecal injections/infusions represent one strategy, but these routes of admin-
istration are invasive and typically not ideal for chronic administration. Increasing 
evidence suggests that the intranasal (IN) route of administration provides a nonin-
vasive method to bypass the BBB and directly deliver therapeutics to the CNS along 
extracellular pathways associated with the olfactory and trigeminal nerves 
(Fig.  14.1 ). In addition to its noninvasiveness, the IN administration route has long 
been associated with a number of advantages (Lochhead and Thorne  2012 ), mostly 
based on the application of drugs with a systemic mode of action; these include 
typically rapid onset of effects, ease of administration by nasal drops or sprays, 
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simple dose adjustment, avoidance of hepatic fi rst-pass elimination, and a developing 
record of experience with clinically approved formulations (e.g., nasal spray of the 
3.5 kDa polypeptide hormone calcitonin has been used for many years to treat post-
menopausal osteoporosis) (Lansley and Martin  2001 ; Illum  2012 ). The main disad-
vantages of the IN route comprise a limitation typically to potent drugs due to low 
nasal absorption (particularly for hydrophilic drugs, peptides and proteins), limited 
solution volumes (typically, 25–200 μl in humans), active mucociliary clearance 
processes resulting in limited contact time with the absorptive epithelia, nasal enzy-
matic degradation for some drugs, interindividual variability and low CNS delivery 
effi ciencies (<0.05 %) for most proteins measured thus far (Lochhead and Thorne 
 2012 ; Costantino et al.  2007 ). Epithelial transporter activity (e.g., P-glycoprotein) 
for certain xenobiotics may also play a role in limiting or altering drug transport 
across either the olfactory or nasal respiratory mucosa (Kandimalla and Donovan 
 2005 ; Graff and Pollack  2005 ; Thiebaud et al.  2011 ).

   The IN administration route has a long, successful history of clinical application, 
where it has been used to deliver a number of drugs to the systemic circulation 
that cannot be given orally (Lansley and Martin  2001 ; Costantino et al.  2007 ). 

  Fig. 14.1    Intranasal (IN) administration provides access to olfactory and trigeminal pathways 
(shown in  red  for the rat), potentially allowing certain peptides, proteins, and even cells to reach 
widespread CNS regions. Based on work utilizing radiolabeled proteins in rats and primates 
(   Thorne et al.  2004b ,  2008 ), a small fraction of intranasally applied drug may be rapidly trans-
ported via components associated with the olfactory nerves (the fi rst cranial nerve) to the olfactory 
bulbs and rostral brain regions or via components associated with the trigeminal nerves (the fi fth 
cranial nerve) to the brainstem and caudal brain regions. Drug entry into the brain appears to occur 
rapidly following transport across the olfactory or respiratory epithelia. Other work has shown that 
a variety of substances may also be cleared out of the brain along possibly related pathways (shown 
in  green ) connecting CNS parenchymal tissue and cerebrospinal fl uid (CSF) in the subarachnoid 
spaces with lymphatics in the nasal passages and, ultimately, the deep cervical lymph nodes of the 
neck (Bradbury and Cserr  1985 ; Kida et al.  1993 ). The principal clearance of CSF into the venous 
blood occurs through arachnoid villi that extend from the subarachnoid space into the dural sinuses       
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The possibility that IN administration may also deliver potentially therapeutic 
amounts of large MW drugs directly from the nasal passages to the CNS was fi rst 
described relatively recently (Thorne et al.  1995 ; Frey et al.  1997 ). Delivery of 
small molecules, macromolecules, gene vectors, and even cells from the nasal 
passages to the brain has now been documented in numerous animal and clinical 
studies (Lochhead and Thorne  2012 ; Stevens et al  2011 ; Dhuria et al.  2010 ; Baker 
and Genter  2003 ; Illum  2004 ). This chapter provides an overview of relevant nasal 
anatomy and physiology as well as the potential pathways and transport mecha-
nisms that are involved in the distribution of therapeutics from the nasal cavity to the 
CNS. We also summarize some of the most relevant preclinical and clinical studies 
that have presented evidence of brain entry and/or effi cacy following intranasal 
targeting of biotherapeutics to the CNS and speculate on future directions.  

14.2     Nasal Anatomy and Physiology 

14.2.1     General Overview 

 The nasal chamber is divided into two separate passages by the nasal septum, with 
each nasal passage principally consisting of an olfactory region (containing the 
olfactory epithelium) and a respiratory region (containing the respiratory epithelium) 
extending from the nostrils (nares) to the nasopharynx. The general organization of 
the rat nasal passage is shown in Fig.  14.2 . The olfactory region contains olfactory 

  Fig. 14.2    Schematic diagram of the nasal passage showing the distribution of the surface epithelia 
on the lateral wall of the rat.  ET  ethmoturbinates,  MT  maxilloturbinate,  NALT  nasal-associated 
lymphoid tissue,  NP  nasopharynx,  NT  nasoturbinate (fi gure partly based on Mery et al.  1994 ; 
Harkema et al.  2006 )       
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sensory neurons that are responsible for the detection of airborne odorants 
(i.e., mediating the sense of smell). Most of the non-olfactory epithelium in the 
nasal passages of laboratory animals and human beings consists of a respiratory 
epithelium specialized for warming and humidifying inspired air as well as the 
removal of allergens, microorganisms and particulates (Harkema et al.  2006 ). 
The human nasal cavity has a large absorptive surface area of ~160 cm 2  due to three, 
comma shaped bony structures called turbinates or conchae (inferior, middle, and 
superior) (Harkema et al.  2006 ). Differences in nasal structure, organization, and 
physiology between primates and rodents may potentially be important in evaluat-
ing experimental data in support of nose-to-brain transport pathways (Lochhead and 
Thorne  2012 ), e.g., humans and monkeys are oronasal breathers, while rats are 
obligate nasal breathers with a turbinate architecture that is considerably more com-
plex than that in primate species. Additionally, the olfactory region accounts for 
only about 10 % of the total absorptive surface area in the human nasal cavity, 
whereas it comprises ~50 % of the total nasal surface area in the rat, likely refl ecting 
the greater importance of this sense for macrosmatic mammals such as rodents. 
By contrast, the absolute olfactory surface area does not differ too greatly between 
human beings (~12.5 cm 2 ), rhesus monkeys (6–9 cm 2 ) and rats (7 cm 2 ) (Lochhead 
and Thorne  2012 ). While it is not yet clear if signifi cant differences in nose-to-brain 
transport occur with different species, most investigations have utilized rodents sim-
ply because it has not been practical to conduct certain types of research in monkeys 
and human beings; further developments in noninvasive imaging may allow better 
comparisons between species in the future.

   In addition to the olfactory and respiratory regions, the nasal cavity also contains 
squamous and transitional regions, along with a small specialized area of lympho-
epithelium (Harkema et al.  2006 ). The squamous region extends from just inside the 
nares to the anterior portion of the inferior turbinates and is lined with stratifi ed 
squamous epithelium containing coarse hairs in addition to sebaceous and sweat 
glands. The transitional region is a non-ciliated cuboidal or columnar epithelium 
located between the squamous and respiratory epithelia. Nasal-associated lymphoid 
tissue (NALT) contains the lymphoepithelium, a region on both sides of the naso-
pharyngeal duct in rodents (Fig.  14.2 ) that appears to play a role in the induction of 
antigen-specifi c immune responses (Kiyono and Fukuyama  2004 ). The stimulation 
of protective systemic/mucosal immunity resulting from intranasal administration 
of specifi c antigens (usually requiring co-administration of an enhancing adjuvant 
for adequate stimulation of NALT) provides the basis for nasal vaccine develop-
ment. It is generally considered that the olfactory and respiratory epithelia are by 
far the most important sites for nasal absorption so these regions will be covered 
individually in greater detail below.  

14.2.2     Blood Supply and Lymphatic Drainage 

 The nasal mucosa is extremely vascular, a feature which allows effi cient absorption 
into the systemic circulation for drugs possessing the right properties for this to 
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occur (e.g., drugs that are suffi ciently small to cross through the interendothelial 
clefts of nasal capillaries). Once in the systemic circulation, a substance would need 
to cross the BBB or BCSFB to enter the CNS. Although some nasal endothelial 
cells express TJ proteins such as zona occludens (ZO)-1, occludin, and claudin-5, 
capillaries in the nasal submucosa appear fenestrated with porous basement 
membranes, suggesting higher permeability than capillaries comprising the BBB 
(Cauna and Hinderer  1969 ; Wolburg et al.  2008 ). Nasal venules and arterioles are 
continuous and lack fenestrations. Differences may exist in the permeability of 
blood vessels in the respiratory and olfactory regions of the nasal submucosa but 
this is an area that has received little attention; interestingly, injection of Evans blue 
dye into the tail vein of rats has been shown to result in greater staining of the respi-
ratory region of the nasal epithelium than the olfactory region while the brain 
remains unstained (Wolburg et al.  2008 ). Therefore, greater absorption of drugs into 
the systemic circulation following intranasal administration may result from target-
ing the respiratory region rather than the olfactory region of the nasal epithelium. 
It is also possible that targeting the olfactory region may result in reduced drug loss 
due to clearance into nasal capillaries; indeed, intranasal devices have been designed 
to target the olfactory region with the goal of enhancing direct delivery to the CNS 
(Hoekman and Ho  2011 ). Clearly, the utility of targeting different regions of the 
nasal passage with intranasally administered drugs for the purpose of enhancing 
brain targeting is an area that merits further study. 

 Blood supplying the nasal passages is chiefl y provided by (1) branches of the 
opthalmic artery, (2) the sphenopalatine artery, and (3) branches of the facial artery 
(Greene  1935 ; Gray’s Anatomy  2008 ; Schuenke et al.  2010 ). The anterior and 
posterior ethmoidal arteries branch from the ophthalmic artery to supply the olfac-
tory region, anterior septum, and anterior lateral wall. The sphenopalatine artery 
mostly supplies the posterior septum and posterior lateral wall with smaller branches 
extending to further areas. Branches of the facial artery supply the antero-inferior 
septum and lateral wall. Species differences between rats and humans exist upstream 
of the ophthalmic and sphenopalatine arteries. The internal carotid artery gives rise 
to the opthalmic artery in humans while the opthalmic artery branches from the 
pterygopalatine artery in rats. In humans, the sphenopalatine artery is a branch from 
the maxillary artery via the external carotid artery. The rat sphenopalatine artery, 
however, arises from the pterygopalatine artery via the internal carotid artery. It is 
also relevant that both olfactory and trigeminal arteries have been described in the 
rat and in other mammals, including human beings (Coyle  1975 ; Scremin  2004 ; 
Favre et al.  1995 ); these vessels travel at least some distance with their respective 
nerve bundles and likely provide complex anastomoses between nasal arteries in the 
nasal passages and cerebral arterial branches from the anterior and posterior brain 
circulations. Venous drainage in the posterior nasal passage occurs primarily through 
the sphenopalatine vein while veins accompanying the ethmoidal arteries drain the 
anterior nasal passage. Some veins in the nasal passage connect with cerebral veins 
on the frontal lobe after passing through the cribriform plate. 

 There are no lymph nodes in the CNS but a number of studies have shown that 
extracellular and cerebrospinal fl uids in the brain may drain either through 
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arachnoid villi to the venous blood or through the cribriform plate to the nasal lamina 
propria and then subsequently to the deep cervical lymph nodes in the neck 
(Fig.  16.1 ) (Bradbury and Cserr  1985 ). Intranasally administered substances that 
are absorbed to the nasal lamina propria but do not enter into nasal capillaries (i.e., 
the systemic circulation) may therefore drain to the deep cervical lymph nodes. 
Radiolabeled protein tracers or dyes injected into the brain or CSF are cleared to the 
nasal lamina propria to reach the deep cervical lymph nodes at high concentrations 
(Bradbury and Cserr  1985 ; Kida et al.  1993 ). Sealing the cribriform plate with 
kaolin or acrylate glue signifi cantly reduced drainage of [ 125 I]-albumin following 
intraventricular infusion (Bradbury and Cserr  1985 ). It has long been known that 
dyes can be found in the perineural sheaths of the fi la olfactoria as well as the deep 
cervical lymph nodes following intranasal administration (Faber  1937 ; Yoffey and 
Drinker  1938 ). This localization of intranasally administered dyes is similar to the 
localization of dyes injected into the subarachnoid space CSF (Kida et al.  1993 ), 
suggesting that pseudo-lymphatic pathways leading out of the brain may be similar 
to pathways leading into the brain. These studies suggest that the subarachnoid 
space, nasal lamina propria, and deep cervical lymph nodes are in communication. 
Importantly, the localization of microfi l (a silicone rubber compound typically used 
to visualize the microcirculation) following injection into the CSF compartment of 
cadavers has confi rmed that some of these connections also appear to be present in 
humans (Johnston et al.  2004 ).  

14.2.3     The Olfactory Region of the Nasal Passage 

 The olfactory region consists of a pseudostratifi ed columnar epithelium (Fig.  14.3a ) 
located on the most superior aspect of the nasal cavity where the olfactory sensory 
neurons (OSN) reside. The OSN are the only fi rst order neurons possessing cell 
bodies located in a distal epithelium. The tips of their dendritic processes contain 
several nonmotile cilia which extend into the overlying mucus layer; odorant recep-
tors are found in the plasma membrane of the olfactory cilia, where they are posi-
tioned to respond to olfactory stimuli in the external environment. The OSN are 
bipolar cells possessing unmyelinated axons which extend through the epithelial 
basal lamina and converge with axons from other OSN to form nerve bundles called 
fi la olfactoria. Interlocking olfactory ensheathing cells (OEC) form continuous 
channels around the fi la olfactoria from their origin to the olfactory bulb. 
Multicellular sheets of olfactory nerve fi broblasts enclose the OEC to form a 
perineural- like sheath around the fi la olfactoria (Field et al.  2003 ). The olfactory 
nerve is comprised of the ensheathed fi la olfactoria and travels through the cribri-
form plate of the ethmoid bone into the brain where its axons terminate on dendrites 
of mitral, periglomerular, and tufted cells in glomeruli of the olfactory bulb. Axons 
of the mitral and tufted cells project to a number of areas, including the anterior 
olfactory nucleus, olfactory tubercle, piriform cortex, amygdala and entorhinal cortex 
(Carmichael et al.  1994 ).

14 Intranasal Drug Delivery to the Brain



408

  Fig. 14.3    The olfactory region: organization and histology. ( a ) The olfactory mucosa consists of 
the olfactory epithelium and the lamina propria. Axonal processes of olfactory sensory neurons 
converge into bundles (fi la olfactoria), surrounded by ensheathing cells and fi broblasts, before 
projecting to the olfactory bulb. Red arrows indicate potential pathways for drug delivery across
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   In addition to OSN, several other cell types are located in the olfactory epithelium 
and the underlying lamina propria. Sustentacular (supporting) cells extend from the 
apical region of the epithelium to the basal lamina and possess long, irregular micro-
villi which intermingle with the cilia of the OSN (Hegg et al.  2009 ). In the lamina 
propria, the Bowman’s gland forms tubular-type ducts which traverse the basal 
lamina to produce and secrete a serous fl uid which serves as a solvent for inhaled 
odorants and intranasally applied drugs. Globose basal cells (GBC), located in the 
lamina propria, are neural progenitors which provide a source for continuous 
replacement of the OSN throughout life (Caggiano et al.  1994 ). Horizontal basal 
cells are located superfi cial to the GBC and function as multipotent progenitors to 
the GBC, sustentacular cells, and cells of the Bowman’s gland and ducts (Iwai et al. 
 2008 ). Microvillar cells also reside in the olfactory epithelium although their func-
tions are not well defi ned (Elsaesser and Paysan  2007 ). Endothelial cells of blood 
and lymphatic vessels as well as infl ammatory cells are also present in the lamina 
propria of the olfactory region (Fig.  14.3b, c ).  

14.2.4     The Respiratory Region of the Nasal Passage 

 The nasal respiratory region consists of a pseudostratifi ed columnar secretory epi-
thelium (Fig.  14.4a ). Cell types of the human respiratory epithelium include goblet 

Fig. 14.3 (continued) the olfactory epithelium and into the brain following intranasal administra-
tion. Intranasally applied drugs may be transported by an  intracellular  pathway from the olfactory 
epithelium to the olfactory bulb within olfactory sensory neurons following adsorptive, receptor-
mediated, or nonspecifi c fl uid phase endocytosis. Other drugs may cross the olfactory epithelial 
barrier by  paracellular  or  transcellular  transport to reach the lamina propria, where a number of 
different  extracellular  pathways for distribution are possible: (1) Absorption into olfactory capil-
laries and entry into the general circulation; (2) Absorption into olfactory lymphatics draining to 
the deep cervical lymph nodes of the neck; (3) Extracellular diffusion or convection in compart-
ments associated with olfactory nerve bundles and entry into the cranial compartment. Transport 
within the perineural space bounded by olfactory nerve fi broblasts is shown but other possibilities 
exist, e.g., transport within the fi la olfactoria compartment contained by ensheathing cells, trans-
port within the perivascular spaces of blood vessels traversing the cribriform plate with olfactory 
nerves (not shown) or transport within lymphatics traversing the cribriform plate with olfactory 
nerves (not shown). Possible pathways for distribution of substances from the perineural space into 
the olfactory subarachnoid space cerebrospinal fl uid (CSF) or into the olfactory bulb are shown. 
(Figure adapted with permission from Lochhead and Thorne  2012 .) ( b ) Lymphatic drainage of the 
nasal mucosa is principally to the deep cervical lymph nodes. The deep cervical lymph nodes are 
present in the viscera of the neck deep to the superfi cial muscles and just lateral to the common 
carotid artery. ( c ) Rodent olfactory mucosa sections stained with hematoxylin and eosin or immu-
nostained using an antibody to olfactory marker protein, a protein specifi c to mature olfactory 
sensory neurons (not sustentacular or basal cells). Sections show the pseudostratifi ed layers of the 
olfactory epithelium with the relative positions of the cell bodies of sustentacular (S) cells and 
olfactory sensory (receptor, R) neurons indicated. Numerous blood vessels (BV) and Bowman’s 
glands (BG) are also visible within the lamina propria. (Images of sections kindly provided by 
Professor Harriet Baker, Weill Medical College of Cornell University.)       
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  Fig. 14.4    The nasal respiratory region: general organization, trigeminal innervation and blood 
supply. ( a ) The respiratory mucosa includes the respiratory epithelium and its underlying lamina 
propria. The trigeminal nerve, important for conveying chemosensory, nociceptive, touch, and 
temperature information, is found throughout the nasal epithelium; free nerve endings extend 
nearly to the epithelial surface, just beneath tight junctions (TJ). ( b ) Central projections of the tri-
geminal nerve shown together with the nasal blood supply. The cell bodies of the trigeminal nerve 
fi bers are located in the semilunar ganglion; their axons project into the brainstem at the level of 
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cells, ciliated cells, intermediate cells, and basal cells (Jafek  1983 ). Serous glands, 
seromucous glands, and intraepithelial glands are also associated with the nasal 
respiratory epithelium. Most nasal secretions are produced by seromucous glands 
although goblet cells also secrete mucus. The primary role of the ciliated cells in 
primates is to propel mucus with their motile cilia towards the nasopharynx where 
it is either swallowed or expectorated. In rodents, mucus is propelled mostly in the 
anterior direction. Basal cells are relatively undifferentiated cells which give rise to 
the other cell types in the nasal respiratory epithelium.

   Both the nasal respiratory and olfactory epithelia are innervated by branches of 
the trigeminal nerve (cranial nerve V), the largest of the 12 cranial nerves (Schuenke 
et al.  2010 ). Fibers from trigeminal ganglion cells ramify extensively within the 
nasal submucosa so that their free nerve endings stop at the TJ level near the epithe-
lial surface (Finger et al.  1990 ). The trigeminal nerve exits the pons bilaterally and 
consists of a very large sensory root and a small motor root. Its motor fi bers inner-
vate the muscles of mastication and the sensory fi bers transmit information from the 
face, scalp, mouth and nasal passages. The trigeminal nerve consists primarily of 
somatic afferent fi bers which convey sensory information to nuclei located within 
the brainstem and spinal cord. 

 The trigeminal nerve is comprised of three major branches: the ophthalmic nerve 
(V 1 ), the maxillary nerve (V 2 ), and the mandibular nerve (V 3 ) (Fig.  14.4b ). V 1  and 
V 2  are sensory nerves that also carry autonomic fi bers while V 3  contains the mixed 
portion of the trigeminal nerve. Importantly, ethmoidal (part of V 1 ), nasopalatine 
(part of V 2 ), and nasal (part of V 2 ) branches of the trigeminal nerve provide sensory 
innervation to the nasal passages (Tucker  1971 ; Bojsen-Moller  1975 ). A portion of 
trigeminal ganglion cells with sensory endings located in the nasal epithelium also 
send collaterals directly into the olfactory bulb in addition to the brainstem (Schaefer 
et al.  2002 ). Two other nerves, the nervus terminalus (terminal nerve; cranial nerve 
zero) and the vomeronasal nerve and organ (Jacobson’s organ), are also located in 
the nasal passages but have so far not been viewed as important for CNS delivery 
following intranasal administration, particularly in adult human beings where they 
may be vestigial or even absent.   

Fig. 14.4 (continued) the pons and ultimately synapse with neurons in a number of areas includ-
ing the principal sensory and spinal trigeminal nuclei. Of the three main trigeminal nerve divisions 
(V 1 , the ophthalmic nerve; V 2 , the maxillary nerve; and V 3 , the mandibular nerve), only V 1  and V 2  
send branches to the nasal epithelium. Blood supply to the nasal passages is provided by ethmoidal 
branches of the ophthalmic artery, sphenopalatine branches of either the external carotid artery 
(ECA)/maxillary artery (in humans) or the internal carotid artery (ICA)/pterygopalatine artery 
(in rats), and nasal branches from the ECA/facial artery. Numerous anastomoses ( asterisks ) are 
indicated; these specialized connections between arteries may experience directional change in 
blood fl ow depending on the relative pressures within parent arteries. (Figures adapted from 
Lochhead and Thorne  2012  with permission.)       
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14.3     Mechanisms and Pathways for Transport 
into the CNS from the Nasal Passages 

14.3.1     Transport Across the Olfactory and Respiratory 
Epithelial Barriers 

 The pathways and mechanisms governing the transport of substances from the nasal 
epithelium to various regions of the CNS are not fully understood. Substances 
which distribute throughout the CNS following intranasal administration must 
initially cross the nasal epithelial barrier through intracellular or extracellular (para-
cellular) routes. Proteins (e.g., albumin, horseradish peroxidase (HRP), wheat germ 
agglutinin-horseradish peroxidase (WGA-HRP)), and viruses (e.g., herpes, polio-
myelitis, rhabdoviruses) endocytosed by OSN may reach the CNS (olfactory bulb) 
through intracellular axonal transport in the anterograde direction (Doty  2008 ; 
Kristensson and Olsson  1971 ; Broadwell and Balin  1985 ; Thorne et al.  1995 ; Baker 
and Spencer  1986 ; Kristensson  2011 ). HRP is taken up by OSN to a limited extent 
via pinocytosis, whereas WGA-HRP is internalized by OSN preferentially by 
adsorptive endocytosis (Broadwell and Balin  1985 ). Following intranasal adminis-
tration, WGA-HRP is also endocytosed and transported intracellularly through the 
trigeminal nerve to the brainstem (Anton and Peppel  1991 ; Deatly et al.  1990 ). 
Viruses and bacteria may also be transmitted to the CNS along trigeminal nerve 
components within the nasal passages (Deatly et al.  1990 ; Jin et al.  2001 ). Endocytosis 
by peripheral trigeminal nerve processes and subsequent intracellular transport to the 
brainstem could potentially occur at either the olfactory or respiratory regions of the 
nasal epithelium. 

 Substances may also cross the nasal epithelial barrier through transcytosis or 
paracellular diffusion to access the lamina propria. Electron micrographs of nasal 
epithelial cells have demonstrated the existence of TJ, but the paracellular permea-
bility of the nasal epithelia remains poorly defi ned (Altner and Altner- Kolnberger 
 1974 ; Kerjaschki and Horander  1976 ); this is partly due to the diffi culty in estab-
lishing and utilizing in vitro models to predict transport for epithelia having neurons 
as integral components. The TJ proteins ZO-1, 2, and 3, occludin, and claudins- 1, 3, 
4, 5, and 19 are expressed at the olfactory epithelium of rats (Wolburg et al.  2008 ; 
Steinke et al.  2008 ). Measurements across excised rabbit nasal epithelium have 
yielded electrical resistance values ranging from 40 Ω cm 2  (Hosoya et al.  1993 ), 
suggesting a relatively permeable barrier, to 261 Ω cm 2  (Rojanasakul et al.  1992 ), 
suggesting barrier properties comparable to the intestinal epithelium. The regular 
turnover of cells in the nasal epithelium may lead to continual rearrangement and 
loosening of the TJ as basal cells replace epithelial cells throughout life (Altner and 
Altner-Kolnberger  1974 ), resulting in a relatively high permeability compared to 
other epithelial sites. Electron microscopic studies in the intestinal epithelium have 
demonstrated colloidal gold nanoparticles cross the epithelial barrier and distribute 
to other tissues through spaces created by single, degrading enterocytes as they are 
extruded from the villus in a process known as persorption (Hillyer and Albrecht  2001 ). 
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The replacement of cells throughout life at the nasal epithelial barrier may create 
similar potential spaces which may allow paracellular transport of substances to the 
lamina propria. Substances that reach the lamina propria through transcellular or 
paracellular routes may be absorbed into the systemic circulation, drain to the deep 
cervical lymph nodes, or enter the CNS by direct pathways utilizing components of 
the peripheral olfactory and/or trigeminal systems.  

14.3.2     Transport from the Nasal Lamina Propria to Sites 
of Brain Entry 

 IN administration of [ 125 I]-insulin-like growth factor I (IGF-I, MW = 7.65 kDa) in 
rats and [ 125 I]-interferon-β1B (IFN-β1B, MW = 18.5 kDa) in monkeys suggests that 
delivery to the CNS occurs along components associated with the olfactory and 
trigeminal nerves followed by widespread distribution to other sites of the CNS 
within 30–60 min (Fig.  14.5 ; Thorne et al.  2004b ,  2008 ). Substances may reach the 
brain from the nasal mucosa intracellularly following endocytosis by OSN or neu-
rons of the trigeminal ganglion, as discussed above. There also appear to be extra-
cellular pathways into the brain following transcytosis or paracellular diffusion 
across the nasal epithelium to the lamina propria; these pathways have been pro-
posed on the basis of much experimental evidence obtained by a large number of 
different groups (reviewed in several sources, including: Thorne et al.  2004b ; Illum 
 2004 ; Dhuria et al.  2010 ; Lochhead and Thorne  2012 ). The extracellular pathways 
potentially providing nose-to-brain transport routes include diffusion or convection 
within perineural, perivascular, or lymphatic channels associated with olfactory and 
trigeminal nerve bundles extending from the lamina propria to the olfactory bulb 
and brainstem, respectively.

   Perineural distribution around olfactory nerve bundles extending from the lam-
ina propria to the outermost layer of the olfactory bulb has been observed following 
IN administration of potassium ferrocyanide and iron ammonium citrate solutions 
as well as 3 kDa fl uorescein-dextran, suggesting that perineural spaces may act as 
pathways for molecules to distribute to the CNS from the nasal cavity (Faber  1937 ; 
Jansson and Bjork  2002 ). OEC maintain continuous open spaces in the nerve bun-
dles to allow regrowth of olfactory nerve fi bers (Li et al.  2005 ). These compart-
ments provide a potential path that substances may take to reach the brain from the 
perineural space of entering olfactory nerve bundles. The perineural spaces of 
the olfactory and trigeminal nerves appear to also allow distribution of certain sub-
stances to the CSF of the subarachnoid space, particularly smaller peptides and 
proteins, although the anatomical/physiological aspects of this perineural space-to- CSF 
distribution remain poorly understood. Indeed, the barrier between the perineural 
space and the CSF may be more permeable to some substances than others; for 
example, certain proteins, e.g., IGF-I, have not been detected in the CSF despite 
experimental evidence of brain entry following intranasal administration (Thorne 
et al.  2004b ). For substances capable of accessing the CSF of the subarachnoid 
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space following IN administration, further distribution to more distant sites of the 
CNS may occur along pathways of CSF fl ow. 

 The precise mechanisms underlying the rapid transport (30 min) of radiolabeled 
proteins from the rat nasal mucosa to widespread areas of the CNS after initial trans-
fer along components of the olfactory and trigeminal nerves are at present unknown. 
Possible mechanisms responsible for the initial transport along olfactory/trigeminal 
components include intracellular (axonal) transport, extracellular diffusion, and 
extracellular convective (bulk) fl ow within perineural, perivascular, or lymphatic 
channels associated with olfactory and trigeminal nerve bundles. We have previously 
estimated the time it would take for a molecule to reach the olfactory bulb and brain-
stem of rats by intracellular transport, diffusion, or convective fl ow (Lochhead and 

  Fig. 14.5    The central distribution of [ 125 I]-labeled IGF-I following intranasal application in anes-
thetized adult rats is characterized by high levels within the olfactory bulbs and trigeminal nerves. 
( a ) Sagittal brain section from a rat approximately 30 min following intranasal administration of a 
low specifi c activity solution of [ 125 I]-labeled IGF-I, allowing visualization of brain entry sites in 
the olfactory bulb (putative olfactory pathway) and pons (putative trigeminal pathway). ( b ) Coronal 
section through the olfactory bulb of a rat approximately 30 min following intranasal administra-
tion of a high specifi c activity solution of [ 125 I]-labeled IGF-I ( left image ). Signal intensity is high-
est in the ventral portion of the bulb in closer proximity to the olfactory nerve entry sites at the 
cribriform plate. Transverse section through the trigeminal nerve of a rat approximately 30 min 
following intranasal administration of a high specifi c activity solution of [ 125 I]-labeled IGF-I ( right 
image ). Signal intensity is highest in portions of the ophthalmic (V 1 ) and maxillary (V 2 ) nerve 
divisions which innervate the nasal passage. (Figures adapted from Thorne et al. ( 2004b ) with 
permission.)       
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Thorne  2012 ). Intracellular (axonal) transport rates within olfactory or trigeminal 
nerves were estimated from experimental rates measured in fi sh olfactory nerves 
(Buchner et al.  1987 ). Rates of diffusion were based on experimental measurements 
and known correlations for protein free diffusion coeffi cients (Thorne et al.  2004a ). 
Convective fl ow rates were estimated from experimentally measured albumin trans-
port within the perivascular spaces of pial arteries using an open cranial window 
preparation in rats (Ichimura et al.  1991 ). In short, the previously reported distribu-
tion (Thorne et al.  2004b ) of radiolabeled IGF-I to widespread areas of the CNS 
within 30 min of intranasal application strongly indicates that a convective (bulk) 
fl ow process along olfactory and trigeminal nerve components is the only plausible 
transport mechanism that can explain the experimental CNS distribution. This is an 
area clearly in need of further, careful study; more detailed discussion can be found 
elsewhere (Thorne et al.  2004b ,  2008 ; Lochhead and Thorne  2012 ).  

14.3.3     Transport from Brain Entry Sites to Widespread Areas 
Within the CNS 

 It has been speculated that the fi nal distribution of substances which have reached 
the pial surface of the brain at the level of the olfactory bulb and brainstem to other 
areas of the CNS may occur via bulk fl ow within perivascular spaces of cerebral 
blood vessels (Thorne and Frey  2001 ; Thorne et al.  2004b ). The normal expansion 
and contraction of cerebral blood vessels due to cardiac contractions could generate 
a pronounced fl uid fl ow within the perivascular spaces. Different groups have 
attempted to understand the direction and characteristics for such a fl ow by modeling 
the process but thus far the results have produced confl icting ideas as to its direc-
tionality (Bilston et al.  2003 ; Schley et al.  2006 ; Wang and Olbricht  2011 ). It has 
been shown that increasing the blood pressure and heart rate results in a larger dis-
tribution of adeno-associated virus 2 capsids or fl uorescent liposomes after injection 
into the striatum, suggesting involvement of arterial pulsations in the intraparenchy-
mal distribution of these large substances via the perivascular spaces (Hadaczek 
et al.  2006 ). Several groups have also observed rapid distribution along perivascular 
spaces following tracer application into the CSF (Rennels et al.  1985 ; Iliff et al. 
 2012 ); however, others have seen limited perivascular distribution following injection 
of tracers into the subarachnoid CSF (Kida et al.  1993 ; Szentistvanyi et al.  1984 ). 
The precise role that perivascular fl ow plays in dictating CNS distribution following 
intranasal targeting of substances to the brain requires further study.   

14.4     Current Status of the Intranasal Route 
of Administration for CNS Targeting 

 IN administration has become an increasingly popular method to bypass the BBB 
and deliver therapeutics directly to the CNS. Numerous preclinical studies have 
indicated IN administration offers advantages over other routes of administration 
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for delivery of some substances to the CNS. The published literature now includes 
a vast amount of animal work reporting positive effects following the intranasal 
administration of small molecules, peptides, proteins, oligonucleotides, gene 
vectors, or cell-based therapeutics using a number of different CNS disease models. 
Most importantly, several clinical trials involving IN administration for the treat-
ment of CNS disorders either have been completed or are currently in progress 
or are in the process of planning/recruiting. The sections below provide a brief 
summary of some notable preclinical and clinical work that has been conducted to 
date. This review is by no means exhaustive; more comprehensive summaries may 
be found elsewhere (Lochhead and Thorne  2012 ; Dhuria et al.  2009 ). 

14.4.1     Intranasal Delivery of Small Molecules to the CNS 

 Small molecules may be able to directly access the CNS through the IN route of 
administration. The paracellular permeability of substances across the nasal epithe-
lium is likely inversely proportional to their size. This would favor a higher percent-
age of small molecules than macromolecules reaching the lamina propria following 
IN administration. Small molecules, however, may also be more easily absorbed 
into the nasal capillaries due to their smaller size. Therefore, intranasally adminis-
tered small molecules may be more likely to access the nasal lamina propria than 
large molecules, but their size may favor absorption into the systemic circulation. 
Small molecules which escape absorption into the nasal vasculature may directly 
access the CNS through olfactory or trigeminal nerve-associated pathways. 
Absorption into the CSF may favor small molecules over macromolecules. Small 
molecules distributed in the perineural space of the olfactory or trigeminal nerve 
may also more easily cross the perineural barrier than large molecules. Therefore, 
small molecules may have greater access than large molecules to the CSF within the 
subarachnoid space surrounding the olfactory and trigeminal nerves. Upon entry 
into the CSF, small molecules may also have access to more distant sites in the 
CNS; conversely, small molecules may in some cases be cleared from the CNS 
compartment more quickly than larger molecules. 

 It has been questioned whether small molecules can directly access the brain 
following IN administration (Merkus et al.  2003 ). Merkus and coworkers measured 
the levels of  melatonin  (MW = 232 Da) in the CSF after IN or intravenous (IV) 
administration and concluded no direct delivery to the brain occurred. However, 
melatonin is able to cross the BBB, making it diffi cult to ascertain whether its detec-
tion in the CSF represents direct delivery from the nasal mucosa or delivery across 
the BBB or BCSFB from the systemic circulation. Furthermore, intranasally applied 
macromolecules such as IGF-I and vascular endothelial growth factor have been 
found in the brain but not the CSF following IN delivery, suggesting that drug levels 
in the CSF may not always correlate with brain levels (Thorne et al.  2004b ; Yang 
et al.  2009 ). In another study, the dopamine-D2 receptor antagonist  remoxipride  
(MW = 371 Da) was measured in brain extracellular fl uid (ECF) using a 
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microdialysis probe placed within the striatum; brain ECF/plasma area under the 
curve (AUC) ratios were found to be signifi cantly higher in rats administered remo-
xipride intranasally compared to intravenous application (Stevens et al.  2011 ). 
Elegant semi-physiologically based pharmacokinetic modeling by this group sug-
gested that 75 % of remoxipride entering the brain following intranasal application 
did so using a direct nose-to- brain transport pathway. Similar results were obtained 
when levels of three glycine receptor antagonists and one angiotensin antagonist 
with varying degrees of BBB permeability (MW = 369–611 Da) were compared 
following IN or IV administration (Charlton et al.  2008 ). CNS/plasma AUC ratios 
were higher following IN versus IV administration for each compound. 
Autoradiographs further detected the angiotensin antagonist  GR138950  in the 
olfactory nerves, CSF, and brain within minutes following IN administration. 
Finally, the local anesthetic  lidocaine  (MW = 234 Da) has also been shown to be 
transported to the brain along the trigeminal nerve pathway (Johnson et al.  2010 ). 

 Several disease models have been successfully treated with intranasally adminis-
tered small molecule drugs. For example, the angiotensin type II receptor antagonist 
 losartan  (MW = 423), which poorly penetrates the BBB, decreased amyloid β (Aβ) 
plaques and infl ammation without inducing hypotension in an Alzheimer’s disease 
(AD) transgenic mouse model (Danielyan et al.  2010 ). The iron chelator  deferox-
amine  (MW = 561 Da) also exhibits neuroprotection in models of Parkinson’s 
disease (PD), AD, and ischemic stroke (Febbraro et al.  2013 ; Guo et al.  2013 ; Hanson 
et al.  2009 ).  

14.4.2     Intranasal Delivery of Peptides/Proteins to the CNS 

 Peptides and proteins are the most widely used drugs which have been administered 
intranasally to treat disorders of the CNS in both animal models and humans. Most 
preclinical studies utilizing the intranasal route of administration have shown behav-
ioral or pharmacodynamic effects but not presented pharmacokinetic data indicating 
direct delivery of the drug to the CNS. This makes it diffi cult to determine if the 
drug entered the brain through direct pathways from the nasal cavity, crossed the 
BBB or accessed circumventricular areas from the systemic circulation, or exerted 
its effects through direct action on the BBB itself. For some peptides and proteins, 
there is pharmacokinetic data to support their ability to directly enter the CNS from 
the nasal cavity. 

 A pioneering study by Born and colleagues was among the fi rst studies to obtain 
CNS pharmacokinetic data following IN delivery of peptides in humans. The peptides 
melanocortin (4–10) (MW = 980 Da), arginine-vasopressin (MW = 1.1 kDa), and 
insulin (5.8 kDa) were all detected in the CSF within 30 min in healthy volunteers 
with a lumbar puncture (Born et al.  2002 ). Importantly, there was no increase in 
plasma concentration of melanocortin (4–10), insulin, or glucose with intranasal 
dosing of melanocortin or insulin in this study. CSF levels of the peptides remained 
elevated for at least 80 min following IN administration. 
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  Insulin  is one of the most widely studied biologics with regards to its effects on 
the CNS following intranasal administration. A number of studies have intranasally 
administered insulin to treat metabolic and cognitive disorders in animal models as 
well as in humans. IN administration of [ 125 I]-insulin to mice yields signifi cantly 
higher CNS levels after 1 h when compared to subcutaneous administration (Francis 
et al.  2008 ). [ 125 I]-insulin distributed widely throughout the mouse brain following 
IN administration, with the highest levels detected in the trigeminal nerve and the 
olfactory bulbs (Francis et al.  2008 ). Electron microscopic studies have found insulin 
within olfactory nerve bundles minutes following IN administration in mice (Renner 
et al.  2012b ). A recently completed clinical trial showed IN insulin improved mem-
ory and preserved general cognition in patients with mild cognitive impairment or 
AD (Craft et al.  2012 ). Changes in memory and cognitive function were associated 
with changes in Aβ 42  levels and tau/Aβ 42  ratio in CSF (Craft et al.  2012 ). IN insulin 
has also suppressed food intake and increased brain energy levels in humans, sug-
gesting potential as a treatment for obesity (Jauch-Chara et al.  2012 ). As already 
discussed above, IN administration of [ 125 I]-IGF-I results in signifi cantly higher CNS 
levels than comparable intravenous dosing, with widespread CNS distribution occur-
ring via olfactory and trigeminal nerve pathways, and activation of IGF-I signaling 
pathways in brain areas exhibiting high IGF-I receptor density such as the olfactory 
bulb and brainstem trigeminal nuclei (Thorne et al.  2004b ); IGF-I brain entry and 
effects following IN application may also be relevant for understanding how IN insu-
lin exerts its central actions because the two proteins share signifi cant structural 
homology. A large multicenter trial examining the effects of intranasal insulin in AD 
and mild cognitive impairment is now underway in the USA. 

  Oxytocin  (MW = 1 kDa) is a neuropeptide which exhibits a wide range of effects 
on human behavior. Oxytocin receptors are expressed centrally in the accessory 
olfactory bulb, anterior olfactory nucleus, islands of Calleja, amygdala, CA1 of hip-
pocampus, ventral medial hypothalamus, nucleus accumbens, brainstem, and spinal 
cord (Stoop  2012 ). The BBB prevents passage of peripheral oxytocin (Ermisch 
et al.  1985 ; Kang and Park  2000 ) and IN administration of oxytocin has increasingly 
become a popular method for assessing oxytocin’s central effects. Oxytocin is 
currently being administered intranasally in clinical trials to treat autism spectrum 
disorders, schizophrenia, and alcohol withdrawal. Despite the widespread use of 
oxytocin in clinical settings, little is known in animals or humans about oxytocin 
distribution in brain following IN administration, suggesting a need for further 
study in this area (Miller  2013 ). 

  Orexin-A  (hypocretin-1, MW = 3.6 kDa) is a sleep-related peptide produced in 
the hypothalamus which has shown effects in monkeys and humans following IN 
administration. Intranasally administered orexin-A improved task performance and 
induced changes in brain metabolic activity in sleep deprived rhesus monkeys 
(Deadwyler et al.  2007 ). In humans suffering from narcolepsy with cataplexy, IN 
administration of orexin-A attenuates olfactory dysfunction, and induces and stabi-
lizes REM sleep (Baier et al.  2008 ,  2011 ). In rats, intranasally administered orexin-
 A distributed to the brain within 30 min, yielding tissue-to-blood concentration 
ratios that were 5–8 times higher in the posterior trigeminal nerve, olfactory bulbs, 
hypothalamus, and cerebellum compared to rats given IV orexin-A (Dhuria et al.  2009 ). 
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High levels of orexin-A were found in cerebral blood vessel walls and low levels 
were found in the CSF of these rats, suggesting that transport pathways may have 
involved distribution within the perivascular spaces. 

  NAP  ( davunetide ) is an eight amino acid neuroprotective peptide (MW = 825 Da) 
derived from activity-dependent neurotrophic factor. Intact levels of [ 3 H]-labeled 
NAP are found in the cortex and cerebellum of rats within 30 min following IN 
administration (Gozes et al.  2000 ). IN administration of NAP reduced levels of Aβ 
and hyperphosphorylated tau in an AD mouse model (Matsuoka et al.  2007 ) and 
decreased neurofi brillary tangles in a model of tauopathy (Shiryaev et al.  2009 ). 
IN NAP decreased hyperactivity and protected visual memory in a mouse model of 
schizophrenia (Powell et al.  2007 ). Unfortunately, IN NAP failed to show effi cacy 
in a recent clinical trial to treat progressive supranuclear palsy. Clinical trials evalu-
ating whether IN NAP is benefi cial in the treatment of schizophrenia and tauopa-
thies are currently in progress. 

 The 18.5 kDa protein  interferon-β1B  (IFN-β1B) is a cytokine therapeutic 
approved to treat the relapsing-remitting form of multiple sclerosis. Studies in rats 
have shown that IN application of [ 125 I]-labeled IFN-β1B results in signifi cantly 
higher CNS levels than intravenous dosing (Ross et al.  2004 ). High IFN-β1B levels 
were measured in the olfactory bulbs and trigeminal nerves, with signifi cant but 
lower levels in other brain regions and the spinal cord, approximately 30 min after 
the start of administration. A subsequent study evaluating CNS delivery following 
IN application of [ 125 I]-labeled IFN-β1B in cynomolgus monkeys ( Macaca fascicu-
laris ) also demonstrated widespread distribution within the brain, with highest lev-
els again in the olfactory bulbs and trigeminal nerves (Thorne et al.  2008 ). 
Importantly, this study also showed an anatomically unique and signifi cant central 
localization of [ 125 I]-labeled IFN-β1B to regions of the basal ganglia that was 
remarkably consistent between different animals (Fig.  14.6 ). This study was among 
the fi rst to describe the precise distribution and concentrations achievable in the 
CNS of a primate species following IN administration; [ 125 I]-IFN-β1B concentra-
tions in the olfactory bulbs, trigeminal nerves and many other brain areas were 
found to be above the levels required for the antiviral, antiproliferative and immu-
nomodulatory actions of IFN-β1B.

    Antibodies  are immunoglobulin proteins which are able to bind peptides and 
proteins with high affi nity. This property makes them attractive drug candidates to 
treat diseases of the CNS, but antibodies have shown limited BBB penetration when 
administered systemically (Banks  2004 ). Anti-Aβ immunoglobulin G (IgG) has 
been administered intravenously in several clinical trials to treat or prevent AD. 
A few studies have intranasally administered antibodies or antibody fragments in 
mouse models of AD. Full length IgG (MW = 150 kDa) as well as a single chain 
variable fragment antibody (scFv) (MW = 26 kDa) directed against the C terminus 
of Aβ 1–42  reduced amyloid plaque levels following intranasal administration to 
APPswe/PS1dE9 transgenic mice (Cattepoel et al.  2011 ). The scFv was detected in 
brain immunohistochemically while the full length antibody was not, suggesting 
greater delivery of the smaller fragment. Another study in 5XFAD mice showed 
improved spatial learning and lower levels of Aβ following IN administration of an 
anti-Aβ oligomer antibody (Xiao et al.  2013 ). Limited levels of HRP-labeled 
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  Fig. 14.6    Central distribution of [ 125 I]-labeled IFN-β1b following intranasal application in 
 anesthetized cynomolgus monkeys. Coronal brain autoradiographs and labeled templates at ( a ) 
the level of the anterior commissure (ac 0 mm) or ( b ) 4 mm posterior to the anterior commissure 
(ac–4 mm) with corresponding brain sections provided to illustrate the highly anatomical 
distribution in a single monkey receiving a very high specifi c activity [ 125 I]-IFN-β1b solution. 
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antibody have been reported in the brain following development with diaminobenzidine 
(Xiao et al.  2013 ). However, a quantitative evaluation of IgG levels in different brain 
regions following IN administration has yet to be performed. The large size of IgG 
may prevent signifi cant delivery to the brain via the intranasal route due to poor 
penetration across the nasal epithelial barrier.  

14.4.3     Intranasal Delivery of Gene Vectors and 
Oligonucleotides to the CNS 

 Long term induction or suppression of gene products in the CNS has great potential 
to treat many neurological disorders. Many viral vectors, plasmids, and oligonucle-
otides exhibit low BBB permeability, making IN administration a potentially attrac-
tive alternative route. Several studies have investigated the IN route of administration 
to induce or repress gene products in the CNS. 

  Viral vectors  such as the recombinant adenoviral vector ADRSVβgal (Draghia 
et al.  1995 ), the growth compromised herpes simplex virus type 2 mutant ΔRR 
(Laing and Aurelian  2008 ), and herpes simplex virus type 1 (Broberg et al.  2004 ), 
have all been reported to induce gene expression in widespread areas of the brain 
following IN administration. ΔRR encoded the anti-apoptotic gene ICP10PK and 
prevented kainic acid-induced seizures, neuronal loss, and infl ammation in rats. 
IN administration was more effi cient at delivering herpes simplex virus type 1 DNA 
in the brain than corneal or intralabial infection. A fi lamentous bacteriophage 
(1,000 nm long, 6 nm wide) expressing anti-Aβ scFv has also been shown to bind 
amyloid plaques in an AD mouse model following IN administration (Frenkel and 
Solomon  2002 ). While the fi lamentous phage was detected in the brain, a spheroid 
phage was not, suggesting that the shape of the phage may be important for IN 
delivery to the brain. 

  Plasmid DNA  has also been delivered to the brain through the IN route. A 7.2 kb 
pCMVβ and a 14.2 kb pN2/CMVβ (encoding the gene for β-galactosidase) have been 
detected in the brain within 15 min of IN administration (Han et al.  2007 ). 
β-galactosidase activity was signifi cantly higher in brain homogenates 48 h later and 
the brain-to-serum AUC ratio of pCMVβ levels was ~2,600-fold higher 10 min after 
IN administration when compared to IV administration. The authors also compared 
transfection effi ciency in brain endothelial cells and microglia, fi nding higher levels of 
plasmid DNA in endothelial cells (neurons were not specifi cally examined). 

Fig. 14.6 (continued) Highest concentrations were evident in regions of the basal ganglia (puta-
men, caudate, and globus pallidus) with slightly lower signal in other subcortical structures 
(e.g., hippocampus and amygdala). ( c ) Coronal brain autoradiographs and labeled templates from 
two different monkeys at the same level as in ( b ) demonstrating remarkably low variability in 
central distribution across different subjects. Distribution for each animal is shown approximately 
60 min following intranasal administration of [ 125 I]-IFN-β1b. (Portions of ( a ), ( b ), and ( c ) adapted 
from Thorne et al. ( 2008 ) with permission.)       
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 Finally, IN delivery of  oligonucleotides  to the CNS has also been reported. In one 
study, IN delivery of αB-crystallin small interfering RNA (siRNA) complexed with 
DharmaFECT 3 resulted in reduced expression of αB-crystallin in neurons and astro-
cytes in the olfactory bulb, amygdala, entorhinal cortex, and hypothalamus both 3 and 
12 h following administration (Kim et al.  2009 ). In another study, a 21 base pair fl uo-
rescently labeled siRNA was delivered to the olfactory bulb following IN administra-
tion (Renner et al.  2012a ). CNS delivery of the 22 base pair antagomir AM206 has 
also been reported following IN application in an AD transgenic mouse model (Lee 
et al.  2012 ). The authors concluded that AM206 increased brain-derived neurotrophic 
factor levels and memory function in mice by neutralizing microRNA-206.  

14.4.4     Intranasal Delivery of Cell-Based Therapies to the CNS 

 Several recent studies have reported that the IN application of stem cells results in 
brain delivery and therapeutic effects in disease models. Fluorescently labeled rat 
 mesenchymal stem cells  (MSC) have been detected in the olfactory bulb, hippocampus, 
thalamus, cortex, and subarachnoid space of mice 1 h after IN delivery (Danielyan 
et al.  2009 ). Intranasally administered MSC have shown therapeutic potential in mod-
els of PD (Danielyan et al.  2011 ) and several models of stroke (Wei et al.  2013 ; 
Donega et al.  2013 ; van Velthoven et al.  2013 ). 1.5 h following IN administration, 
Hoechst labeled MSC could be found lining blood vessels as well as in the paren-
chyma after ischemic stroke in mice (Wei et al.  2013 ). A study in which neural stem/
progenitor cells (NSPC) were administered by the IN route found that the cells were 
targeted to the site of an intracerebral glioma within 6 h (Reitz et al.  2012 ). The 
enhanced green fl uorescent protein expressing NSPC were located in the olfactory 
bulb within 6 h and the olfactory tract at 24 h. Few cells were observed in the trigemi-
nal nerve at 24 h, suggesting that NSPC migrated into the brain within the fi rst 24 h 
by the olfactory pathway as well as via the systemic circulation. Finally, IN adminis-
tration of T cells engineered to express a chimeric antigen receptor targeting myelin 
oligodendrocyte glycoprotein have been reported to result in brain delivery and to 
suppress infl ammation in a mouse model of multiple sclerosis (Fransson et al.  2012 ).   

14.5     Future Challenges and Directions for Intranasal 
Drug Delivery to the Brain 

14.5.1     Methods to Enhance CNS Delivery Following 
Intranasal Administration 

 A number of absorption enhancers have been used in experimental and clinical 
settings to enhance intranasal drug delivery to the systemic circulation. In theory, 
absorption enhancers may also increase delivery of intranasally administered 
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substances to the brain by increasing access to transport pathways from the lamina 
propria to the CNS. The mechanisms by which most absorption enhancers typically 
work is by enhancing the permeability of compounds across the nasal epithelial bar-
rier and/or decreasing mucociliary clearance (Deli  2009 ; Illum  2012 ). Materials that 
have been used as intranasal absorption enhancers include surfactants, bile salts, 
bile salt derivatives, phospholipids, cyclodextrins, cationic polymers, and lipids 
(Davis and Illum  2003 ). Enhancing the permeability of mucosal membranes is often 
associated with irritation or damage (Sezaki  1995 ). Most absorption enhancers have 
not been well tolerated when administered intranasally in humans; one exception 
may be chitosan, which is produced by the deacetylation of chitin, a polysaccharide 
found in crustacean cells. Chitosan transiently opens TJ in mucosal membranes, has 
bioadhesive properties, and has been shown to be nonirritating with low local and 
systemic toxicity (Illum  2012 ). The development of nontoxic, physiological absorp-
tion enhancers is needed and may increase delivery of substances to the brain fol-
lowing IN administration, particularly for larger substances that have diffi culty 
crossing the nasal epithelial barriers.  

14.5.2     Unresolved Questions 

 Despite the increasing use of IN administration as a means to bypass the BBB and 
deliver substances directly to the CNS, a number of basic questions remain with 
regards to mechanisms governing transport from the nasal mucosa to the brain. It is 
unknown if there is a size limit governing what can be delivered to the brain via the 
intranasal route. Studies with dextrans suggest that there is an inverse relationship 
between MW and the CSF concentration following IN administration (Sakane et al. 
 1995 ). The permeability of the nasal epithelial barrier is not well characterized and 
may differ between the olfactory and respiratory regions. As the trigeminal nerve 
innervates both the respiratory and olfactory regions, it is unclear whether preferen-
tially targeting one of these regions favors delivery of substances to the brainstem 
along trigeminal nerve associated pathways. What are the sites and rates of bulk 
fl ow that govern the extracellular transport of substances from the lamina propria to 
the CNS? Is the bulk fl ow associated with perineural, perivascular, perilymphatic 
channels or some combination of these pathways? A summary of the hypothetical 
pathways into the brain from the nasal passages given our current state of knowl-
edge is depicted in Fig.  14.7 .

   Another question is how or if disease states might affect brain delivery and/or the 
distribution of substances in the CNS following IN administration. It will be impor-
tant to establish whether the capacity for nose-to-brain transport is compromised, 
unaffected or otherwise altered by specifi c pathology, disease or other factors. 
Finally, it is not yet clear how cells reach the brain by the IN route of administration; 
whether cells use the same or different pathways/mechanisms to gain entry to the 
brain from the nasal passage that have been identifi ed for small molecules, peptides 
and proteins remains an open question. There is a clear need for further research to 
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address these questions and advance knowledge so that clinical applications 
utilizing intranasal targeting of drugs to the CNS can be evaluated with the best 
possible opportunities for success.   

14.6     Conclusions 

 Drug delivery to the CNS remains a challenge due to the restrictive nature of the 
BBB and BCSFB. A number of studies suggest that the IN route of administration 
may allow rapid, noninvasive delivery of substances directly to the CNS along path-
ways associated with the olfactory or trigeminal nerves. These pathways are not yet 
fully characterized, presenting opportunities for further investigation. Methods to 
enhance delivery of substances from the nasal cavity to the CNS are also needed due 
to the typically low delivery effi ciencies that have thus far been measured (<0.05 % 
for proteins). A better understanding of the mechanisms governing transport of sub-
stances into the CNS from the nasal mucosae may lead to improvements in the 
effi ciency of IN administration. While IN drug delivery to the brain has shown great 
promise in animals and humans, it is clearly an area where more research is needed 
to fully exploit its potential.  

  Fig. 14.7    Proposed pathways and mechanisms responsible for drug transport into the CNS 
following intranasal administration, based primarily upon studies utilizing radiolabeled proteins       
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14.7     Points for Discussion 

•     What advantages does the intranasal route of administration offer for chronic 
administration? Compare and contrast intranasal application requirements with 
those of other strategies designed to target biotherapeutics to the brain (e.g., Are 
trained health professionals required for administration? Can the administration 
be performed in an outpatient setting or is hospitalization necessary? What eco-
nomic resources will likely be required to accomplish administration? Can the 
methods be easily applied in both developed and developing countries?).  

•   Why might knowledge of nasal epithelial organization and physiology be impor-
tant for implementing, optimizing and adjusting brain targeting following intra-
nasal drug administration?  

•   What are the likely pathways that underlie nose-to-brain transport? What are the 
likely mechanisms that underlie nose-to-brain transport? What additional infor-
mation is needed to more fully understand the pathways/mechanisms responsible 
for intranasal targeting of drugs to the CNS?  

•   Discuss each of the steps that may be required for an intranasally applied drug to 
reach CNS target sites.  

•   How might the transport of small molecules, macromolecules and cell-based 
therapies into the brain following intranasal application be similar? How might 
their transport be different? What areas require further study?  

•   Compare and contrast how the rate and extent of nasal absorption may vary for 
different classes of drugs compared with other administration routes (e.g., oral 
delivery). Will such considerations apply equally well for both systemic delivery 
and delivery to the CNS? What additional information/knowledge is needed to 
advance the fi eld?        
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    Abstract     Brain and nervous system disorders represent a large, unmet medical 
need affecting two billion people worldwide; a number that is expected to grow with 
increasing life expectancy and the expanding global population. CNS drug develop-
ment is hampered by the restricted transport of drug candidates across the blood-
brain barrier (BBB). We will discuss blood-to-brain drug delivery strategies that 
make use of nanocarriers, like liposomes, albumin nanoparticles, and polymeric 
nanoparticles. The focus will be on the key pharmaceutical, pharmacological, and 
regulatory aspects towards the clinical development of nanocarriers. Clinical devel-
opment of treatments employing nanocarriers is not as straightforward as for a sin-
gle active moiety; therefore, we will highlight the issues that should be considered 
when translating basic research towards clinical development. Although it is still 
unrealistic to expect a magic bullet for exclusive CNS drug delivery, much progress 
has been made towards successful development of novel treatments for patients 
with devastating brain diseases.  

15.1         Introduction 

 Current strategies to enhance drug delivery to the brain are either focused on locally 
circumventing the blood-brain barrier (BBB) through direct injections or globally 
through the blood stream (using targeted delivery approaches or by opening the 
blood-brain barrier). Since techniques such as convection-enhanced delivery, 
intranasal delivery, and (transiently) opening the blood-brain barrier are discussed 
elsewhere in this section on strategies for improved CNS drug delivery (Thorne  2014 ; 
Bankiewicz  2014 ; Fortin  2014 ; Konofagou  2014 ), we will not elaborate on this. 

    Chapter 15   
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Rather we will discuss drug delivery strategies that make use of nanocarriers, focusing 
on the carriers themselves. Although ligands are an essential part for targeting and 
delivery to the brain, this chapter’s focus will be on the pharmaceutical development of 
the nanocarriers and their pharmacokinetics and biodistribution and not, or to a lesser 
extent, on the biology of ligand-receptor interactions at the blood-brain barrier. 

 Many approaches to enhance drug delivery across the blood-brain barrier are 
under development, both by academic research groups as well as pharmaceutical 
and biotechnology companies, albeit with little success. In order to translate basic 
(academic) research into safe and effective treatments for patients with devastating 
brain diseases, many steps in many different research areas are required (Fig.  15.1 ). 
Recently, we have summarized these aspects in ten key development criteria for 
targeted blood-to-brain drug delivery (Gaillard  2010 ; Gaillard et al.  2011 ). Of the 
currently active developments, only two brain-targeted delivery-based therapies 
have been approved for clinical research, i.e., Angiopep-2 conjugated to paclitaxel 
(ANG1005/GRN1005; based on the EPiC Technology) and glutathione pegylated 
liposomal doxorubicin (2B3-101; based on the G-Technology). Other brain-targeted 
delivery-based therapies that are currently in the research and development phase 
include, for example, fusion proteins of an active protein/enzyme with an antibody 
against the human insulin receptor (HIRMAb, Armagen), a heavy chain heterodi-
merization of a therapeutic antibody with a low-affi nity antibody against the trans-
ferrin receptor (Genentech), and a direct conjugate between an anti-tumor drug and 
p97 (Bioasis). In our recent review we have reviewed these therapies and compared 
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  Fig. 15.1    Obtaining regulatory approval for clinical research using nanocarriers for drug delivery 
to the brain requires that many involved research areas connect with clockwork precision. Turning 
one wheel will infl uence the whole development process.  CMC  chemistry, manufacturing, and 
controls       
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them to our ten key development criteria (Gaillard et al.  2011 ). In this book chapter 
we will focus on the pharmaceutical, pharmacological, and regulatory aspects of the 
development of nanocarriers for blood-to-brain drug delivery. Throughout this 
chapter we will use the term nanocarrier as the European Medicine Agency (EMA) 
defi ned it: a drug formulation with the intention to form a particle in the nano-scale 
range. Examples of nanocarriers are liposomes, albumin nanoparticles, and poly-
meric nanoparticles.

15.2        Current Status of Nanocarrier Development 

 Currently there are two families of therapeutic nanocarriers, i.e., liposomes and 
albumin nanoparticles, fi rmly established in clinical practice worldwide. In addi-
tion, several therapeutic agents based on nanocarriers are in clinical trials, and still 
more in preclinical phases of development (Sanhai et al.  2008 ; Costantino and 
Boraschi  2012 ). Except for 2B3-101, which is in clinical phase I/IIa, none of these 
are specifi cally designed for enhanced drug delivery across the blood-brain barrier. 
Recently, Costantino and Boraschi ( 2012 ) presented an excellent overview of the 
development status of carrier-based drug delivery systems (nanocarriers and drug 
conjugates or fusion proteins) for CNS indications and especially brain tumors. 
In their overview, two other liposomal products are mentioned, however, these are 
not specifi cally designed for brain tumors. Marqibo (vincristine sulfate liposomes 
injection, OPTISOME™ (i.e., sphingomyelin-based liposomes)) is approved for 
treatment of leukemia and is currently investigated in a phase I trial in children and 
adolescents (2–21 years) with refractory cancer including primary brain tumors by 
the National Cancer Institute (clinicaltrials.gov; NCT01222780). NL-CPT11 (nano-
liposomal CPT11, irinotecan) is investigated in patients with recurrent high-grade 
gliomas (clinicaltrials.gov; NCT00734682). Merrimack Pharmaceuticals is investi-
gating a similar formulation (MM-398) for the treatment of pancreatic cancer, and 
the fi rst-in-human trials were performed in patients with standard therapy-failure 
for solid tumors (Tsai et al.  2011 ). In addition to these intravenous administered 
therapies, treatment with cytarabine liposome injection (DepoCyt ® ) for lymphoma-
tous meningitis is administered through local, intrathecal, injections. 

 When looking into the history of nanocarriers, pegylated liposomal doxorubicin 
(Doxil, Caelyx) was the fi rst treatment based on a nanocarrier to be approved by the 
   FDA (in  1995 ) and EMA (in  1996 ). Thereafter, several liposomal formulations have 
been approved, such as liposomal daunorubicin (Daunoxome), liposomal ampho-
tericin B (Ambisome), and non-pegylated liposomal doxorubicin (Myocet; received 
only EMA approval). Another nanocarrier formulation, paclitaxel albumin nanopar-
ticles (Abraxane), was approved more recently (by the FDA in 2005 and by the 
EMA in 2008). In addition to the liposomal amphotericin B formulation, a lipid 
complex formulation (Abelcet) has also been approved; however, this was less cost- 
effective compared to Ambisome for the treatment of persistently febrile neutropenic 
patients with presumed fungal infections (Gilead Sciences  2000 ; Morigi et al.  2012 ). 
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In addition to these clinically available nanocarrier drugs, several nanocarrier 
treatments are still in clinical or preclinical research (Kim et al.  2010 ; Duncan and 
Gaspar  2011 ; Costantino and Boraschi  2012 ); it would go too far to mention all of 
these in this chapter, therefore, we will fi rst discuss general criteria that nanocarriers 
should adhere to in order to move into clinical practice. Subsequently, we will focus 
on the applicability of nanocarriers for drug delivery to the brain, and the points to 
consider for regulatory approval of nanocarriers. 

15.2.1     Criteria for Nanocarriers to Move into Clinical Practice 

 Based on FDA and EMA recommendations (  www.fda.gov    ;   www.ema.europa.eu    ), 
product quality and product safety are most important to receive approval for 
clinical research. This is fully in line with the World Medical Association (WMA) 
Declaration of Helsinki, in which it is stated that “Every medical research study 
involving human subjects must be preceded by careful assessment of predictable 
risks and burdens to the individuals and communities involved in the research in 
comparison with foreseeable benefi ts to them and to other individuals or communi-
ties affected by the condition under investigation” (WMA  2008 ). Or to put it plain 
and simple: safety comes fi rst. For all human drugs, and especially for neurothera-
peutics, it is important to demonstrate safety of the drug with respect to the central 
nervous system (FDA  2001 ). However, governmental regulations are hindered by a 
lack of toxicology data for nanocarriers (Fernandes et al.  2010 ; Farrell et al.  2011 ). 
In addition, Wolf and Jones ( 2011 ) have recommended extra oversight for clinical 
research due to the uncertain but possibly signifi cant risks of new science and tech-
nology associated with nanomedicine (including drug nanocarriers). 

 Clinical development of treatments employing nanocarriers is not as straightfor-
ward as for a single active moiety. Although there are no strict guidelines for 
treatments employing nanocarriers yet published, both the FDA and EMA are 
continuously working on guidance documents. Most advanced are the guidance 
documents on “Liposome drug products” (FDA  2002 ) and on “Early development 
considerations for innovative combination products” (FDA  2006 ). From these guid-
ance documents it is clear that chemistry, manufacturing, and controls (CMC) 
should be investigated for each of the separate constituents of the nanocarrier, as 
well as the end product. 

 As for every drug product, effi cacy of the drug-loaded nanocarrier should be 
shown in (GLP) preclinical research as well as in controlled clinical trials. Often, 
the benefi t of nanocarriers is the prolonged circulation of a drug in plasma, which 
results in an improved therapeutic index. Although increased plasma availability 
may yield enhanced brain delivery by passive diffusion across the blood-brain bar-
rier (Banks  2008 ), not all nanocarriers are optimized as brain-directed nanocarriers. 
Equally important, before developing a nanocarrier-based treatment, it is important 
to realize whether the amount of formulated (encapsulated) drug will actually 
result in the desired bioavailability of the free drug at the desired site of action. 
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In addition, while for pegylated liposomal doxorubicin a drug loading effi ciency of 
>90 % is reached (Jiang et al.  2011 ), polymeric nanoparticles usually have a drug 
loading of approximately 10 % (Costantino and Boraschi  2012 ). Although this 
might be acceptable for high-potency drugs, the therapeutic index might often not 
be positively infl uenced for drugs with a lower potency, as the desired target con-
centration cannot be met, or the cost of goods is too high because of the low drug 
loading. 

 Finally, when applying nanocarriers for CNS indications, the effect of the target-
ing ligands on the nanocarrier properties should be considered. These targeting 
ligands are necessary as homing devices to the blood-brain barrier, since nanocarri-
ers themselves do not have this capacity. Targeting ligands may consist of antibod-
ies, peptides, or proteins, as well as small molecules (Jones and Shusta  2007 ; 
Brasnjevic et al.  2009 ; Gabathuler  2014 ); importantly, these ligands may greatly 
affect pharmaceutical properties, e.g., charge, stability, and immunogenicity, as well 
as pharmacology, i.e., binding to plasma proteins, biodistribution (hopefully in 
favor of the brain), pharmacokinetics, and safety.  

15.2.2     Nanocarriers Suitable for Brain Drug Delivery 

 Searching for the terms “nanocarriers” and “brain” in PubMed results in just over 
50 articles; however, replacing “nanocarriers” with “nanoparticles” increases the 
results to almost 1,500, and “liposomes” and “brain” results in nearly 2,000 articles. 
Combining all this, and extending it with other specifi c nanocarriers, one may con-
clude that there is a wealth of research published on this topic. Rather than discuss-
ing all possible nanocarriers, we follow the FDA and EMA publications, in which 
nanocarriers for human use were discussed. For these nanocarriers (Fig.  15.2 ) we 
will also discuss their applicability as brain drug delivery vehicles.

  Fig. 15.2    Schematic presentation of the main nanocarriers discussed in this book chapter. ( a ) 
Liposomes; ( b ) Polymeric nanoparticles, including albumin nanoparticles; ( c ) Dendrimers. 
Liposome picture from to-BBB technologies BV, polymeric nanoparticle and dendrimer adapted 
from Zhang et al. ( 2008 )       
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15.2.2.1       Liposomes 

 Liposomes have a strong presence in clinical use and research. There is not  one  
liposomal formulation, as the constituents can vary. For example, we have shown 
that the selection of lipids can make a profound difference in the plasma circulation 
of different liposomal formulations containing the model drug ribavirin (Fig.  15.3 ). 
In general, by choosing the right constituents, liposomes are regarded as safe nano-
carriers. Besides the more general “nanocarrier advantages” such as prolonged cir-
culation time, liposomes have the additional benefi t that they can encapsulate both 
lipophilic and hydrophilic compounds ranging from small molecules to larger bio-
logical compounds without modifi cation of the encapsulated active pharmaceutical 
ingredient (API) (Gaillard et al.  2011 ).

   With regard to the ability to deliver drugs across the blood-brain barrier, nontar-
geted liposomes most likely do not cross the blood-brain barrier in suffi cient quanti-
ties, nor would they release their content specifi cally in the brain area. When 
blood-brain barrier integrity is compromised, e.g., in the newly formed blood ves-
sels in brain tumors or as a consequence of trauma or disease, the likelihood of 
liposomal drugs to cross the blood-brain barrier is increased. In patients with a pri-
mary brain tumor (malignant glioblastoma multiforme), pegylated liposomal doxo-
rubicin (alone or in combination with other chemotherapeutics) was considered safe 
and moderately effective (Fabel et al.  2001 ; Hau et al.  2004 ; Glas et al.  2007 ). This 
is, however, just an example that drugs from liposomes can mainly reach the center 
of larger brain tumors, since the integrity of the blood-brain barrier is maintained 
around the infi ltrative growing tumor cells as well as in micrometastases (de Vries 
et al.  2006 ; Palmieri et al.  2007 ). 

  Fig. 15.3    The choice of lipids will infl uence the stability and circulation time of liposomal nano-
carriers in plasma after intravenous injection in rats. Glutathione-pegylated liposomes were either 
made of DPPC (stable liposomes; dipalmitoyl phosphatidylcholine) or EYPC (less-stable lipo-
somes; egg yolk phosphatidylcholine). The antiviral drug ribavirin was used as a model drug for 
this experiment. The total ribavirin concentration was measured, i.e., the liposomal encapsulated 
ribavirin and the free ribavirin       
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 Many strategies have been developed to increase drug delivery to the brain, 
which can also be used together with liposomal drug delivery. These have been 
extensively discussed previously (Jones and Shusta  2007 ; Rip et al.  2010 ; Gaillard 
et al.  2011 ), as well as within this book (Gabathule  2014 ). Targeting ligands will not 
only alter the pharmaceutical properties of the liposomes but also infl uence their 
biodistribution. For example, repeated administration of identical doses of pegylated 
liposomal doxorubicin (Doxil/Caelyx) resulted in slightly higher plasma concentra-
tions and lower clearance compared to glutathione pegylated liposomal doxorubicin 
(2B3-101) (Gaillard et al.  2012 ). Associated with this, higher tissue concentrations 
were found after Doxil/Caelyx administration, with the exception of brain and 
spleen. The doxorubicin retention in brain was almost three times higher ( p  < 0.02) 
after repeated 2B3-101 administration compared to Doxil/Caelyx at the same dose 
(Gaillard et al.  2012 ). 

 Other examples of targeting ligands that are being combined with liposomal drug 
delivery include larger proteins, such as antibodies against the transferrin or insulin 
receptor. These antibodies have been used to produce the so-called Trojan horse 
liposomes for the delivery of plasmid DNA or antisense gene therapy (Pardridge 
 2010 ). Peptide targeting vectors for the delivery of liposomal drugs to the brain 
include COG133 (an ApoE-mimetic peptide), Angiopep-2 (with high affi nity for 
the LRP receptor on brain endothelial cells), or GLA peptide (selected through 
phage display with brain uptake through a yet unknown mechanism) (van Rooy 
et al.  2010 ). Recently, van Rooy et al. ( 2012 ) have shown the importance of peptide 
conformation for the ability of GLA to improve drug targeting to the brain (van 
Rooy et al.  2012 ), a fi nding that may hold true for other (peptide) targeting ligands 
as well.  

15.2.2.2     Albumin Nanoparticles 

 Albumin nanoparticles are formed by mixing albumin with a drug in aqueous sol-
vent and then passing the product through fi lters to obtain 100–200 nm-sized parti-
cles (Kratz  2008 ). It was shown that enhanced uptake of an albumin-based drug 
delivery system for paclitaxel (Abraxane) in solid tumors is both passive, through 
enhanced permeability and retention (EPR), and potentially also active through 
binding to gp60 and SPARC receptors on the cell surface (Kratz  2008 ), although the 
paclitaxel dissociates from the albumin very shortly after administration in the 
blood stream. Therefore, the main advantage of Abraxane may be the replacement 
of Cremophor by albumin, since Cremophor can lead to severe side effects. 
Abraxane is currently the only nanoparticle form of albumin that is approved, 
although the use of albumin as a drug carrier through direct conjugations with small 
molecules or through covalent bonds with peptides or proteins is under investigation 
(Kratz  2008 ). Albumin, being present in high concentrations in circulation, is con-
sidered safe, since it is biodegradable and not immunogenic (Kratz  2008 ; Dadparvar 
et al.  2011 ). However, safety is not guaranteed, as it is a blood-derived product. The 
package insert of Abraxane literally states that it contains albumin derived from 
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human blood, which has a theoretical risk of viral transmission and therefore needs 
to be carefully controlled. 

 Albumin nanoparticles are also under investigation for their capability to deliver 
drugs to the brain. Dadparvar et al. recently showed that oximes (used as anti-nerve 
gas agents) adsorbed to the surface of albumin nanoparticles gave a higher protec-
tive response in vitro against chemical warfare agents compared to free oximes 
(Dadparvar et al.  2011 ), even though there was no targeting ligand present. In 
another study by the same research group, ApoE conjugated to the surface of the 
albumin nanoparticles resulted in an enhanced transport of oximes across an in vitro 
blood-brain barrier model compared to nontargeted albumin particles (Wagner et al. 
 2010 ). Conjugation of transferrin to albumin nanoparticles containing azidothymi-
dine (AZT, an antiviral drug) resulted in an increased brain uptake of AZT com-
pared to free drug, non-pegylated nanoparticles, and pegylated albumin nanoparticles 
(Mishra et al.  2006 ). In addition, using loperamide (an anti- nociceptive compound), 
Ulbrich et al ( 2009 ) have shown that transferrin, as well as antibodies against the 
transferrin receptor (OX26 and R17217) were able to enhance effi cacy compared to 
nontargeted or albumin nanoparticles conjugated with a negative control antibody 
(Ulbrich et al.  2009 ); this same group has more recently shown that conjugation of 
albumin nanoparticles with insulin or an anti-insulin receptor antibody (29B4) also 
increased the anti-nociceptive response of loperamide formulated in these albumin 
particles (Ulbrich et al.  2011 ).  

15.2.2.3      Polymeric Nanoparticles 

 In the last few decades several nanoparticle-based approaches for treatment of dif-
ferent diseases have been explored. A PubMed search using the words “polymeric” 
and “nanoparticles” results in greater than 14,000 publications and over 1,000 
reviews. Nevertheless, it is important to realize that there is no clear defi nition of a 
polymeric nanoparticle. The search in PubMed also included different approaches 
including polymer-drug conjugates of which clinically approved formulations are 
available (Zhang et al.  2008 ). In this chapter, we will focus only on polymeric 
nanoparticles that are used for brain delivery of drugs. 

 Most nanoparticles were initially made of nonbiodegradable polymers that were 
unsuitable for clinical development due to their inherent chronic toxicity and immu-
nological response. Biodegradable, biocompatible, and bioadhesive polymers have 
been developed and the most commonly used are poly(butylcyanoacrylate) PBCA, 
poly(lactic-co-glycolic acid) PLGA, and chitosan. PBCA particles can be produced 
easily, but they have a rapid biodegradation and an ineffective absorption of very 
hydrophobic and hydrophilic compounds. Chitosan is a natural product that is bio-
degradable and is available in different molecular weights and different degrees of 
deacetylation. Use of chitosan-based particles in preclinical studies and other related 
aspects have been recently reviewed (Nagpal et al.  2010 ; Wang et al.  2011 ). PLGA- 
based nanoparticles typically exhibit more controllable release kinetics and better 
encapsulation than most other polymeric materials. PLGA is approved by the US 
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FDA and the EMA and is already used in various (parenteral–topical) drug delivery 
systems in humans (Danhier et al.  2012 ). The polymers are commercially available 
with different molecular weights and copolymer composition. 

 Nanoparticles based on the above three polymers have also been investigated for 
CNS drug delivery. Different routes of administration have been explored, e.g., 
invasive direct injections in the brain (Garbayo et al.  2009 ), intranasal administra-
tion (Ali et al.  2010 ; Luppi et al.  2010 ), and intravenous administration (Costantino 
and Boraschi  2012 ). When focusing on intravenous administration, distribution of 
drugs in the brain from noncoated nanoparticles has been described. Nanoparticles 
may increase the availability of the drug by increasing the in vivo half-life and by 
protecting the drug from early degradation (Reddy et al.  2008 ). The slowly released 
drug can cross the blood-brain barrier and act in the brain. However, it is generally 
assumed that large nanoparticles cannot cross the blood-brain barrier without the 
use of a targeting ligand mediating transport. The above-mentioned polymeric 
nanoparticles have been combined with different targeting ligands for drug delivery 
to the brain, as extensively reviewed previously (Wilson  2009 ; Bhaskar et al.  2010 ; 
Patel et al.  2011 ; Costantino and Boraschi  2012 ); some of the targeting ligands that 
have been used are Apo E, Apo B100, Apo A1, folate, lactoferrin, simil-opioid 
peptide (g7), PEG TGN and Polysorbate 80 (Wohlfart et al.  2011 ), and glutathione 
(Geldenhuys et al.  2011 ).  

15.2.2.4     Other Nanoparticles 

 Several other nanocarriers have been used to deliver drugs to the brain. Although 
some of the methods described in this section include the use of polymers and tar-
geting ligands related to the methods presented in Sect.  15.2.2.3 , we will describe 
them here separately. All approaches and their applicability for brain delivery with 
or without the already mentioned targeting ligands have been reviewed previously 
so we will therefore limit our discussion to a brief presentation of the methods and 
refer the reader to previous reviews for more detailed information. 

 The fi rst approach is the use of dendrimers, of which poly(amido amine) 
(PAMAM) is perhaps the most well known. Dendrimers are macromolecules con-
taining repetitive elements that can be used for drug delivery. This can be done by 
direct conjugation of drug to the dendrimer, noncovalent ionic interaction, or by 
encapsulation of drug in a micellar structure formed by the dendrimers. The use of 
dendrimers for brain delivery has recently been reviewed (Beg et al.  2011 ). 

 Solid lipid nanoparticles (SLNs) consist of spherical solid lipid particles in the 
nanometer range, which are dispersed in water or in aqueous surfactant solution and 
have the potential to carry lipophilic or hydrophilic drug(s) or diagnostics (Bondi 
et al.  2012 ). The possible use of these particles for drug delivery and a comparison 
with polymeric nanoparticles has been described previously (Kaur et al.  2008 ). 

 More recently, a new particle was introduced, i.e., drug nanocrystals, which are 
particles made from 100 % drug and are stabilized by surfactants. Nanocrystals 
have been used for oral drug administration but can potentially be used for delivery 
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of drugs to the brain after intravenous administration (Muller and Keck  2012 ). 
Finally, two more methods to mention are nanoemulsions (Ganta et al.  2010 ) and 
micellar formulations. These two methods include the use of several formulations 
made of different detergents, polymers, or lipids.   

15.2.3     Points to Consider for Regulatory Approval 

 Translating basic (academic) fi ndings into clinical practice requires regulatory 
approval from governmental bodies. However, it is not yet fully clear what exactly 
will be required for newer nanomedicine applications such as nanocarriers (Sanhai 
et al.  2008 ). Based on the Guidance for Industry documents from the FDA ( 2002 , 
 2006 ), we found that a nanocarrier should meet many criteria (Fig.  15.1 ) related to 
pharmaceuticals, pharmacology, and safety before receiving approval to be tested in 
clinical research. These criteria are discussed in the sections below along with the 
idea that keeping to these criteria should result in a “defi nable product.” 

15.2.3.1     Pharmaceuticals 

 Besides the general CMC documentation supplied by the FDA ( FDA-CMC over-
view ), the Draft Guidance FDA document on Liposome drug products provides the 
most extensive regulatory information on liposomes (FDA  2002 ); this document can, 
to a large extent, also be applied for other nanoparticles. Table  15.1  provides an over-
view of criteria from this guidance document that should be taken into consideration.

   Table 15.1    Main CMC criteria for product quality and product safety of nanocarriers [based on FDA 
guidance document on Liposome drug products; (FDA  2002 )]   

 Main criteria  Details 

 Product quality  Characterization of physicochemical properties of the 
end- product, such as 

 – Size, charge, and morphology 
 – Encapsulation degree 
 – Phase transition temperature 
 – In vitro release of drug substance 

 Control of excipients  For each of the separate constituents it is necessary to have: 
 – A full description and characterization 
 – Manufacturing specifi cations 
 – Stability data 

 Manufacturing process and 
process controls 

 During the manufacturing process reproducibility and sterility 
need to be demonstrated, also during the upscaling of the 
production process 

 Control of drug product  Assays for encapsulated and free drug substance and for 
nanocarrier components, including degradation products 

 Stability  Shelf-life; physical and chemical stability 
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   In addition, a strict controlled manufacturing process should ensure that there are 
no batch-to-batch differences arising during the nanocarrier production. 
Reproducibility should also be demonstrated by multiple batches at different pro-
duction scales. Critical manufacturing parameters (e.g., shear force, temperature) 
should be identifi ed and evaluated, particularly during the scale-up of the produc-
tion process (FDA  2002 ). Obtaining a sterilized end product can be challenging as 
nanoparticle components can block fi lters or interact with the fi lter matrix, causing 
the fi lters to be ineffective or a loss of material. 

 The size, particle size distribution, and charge are often the fi rst characterization 
steps after preparation of nanocarriers. Using dynamic light scattering (DLS) tech-
niques allows relatively easy measurements of these parameters. The size does 
infl uence the capacity for drug loading (encapsulation), especially since the volume 
of spherical vesicles increases or decreases with the radius to the third power 
( V  =  4 / 3  π r 3 ). In addition, the size will also infl uence the biodistribution; this will be 
discussed in more detail in the section on pharmacological properties (Sect.  15.2.3.2 ). 
The drug loading effi ciency, in turn, is dependent not only on size but also on the 
nanocarrier constituents and specifi c interaction with the drug. For example, the 
charge or hydrophilicity of the lipids or polymers will infl uence the interaction 
between nanocarrier constituents and the drug. Furthermore, the method of loading 
can greatly enhance the loading effi ciency. For liposomes, the loading can be 
achieved either via passive loading (phospholipids dispersed in aqueous solvent 
containing the drug spontaneously forming concentric bilayers separated by narrow 
aqueous compartments with relatively low encapsulation effi ciency (Mufamadi 
et al.  2011 )) or via remote loading (drugs are loaded into preformed liposomes 
using a transmembrane pH or salt gradient reaching encapsulation effi ciencies of 
80–100 % (Zucker et al.  2009 ; Tazina et al.  2011 )). The higher encapsulation effi -
ciency associated with remote loading increases the drug-to-lipid ratio, which 
increases the chance to deliver enough drug without reaching the limits of lipid or 
particle toxicity. 

 An optimal and reproducible encapsulation effi ciency needs to be demonstrated 
using validated analytical assays of the active substance as well as the nanocarrier 
components, targeting moiety, and other excipients. The analytical assay needs to 
discriminate between encapsulated and the released or non-encapsulated (free) drug 
substance. All nanocarrier components need to be well defi ned and the source (syn-
thetic or biological) and certifi cates of origin and analysis need to be provided 
together with their stability data. 

 Once a nanocarrier product is manufactured and characterized, physical and 
chemical stability and shelf-life need to be determined. Nanoparticles are suscepti-
ble to fusion, aggregation, and leakage of the drug during storage. Both the drug and 
the nanocarrier itself are susceptible to change, and therefore this might infl uence 
the quality, safety, and effi cacy of the product. This requires extensive testing of all 
components. Lipids can degenerate by oxidative stress or hydrolyze to form (toxic) 
lysolipids (Parnham and Wetzig  1993 ; Lutz et al.  1995 ). This process is studied 
using the normal storage conditions of the drug product (e.g., 2–8 °C), but nanocar-
riers are also exposed to stress conditions to characterize the physical state of the 
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carrier and to test the release of the drug from the carrier. All this should ultimately 
be performed in the fi nal production scale and in the vials or containers intended for 
clinical use. For liposomal doxorubicin hydrochloride, the FDA has suggested sev-
eral conditions for this in vitro drug leakage testing, including incubation in human 
plasma at 37 °C, exposure to a range of pH values and temperatures and low- 
frequency ultrasound disruption, all in an attempt to mimic in vivo conditions (FDA 
 2010 ). 

 Finally, in case changes in manufacturing processes are necessary, these changes 
should be made according to the guidance for Changes to an approved New Drug 
Application (NDA) or abbreviated NDA (ANDA) (FDA  2004 ) to assure that post-
change products are identical to prechange products.  

15.2.3.2      Pharmacology 

 Pharmacology criteria include the determination of pharmacokinetics (PK; see 
Hammarlund-Udenaes  2014 ) and biodistribution. It is important to determine the 
fate of the nanocarrier and the encapsulated drug in the body after administration 
and to answer some related questions: Is the drug released? Are there any (toxic) 
degradation products formed? Is there a prolonged circulation because of pegylation? 
Even if the answers are already known for the free drug, it is important to determine 
them for the nanocarrier encapsulated drug as well, as this will most likely infl uence 
the drug’s disposition in the body (Gaillard et al.  2011 ; Nystrom and Fadeel  2012 ) 
and in the brain. In addition to the PK and biodistribution, the effi cacy of brain 
delivery as well as the effi cacy of the encapsulated drug needs to be determined. In 
this section we will therefore focus on the in vitro and in vivo models that can be 
used to determine transport across the blood-brain barrier. 

 In vivo models are generally less suitable for detailed mechanistic studies since 
the number of controls needed for solid experimental proof in such studies cannot 
easily be performed in that way. Therefore, reliable in vitro models may give a bet-
ter insight into the mechanism of brain uptake. However, nanocarriers, like lipo-
somes, may exhibit a nonspecifi c cell uptake in vitro, complicating in vitro brain 
uptake assays and potentially concealing the infl uence of specifi c drug release 
mechanisms that operate in vivo. Brain uptake in vitro is often studied in the so- 
called in vitro BBB models; there are many examples: monoculture models of 
(immortalized) brain capillary endothelial cells, coculture models of astrocytes or 
pericytes and endothelial cells, and even triculture models [see for reviews: (Deli 
et al.  2005 ; Wilhelm et al.  2011 )]. 

 To determine PK and biodistribution in vivo, no specifi c models are necessary, 
but one should keep in mind that metabolic pathways and/or tissue distribution pat-
terns can be different in different species and may be different in diseased animals 
compared to healthy animals. The bioanalytical methods that are used to determine 
the PK and biodistribution should be validated; for nanocarriers, these methods 
should preferably be able to discriminate between the free drug and the nanocarrier- 
encapsulated drug (FDA  2002 ). 
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 When investigating nanocarriers for drug delivery to the brain, brain uptake is of 
course an important hallmark of biodistribution studies. Most commonly used are 
measurements of drug in brain homogenates, often after whole body perfusion to 
remove blood from the brain. Although this method is useful, there will always be 
some blood contamination in the brain homogenates, which may lead to false posi-
tive results especially when long circulating nanocarriers are used. Therefore, other 
methods have been developed to quantify drug delivery to the brain. In situ brain 
perfusion avoids the blood contamination by perfusion of the brain with a known 
drug concentration in the perfusion fl uid (e.g., plasma or saline) (Smith and Allen 
 2003 ); however, this method is limited to fast (max. 30 min) penetrating compounds, 
thereby missing the potential benefi t of the long circulating properties of the nano-
carriers. Taking brain homogenates, either after “normal” administration or after in 
situ brain perfusion, will allow for discrimination between encapsulated drug and 
free drug, assuming that homogenization alone does not affect the integrity of the 
nanocarrier. 

 In vivo brain microdialysis seems to be one of the most suitable techniques for 
characterizing the infl ux and effl ux transport functions across the BBB under physi-
ological and pathological conditions (de Lange et al.  2000 ; Deguchi  2002 ; Chaurasia 
et al.  2007 ). A microdialysis probe has a semipermeable membrane, which allows 
small, water-soluble solutes to cross by passive diffusion. Therefore, in contrast to 
brain homogenate samples, microdialysis refl ects free drug concentrations, not the 
total drug loading of the nanocarriers. Together with researchers from Uppsala 
University, we have investigated the brain delivery of glutathione pegylated liposo-
mal DAMGO and compared this to free DAMGO using microdialysis (   Lindqvist 
et al.  2012 ); at a similar free drug concentration in plasma, approximately twofold 
more DAMGO was measured in brain interstitial fl uid after administration in 
glutathione- pegylated liposomes. Microdialysis as a preclinical and clinical tool has 
been available for two decades, yet, there is still uncertainty about the use of micro-
dialysis in drug research and development, both from a methodological and a regula-
tory point of view (Chaurasia et al.  2007 ), and this is further complicated by the use 
of nanocarriers that cannot cross the semipermeable membrane by themselves. 
Ultimately the acceptance of microdialysis as a regulatory tool will be dependent 
upon the correlation of microdialysis results with clinical responses. Thus, validation 
will be the key to regulatory acceptance of the methodology (Chaurasia et al.  2007 ). 

 More recently, open-fl ow microperfusion has been developed for continuous 
glucose and lactate monitoring, and subsequently for dermal drug sampling 
(Holmgaard et al.  2012 ). It is currently also in development for brain drug sampling 
[e.g., in ongoing collaborative studies with Drs. Frank Sinner and Thomas 
Birngruber, Joanneum Research, Graz, Austria]. Like microdialysis, this technique 
is based on measuring the concentration of compounds in tissue using a probe. The 
probe used for open-fl ow microperfusion, however, has microscopic perforations 
instead of a semipermeable membrane, which makes it suitable for larger and lipo-
philic compounds, including nanocarriers. 

 Cerebrospinal fl uid (CSF) sampling is also used to determine brain uptake. 
However, it is important to realize that the CSF drug concentration may not always 
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represent the free drug concentration in the brain (de Lange and Danhof  2002 ; Lin 
 2008 ; Hammarlund-Udenaes  2009 ). Furthermore, in our experience CSF samples 
can be contaminated with blood, especially when the study is performed in smaller 
animals. Blood contamination of CSF samples is a particular problem when using 
long circulating nanocarriers, as plasma can still contain high concentrations of the 
investigated drug, creating high variability and a false-positive result of drug levels 
in CSF samples, even when performed at specialist contract laboratories (data not 
shown). 

 Other, more experimental methods to determine brain uptake of nanocarrier 
drugs include the (invasive) cranial window and noninvasive methods such as posi-
tron emission tomography (PET), single-photon emission computed tomography 
(SPECT), magnetic resonance imaging (MRI), or computed X-ray tomography 
(CT). The cranial window technology is based on in vivo imaging of brain tissue 
using two-photon laser scanning microscopy and animals (usually mice) with a cra-
nial window or thinned skull (Helmchen and Denk  2005 ; Shih et al.  2012 ). Brain 
delivery of nanocarriers with fl uorescent cargo can be imaged using this technol-
ogy; however, no distinction can be made between free and encapsulated drug other 
than by particle morphology. In addition, BBB integrity can be altered locally by the 
experimental procedure, leading to local point bleeds and extravasation of drugs 
from the vasculature (personal observations). The noninvasive techniques require 
the addition of a radiolabel to be able to measure the brain uptake (Wong et al. 
 2011 ). For this it is important to take into account which part is labeled, i.e., the 
encapsulated drug or (part of) the nanocarrier, when interpreting the outcomes. 

 In vitro effi cacy models that are used for single active moieties, such as tests for 
receptor occupancy, are not suitable for nanocarrier-based drugs, as the drug fi rst 
needs to be released from the nanocarrier. Effi cacy of a drug product should, there-
fore, be determined in a relevant animal model. It would go too far to discuss  all  
available disease models in this chapter. However, we would like to point out that 
models should be validated and the right controls (free drug, targeted vs. nontar-
geted nanocarriers, targeting ligand controls, etc.) should be used to compare the 
effi cacy of the investigated nanocarrier-encapsulated drug. Since nanocarriers infl u-
ence the PK and biodistribution of a drug, one should take into account that the 
effi cacy parameters might then also change. For example, the time points at which 
the effi cacy is measured may need to be adapted compared to investigations into the 
free compound. Finally, from a development cost perspective, in vivo effi cacy stud-
ies should preferably be short-term and in small animal models.  

15.2.3.3     Safety 

 Since most publicly available information focuses on the content of nanocarriers, 
i.e., the active substance, only limited information is available about possible 
adverse effects of the nanocarrier components themselves. Szebeni and colleagues 
have investigated complement activation by liposomes that could occur after intra-
venous administration (Szebeni et al.  2010 ,  2011 ). In most people the symptoms 
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remain subclinical, even though signifi cant complement activation may occur 
(Szebeni et al.  2010 ). Addition of PEG did not decrease complement activation in 
pigs (Szebeni et al.  2012 ), although opsonisation by proteins and scavenging by 
the reticuloendothelial system (RES) was decreased (Gabizon  2001 ). Complement 
activation- related pseudoallergy (CARPA), an acute hypersensitivity or infusion 
reaction, does occur not only with liposomal nanocarriers but also with other 
(polymeric) nanocarriers such as dendrimers, PEGs, and polaxamers, and its sever-
ity usually declines after repeated administration (Jiskoot et al.  2009 ; Duncan and 
Gaspar  2011 ). Other immunological risks include antibody formation against any 
of the substituents of the nanocarrier, including the targeting ligand and the active 
drug, and these antibodies can either lead to an accelerated blood clearance (reduc-
ing the bioavailability and effi cacy) or to a burst-release through complement- 
mediated lysis of the nanocarrier (resulting in increased blood concentration and 
possibly toxicity) (Jiskoot et al.  2009 ). An immune response in itself does not need 
to be a problem as long as it is rapidly deactivated; however, a severe pathology 
can occur when the defense response is anomalous in extent or duration (Boraschi 
et al.  2012 ). 

 Toxicity of polymeric nanoparticles is an important issue, yet very diffi cult to 
discuss in general, since the different polymers and methods that are used in the 
large amount of studies undoubtedly lead to different toxicity profi les (Kean and 
Thanou  2010 ). General remarks on toxicity are probably not valuable, but safety has 
to be determined for each different nanoparticle formulation. Concerning brain 
delivery it is important to appreciate that toxicity may lead to (temporary) blood-
brain barrier opening that will infl uence the delivery of drug to the brain and poten-
tially even lead to neurotoxicity (Rempe et al.  2011 ). 

 For treatments that are being developed for brain diseases it is also important to 
show that, next to general toxicities, there are no particle- or drug-induced CNS- 
related toxicities, such as behavioral effects. In the preclinical development of 2B3- 
101, we have therefore included EEG measurements and a modifi ed Irwin test to 
demonstrate that there was no change in neurobehavior (Gaillard et al.  2012 ).  

15.2.3.4    Therapeutic Window 

 Together, the pharmacology and safety studies will determine the therapeutic win-
dow (also called therapeutic index). It is important to determine whether the drug 
delivered to the brain by a nanocarrier can exert an effect at a concentration that is 
below the maximum tolerated dose. Furthermore, side effects of the drug under 
investigation should be acceptable with respect to the severity of the disease/condi-
tion being treated; this consideration of potential costs versus benefi ts will obvi-
ously depend on the disease the drug is used for, e.g., the side effects of chemotherapy 
are usually more severe, yet acceptable, compared to anti-migraine treatments. 
To obtain regulatory approval and the possibility to continue the development of 
nanocarrier treatments for brain diseases, the therapeutic index is therefore a very 
important decision point.    
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15.3     Future Challenges/Directions 

 One can appreciate that if the clinical development of a single active moiety already 
requires a stringent development plan with ample decision points, this is even more 
complicated for nanocarrier drugs, consisting of multiple constituents besides the 
active pharmaceutical ingredient (API). Previously we have discussed ten key devel-
opment criteria that are important for drug delivery to the brain [Table  15.2 , (Gaillard 
 2010 ; Gaillard et al.  2011 )]. We will now highlight some important considerations 
for optimizing the  nanocarrier  drug development process and minimizing costs as 
much as possible (Gray  2014 ).

15.3.1       Preparation and Characterization of Nanocarriers 

 Currently, the FDA and EMA only have draft guidelines for liposomal products and 
combined drug products. The criteria in these guidelines, therefore, need to be 
reviewed on a case-by-case basis for the development of other nanocarriers. For 
example, drug loading into liposomes can be done using a salt gradient of either 
ammonium sulfate (used for Doxil/Caelyx), or calcium acetate. Although this tech-
nique is not specifi cally mentioned in the draft guideline for liposome products, the 
remaining salt concentration after completing the drug loading needs to be deter-
mined from a CMC perspective.  

15.3.2     Delivery and Effi cacy of Brain-Targeted Nanocarriers 

 When it comes to evaluating the pharmacokinetics and effi cacy, it is important to 
avoid false-positive and false-negative results by selecting the most suitable read-
out/model and including the appropriate controls. Due to the complex nature of 
nanocarriers this will require more effort, compared to single moieties. 

   Table 15.2    Ten key development criteria for blood-to-brain drug delivery [from: (Gaillard  2010 ; 
Gaillard et al.  2011 )]   

 Targeting the blood-brain barrier  Drug carriers 
 Drug development from 
lab to clinic 

 1. Proven inherently safe receptor 
biology in humans 

 6. No modifi cation of active 
ingredient 

 8. Low costs and 
straightforward 
manufacturing 

 2. Safe and human applicable ligand  7. Able to carry various 
classes of molecules 

 9. Activity in all 
animal models 

 3. Receptor-specifi c binding  10. Strong IP protection 
 4. Applicable for acute and chronic 

indications 
 5. Favorable pharmacokinetics 
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 Administration of brain-targeted nanocarriers has typically utilized either 
intravenous or intraparenchymal routes. For chronic disorders, it could be more 
patient friendly as well as cost-effective to use other administration routes, such as 
subcutaneous, intramuscular, or oral. These routes are, however, even more com-
plex to explore initially so usually the intravenous route is preferred.  

15.3.3     Safety of Brain-Targeted Nanocarriers 

 Many of the safety fi ndings associated with the use of nanocarriers per se are immu-
nologic in nature. Nanocarriers can be optimized with regard to their shape, size, 
surface charge, and chemical composition; these characteristics will infl uence 
whether the nanocarrier is eliminated, tolerated, or ignored by the immune system 
(Boraschi et al.  2012 ). In addition, the route of administration almost certainly infl u-
ences the risk of immunological responses (Jiskoot et al.  2009 ). By changing the 
route of administration from intravenous to other routes, infusion reactions that are 
observed with several types of nanocarriers may also be avoided. Clinically, infu-
sion reactions are often managed by dilution, a longer infusion time or patient pre-
medication; however, it is still important to predict potential problems and, if 
possible, to eliminate them (Duncan and Gaspar  2011 ).  

15.3.4     Clinical Research 

 There is still a strong need for the development of treatments for patients with 
devastating brain diseases and for this, clinical research in human subjects is neces-
sary. Providing preclinical proof that the investigational product is safe is one 
consideration, while regulatory aspects make up another. Wolf and Jones ( 2011 ) 
have recently reviewed whether or not it is necessary to have extra oversight, i.e., 
additional approval processes beyond the current institutional review boards (IRB) 
for emerging technologies such as nanocarriers. They claim that there is a height-
ened uncertainty regarding the risks in fast-evolving science, yielding complex and 
increasingly active materials. This, together with the likelihood of research on vul-
nerable participants (e.g., cancer patients) and potential risks to others beyond the 
research participant could warrant the need for extra oversight, particularly for more 
chronic treatments.   

15.4     Conclusions 

 Since the approval of the fi rst nanocarrier (pegylated liposomal doxorubicin) in 
1995, much progress has been made towards the clinical development of nanocarri-
ers. However, brain-targeted nanocarriers are lagging behind mainly because of the 
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added challenges associated with delivery to the brain and other inherent diffi culties 
in CNS drug development. It is not realistic to expect the development of a magic 
bullet for brain diseases; however, combining safe targeting ligands and receptors 
with well-known and safe nanocarrier technologies, brain-targeted nanocarriers may 
soon be able to enhance drug delivery to the brain and impact clinical treatment.  

15.5     Points for Discussion 

 To strengthen research towards clinically applicable nanocarriers for drug delivery 
to the brain, we encourage a scientifi c discussion among researchers from industry 
and academia on the following points:

 –    Improving the safety of nanocarriers and ensuring the use of safe ligands and 
receptor biology, as this will improve clinical applicability  

 –   Taking the cost of the product into account, i.e., it is of course exciting to design 
a complicated new drug product with many different components but this may 
come at a steep price when thinking about translation to successful clinical 
development!  

 –   Taking the route of administration into account, especially for chronic 
administration        
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    Abstract     The central nervous system (CNS) is a sanctuary protected by several 
barriers; the major one being the blood–brain barrier (BBB). The BBB is formed by 
the specifi c nature of the endothelial cells of the brain capillaries only allowing 
brain access to nutrients necessary for brain cell survival and function. 

 These properties of the BBB result in the incapacity of therapeutic compounds 
small and large to reach the brain at therapeutic concentrations. Various strategies 
are now being developed to enhance the amount and concentration of these com-
pounds in the brain parenchyma. The development of new technologies such as 
peptide vectors will achieve the delivery of active agents in therapeutic concentra-
tion across the BBB to treat brain diseases such as cancer or neurodegenerative 
disorders. New technologies are being developed and will be presented. Critical 
opinions will be given on these different platforms to point out their advantages and 
disadvantages.  

16.1         Introduction 

 The overwhelming majority of small molecules, proteins, and peptides do not 
effi ciently cross the BBB. Usually therapeutics need to be present at high concen-
tration in the blood in order to cross the BBB and reach the brain, often resulting in 
unacceptable toxicity in the periphery. The most important factors determining to 
what extent a small molecule will be delivered from blood into the CNS are lipid 
solubility, molecular mass, and charge (Lipinski et al.  2001 ). These structural 
characteristics allow for passive penetration of the molecules across the BBB. 

    Chapter 16   
 Development of New Protein Vectors 
for the Physiologic Delivery of Large 
Therapeutic Compounds to the CNS 

             Reinhard     Gabathuler    

        R.   Gabathuler      (*) 
  biOasis Technologies Inc. ,   Suite 600, 1385 West 8th Avenue , 
 Vancouver ,  BC ,  Canada   V6H 3V9   
 e-mail: rgaba@videotron.ca  



456

Larger molecules such as biologics which are usually hydrophilic and neutral 
 present a very low brain penetration even with their much greater exposure due to a 
longer half-life in blood. 

 As the population ages, increasing numbers of patients will develop brain cancer 
or various neurodegenerative diseases, creating a great unmet need for therapies 
which can effectively cross the BBB. The existing market for CNS diseases was 
$65B in 2006, dominated by antidepressant, stroke, epilepsy, and Alzheimer’s med-
ications. This market is forecast to increase to $105B in 2015, and includes many 
unmet therapeutic needs: brain cancer (primary and metastatic), Alzheimer’s disease 
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), multiple scle-
rosis (MS), psychiatric disorders, stroke, and infections (Jain  2007 ). The entire CNS 
drug market would increase drastically if new therapeutics were developed with 
incorporation of a brain delivery technology allowing effi cient entry into the brain.  

16.2     Problem for Brain Delivery of Therapeutic Compounds 

 The capillaries of the brain have evolved to constrain the movement of molecules and 
cells between blood and brain, providing a natural defense against circulating toxic 
or infectious agents. The relative impermeability of the BBB results from tight junc-
tions between capillary endothelial cells formed by cell adhesion molecules. Brain 
endothelial cells also possess few alternate transport pathways (e.g., fenestra, tran-
sendothelial channels, pinocytotic vesicles), and express high levels of active effl ux 
transport proteins, including P-glycoprotein (P-gp, MDR-1 or ABCB1). The BBB 
maintains an essential brain homeostasis but as a result represents a great impedi-
ment to the effective treatment of many brain diseases (Pardridge  1993 ,  1998 ). 

 The BBB also has additional enzymatic aspects. Solutes crossing the cell mem-
brane are subsequently exposed to degrading enzymes present in large numbers 
inside the endothelial cells that contain large densities of mitochondria, metaboli-
cally highly active organelles (Brownlees and Williams  1993 ). 

 The “classical” neuropharmaceutical agents in the market or in clinical trials are 
typically less than 600 Da in molecular weight with a suffi cient degree of solubility 
allowing their passive BBB penetration. Based both on the lipid solubility and 
molecular mass, the passage of neuropharmaceuticals that fall into the category of 
peptide-based drugs, neuroactive peptides, neurotrophic factors, cytokines, mono-
clonal antibodies (mAb), and nucleotide-based agents such as oligonucleotides and 
genes will be impeded by the BBB. Therefore new technologies have to be devel-
oped to address this problem. Also, the development of an effi cient gene vector is a 
key-limiting factor for brain gene therapy. 

 In recent years, convincing data have been published showing how neurotrophic 
factors can modulate neuronal transmission and prevent neuronal degeneration 
(Bonner and Peskind  2002 ; Tyler et al.  2002 ). The administration of nerve growth 
factor (NGF) and glial cells derived neurotrophic factor (GDNF) may slow down 
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the progression of neurodegenerative diseases such as Parkinson’s disease (PD) and 
Alzheimer’s Diseases (AD). However, NGF and other peptidic neurotrophic factors 
such as GDNF do not signifi cantly penetrate the BBB from the circulation. For 
neurotrophic factors to be effi cient for the treatment of brain disorders, they need to 
be administered intracranially, e.g., using catheters. Therefore any easy administra-
tion and greater clinical usefulness of NGF and other neurotrophic factors as a 
potential CNS therapy will depend on the use of a suitable carrier system that 
enhances its transport through the BBB. 

 Trastuzumab (Herceptin), a humanized monoclonal antibody, recognizes an 
extracellular domain of HER2 and when delivered together with chemotherapy, 
trastuzumab improves survival for patients with metastatic breast cancer that over-
express HER2 (Slamon et al.  2003 ). However, when patients with metastatic breast 
cancer are treated with trastuzumab, the breast cancer frequently progresses in the 
CNS (Bendell et al.  2003 ). 50 % of the women who developed CNS disease died 
from neurological decline. The correlation between HER2 overexpression of pri-
mary breast cancers and subsequent brain metastases is 97 % (Fuchs et al.  2002 ). 
Instead, progressive CNS disease probably results from poor penetration of trastu-
zumab into the brain. Trastuzumab is a relatively large protein with a molecular 
weight of 148,000. Therefore, it would not be expected to cross the BBB. Using 
intracerebral microinfusion of trastuzumab, Grossi et al. ( 2003 ) has demonstrated 
that HER2-overexpressing brain metastases are susceptible to HER2-targeted ther-
apy. To maximally control this CNS disease, clinicians will need to overcome the 
challenge of delivering HER2-directed therapies across the BBB. 

 In response to the insuffi ciency in conventional delivery mechanisms, aggressive 
research efforts have recently focused on the development of new strategies to more 
effectively deliver drug molecules to the CNS.  

16.3     Endogenous Mechanisms Used to Cross the BBB 

 Crossing the BBB remains a key obstacle in the development of drugs for brain 
diseases despite decades of research (De Boer and Gaillard  2007 ; Misra et al.  2003 ; 
   Gabathuler  2010a ,  b ). Multiple mechanisms are used by essential nutrients to reach 
brain cells, from the usage of transporters for small molecules like amino acids or 
glucose or of receptor-mediated transcytosis for larger molecules.

•    Hydrophilic molecules such as amino acids, glucose, and other small molecules 
necessary for the survival of brain cells use transporters expressed at the luminal 
and basolateral side of the endothelial cells.  

•   Larger hydrophilic molecules such as hormones, transferrin for iron and lipopro-
teins use specifi c receptors that are highly expressed on the luminal side of the 
endothelial cells for transcytosis across the BBB to provide necessary nutrients 
to brain cells.  

16 Development of New Protein Vectors for the Physiologic Delivery…



458

•   Few small hydrophilic molecules can use the paracellular pathway between the 
endothelial cells forming the microvasculature of the brain.  

•   Lipophilic molecules can diffuse passively across the BBB into the brain. These 
molecules are exposed fi rst to effl ux transporters (P-gp and others) highly 
expressed on the luminal side of the BBB if not they will be exposed to degrad-
ing enzymes localized in the cytoplasm of endothelial cells.     

16.4     Approaches Used to Cross the BBB 

 Three different approaches are currently used to reach the brain with therapeutic 
compounds: invasive, pharmacological, and physiological. 

16.4.1     Invasive Approaches 

 Invasive approaches include all the methods associated with direct delivery of com-
pounds in the brain parenchyma after surgery and comprise: (1) convection- 
enhanced delivery (CED), (2) intra-cerebro-ventricular (ICV) infusion, (3) 
intracerebral injection, (4) polymer or microchip systems which directly release 
therapeutics after implantation in the CNS and (5) disruption of the BBB using 
osmotic disruption, ultrasound, and bradykinin analogs such as RMP-7. 

 Invasive approaches usually need hospitalization of the patients which are costly 
and patient unfriendly. In addition drugs administered using such direct injection or 
infusion in the brain are obstructed to reach their site of action by a low diffusion 
rate in the cortex, resulting in an inability to reach therapeutic concentrations at the 
site of action.  

16.4.2     Pharmacological Approaches 

 Lipidation and chemical modifi cation of drugs are techniques used to improve their 
ability to diffuse across the BBB. In addition, formulation of drugs may facilitate 
brain delivery by passive diffusion due to the increased half-life and pharmacoki-
netic properties of the formulated drugs. 

 Chemical modifi cations of active drugs in order to increase their diffusion across 
the BBB may produce some unwanted effects such as decreasing their activity or 
increasing their interaction with plasma components and/or effl ux pumps expressed 
at the BBB. These problems are associated with ineffi cient transport across the BBB 
and inability to reach therapeutic concentrations in the target area of the brain.  
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16.4.3     Physiological Approaches 

 Drugs can be modifi ed to take advantage of BBB nutrient transport systems. 
Conjugation of drugs to ligands or antibodies against receptors expressed at the 
BBB will allow the drug to be transported across the BBB by receptor-mediated 
transcytosis. The physiological approach is recognized by the scientifi c community 
as the one with the most likely chance to succeed. 

 This chapter will address the development of active peptides and of new protein/
peptide vectors, which are able to carry therapeutic compounds such as biologics 
across the BBB to reach effi cient dosage in the brain parenchyma using a physio-
logic approach.   

16.5     Physiological Approaches 

 The brain requires essential substances for its survival, i.e., glucose, insulin, growth 
hormone, Low Density Lipoprotein (LDL), etc. Specifi c receptor and transporter 
molecules implicated in active transport into the brain recognize these substances. 
These receptor and transporter molecules are in turn highly expressed on the endo-
thelial cells of the BBB. Taking into account the high perfusion of the brain along 
with an average distance of 40 μm between capillaries, the most effective way of 
delivering biopharmaceutical drugs may likely be achieved by targeting these essen-
tial internalizing (uptake) transport receptors or transporters at the BBB. 

 The physiological approach takes advantage of the specifi c characteristics of the 
endothelial cells forming the BBB and uses an endogenous mechanism to transport 
a CNS active drug to the brain. It is specifi c, very effi cient and applicable to small 
and large therapeutics such as chemotherapeutics or biologics.  

16.6     Transporter Mediated 

 Some peptides and small molecules can use specifi c transporters expressed on the 
luminal and abluminal side of the endothelial cells forming the BBB, examples are 
the Glucose transporters (Glut-1), amino acid transporters (Pardridge  1993 ). The 
characterization of these transporters has been reported in other reviews (Pardridge 
 1993 ;    Gabathuler  2009 ,  2010a ,  b ). 

 At least eight different nutrient transport systems have been identifi ed, with each 
transporting a group of nutrients of similar structure. Only drugs that closely mimic 
the endogenous carrier substrates will be taken up and transported into the brain. 

 One can modify drugs such that their transport is increased by using a carrier- mediated 
transporter expressed on the endothelial cells forming the BBB. Use of small molecules 
that directly target transporters to overcome BBB restrictions (Allen et al.  2003 ) 
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such as the choline transporter and the amino acid transporter has been done for few 
drugs. The BBB large neutral amino acid carrier has been used to deliver  l -DOPA in 
Parkinson’s disease (PD). 

 The use of transporters is usually not applicable for the transport of peptides and 
larger biologics across the BBB. The use of the glutathione transporter as a docking 
protein at the BBB is being developed for liposomes loaded with doxorubicin 
(Doxil) (Gaillard et al.  2009 ).  

16.7     Receptor-Mediated Transcytosis 

 Large molecules necessary for the normal function of the brain are delivered to 
brain cells by specifi c receptors. These receptors are highly expressed on the endo-
thelial cells forming the BBB. Some examples comprise the insulin receptor (IR), 
transferrin receptor (TR), and the Low-Density Lipoprotein Receptor-Related 
Protein (LRP). 

 It is thought that after ligand binding, the receptor is endocytosed at the luminal 
membrane, followed by the migration of vesicle across the cytoplasm or transcytosis 
and ends by the fusion of the vesicle to the abluminal side of the endothelial cell. 
The ligand is then exposed to the brain side and released from its receptor. The 
precise mechanism of the receptor transcytosis across polarized endothelial cells 
has not been determined. In addition, brain-targeted liposomes and nanoparticles 
with conjugated ligands and/or antibodies are used. 

16.7.1     Use of Antibodies Against Receptors Expressed 
on Endothelial Cells of the BBB 

 Monoclonal antibodies (mAbs), ligands, and optimized ligand fragments binding to 
these receptor-mediated transcytosis systems are used to develop new peptide vec-
tors for drug delivery to the brain. Monoclonal antibodies directed against highly 
expressed receptors at the BBB have been developed since the late 1980s (Pardridge 
 2010 ); receptors targeted by these antibodies have commonly been the transferrin 
and the insulin receptors. The ideal characteristics of these antibodies (also called 
BBB molecular Trojan horses) have historically been thought to include high- 
affi nity binding (Pardridge  2010 ), but it has recently been shown that high-affi nity 
mAbs may not have the adequate properties needed for effi cient brain delivery of 
therapeutics. In short, high-affi nity mAbs may be associated with ineffi cient release 
of the vector from the endothelial cells at the BBB (Yu et al.  2011 ; Atwal et al. 
 2011 ). It has also proven diffi cult to defi nitively identify receptor-mediated 
transport systems because receptors normally endocytosed in cells such as human 
brain endothelial cells can be transcytosed across these same cells when grown in 
astrocyte-conditioned medium as a monolayer mimicking the BBB (Benchenane 
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et al.  2005 ; Demeule et al.  2002 ). The use of high-affi nity antibodies to TR for 
example may be a great way to deliver a payload to the endothelial cells but very 
little of this payload is seen associated with neurons or astrocytes in the brain paren-
chyma (Paris-Robidas et al.  2011 ; Moos and Morgan  2001 ). 

16.7.1.1     Monoclonal Antibodies Against the Transferrin Receptor (TR) 

 Monoclonal antibodies generated against the TR expressed at the luminal membrane 
of the endothelial cells forming the BBB have been extensively used as vectors for 
the transport across the BBB of therapeutic molecules in the form of conjugates or 
on liposomes (Molecular Trojan Horse) (Pardridge  2007 ). These antibodies are 
characterized and selected for their high affi nity for TR as described by Pardridge 
( 2010 ) and do not affect the binding of holo-Tf to the TR. The function of the TR is 
to provide iron, an essential metal for cell survival. TR in endothelial cells is associ-
ated with the transcytosis of iron across the endothelial cells of the BBB. Drug 
targeting to the brain can be achieved by incorporating an anti-TR mAb (TRMAb) 
to the drug, which needs to be transported to the brain (Pardridge  2007 ,  2010 ). 

 Nanoparticles coated with TRMAb have been employed to transport drugs across 
the BBB. Human serum albumin nanoparticles covalently coupled to TRMAbs were 
used to transport loperamide across the BBB. Both types of nanoparticles were simi-
larly effi cient for the transport of loperamide across the BBB (Ulbrich et al.  2009 ).  

16.7.1.2     Monoclonal Antibodies Against the Insulin Receptor (IR) 

 Pardridge et al. have extensively documented the use of IR for the targeted delivery 
of drugs to the brain using specifi c antibodies directed against the IR (Coloma et al. 
 2000 ), for example the 83-14 mouse mAb in Rhesus Monkey. These monoclonal 
antibodies have been selected for high affi nity and no competition for insulin. Both 
chimeric antibody and a fully humanized form of the 83-14 antibody against human 
IR (HIR) have been created (Boado et al.  2008 ). 

 These BBB vectors based on mAb binding to specifi c receptors expressed at the 
BBB, also called Molecular Trojan Horses (Benchenane et al.  2005 ), are character-
ized by high-affi nity binding (Pardridge  2007 ). These antibodies against IR have 
been extensively used by Pardridge et al. to deliver a variety of therapeutic com-
pounds from antibodies, lysosomal enzymes, and neurotrophic factors to the brain 
in rodents and monkeys (Pardridge  2010 ). However, this technology has yet to go to 
human application.  

16.7.1.3     Use of Bispecifi c Antibodies with Lower Affi nities 

 Watts et al. (Atwal et al.  2011 ; Yu et al.  2011 ) showed that reducing the affi nity of 
an antibody to the TR enhances the transport and release of the anti-TR antibody 
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across the BBB into the mouse brain where it can reach therapeutically relevant 
concentrations. Anti-TR antibodies that bind with high affi nity to TR remain associ-
ated with the BBB, whereas lower affi nity anti-TR antibody variants are released 
from the BBB into the brain and show a broad distribution 24 h after dosing (Atwal 
et al.  2011 ). The design of a bispecifi c antibody that binds with low affi nity to TR 
and with high affi nity to the enzyme β-secretase (BACE1) (Atwal et al.  2011 ) may 
allow its delivery to the brain at therapeutic concentration for the treatment of 
Alzheimer's disease. TR-facilitated transcytosis of this bispecifi c antibody across 
the BBB may enhance its potency as an anti-BACE1 therapy for treating Alzheimer's 
disease (Atwal et al.  2011 ).  

16.7.1.4     Advantages and Problems with the Use of Monoclonal 
Antibodies to Receptors 

 High-affi nity antibodies against the TR might be able to cross the BBB using a 
physiologic process called receptor-mediated transcytosis. However, recent work 
has suggested these antibodies bind to the endothelial cells forming the BBB but 
subsequently have diffi culty detaching from the TR to be released into the brain 
parenchyma after transcytosis. Although the total brain uptake of antibodies against 
TR may appear high, with a large amount detected in the total brain fraction and 
accumulated in the brain endothelial cells, evidence of colocalization with neurons 
and astrocytes using specifi c antibodies against TR is lacking (Paris-Robidas et al. 
 2011 ). Using modifi ed antibodies against TR with high, medium, and low affi nities, 
anti-TR antibodies at trace doses showed a direct correlation between affi nity and 
brain uptake, with lower-affi nity antibodies showing the lowest uptake (Yu et al.  2011 ). 
In marked contrast to trace dosing, however, brain uptake of these same variants at 
much higher doses (20 mg/kg assessed at 1 and 24 h) showed an inverse correlation 
between affi nity and brain uptake at 24 h and an increase in the brain-to- serum ratio 
of antibody (Yu et al.  2011 ). Furthermore, the lowest-affi nity variant anti-TR 
showed a greater than fi vefold increase in brain antibody concentration compared to 
control IgG 24 h after injection. This may be understood better by considering, for 
an antibody that recognizes only one site on TR, lowering antibody affi nity for the 
TR may require a much higher amount (i.e., higher doses) to saturate all the TR. 
These high doses may produce unwanted side effects outside the brain. Any anti-
body manipulated in order to diminish its affi nity for other targeted receptor devel-
oped for the transport of active molecules in the brain may have the same behavior 
and demonstrate potential side effects due to the high dosing needed. 

 It would be preferable to develop a vector with medium to low affi nity for a 
receptor, which may demonstrate high-capacity binding. The lower affi nity would 
be compensated by the high capacity of the receptor making such a receptor a good 
candidate for effi cient transport across the BBB without the need to administer high 
concentration of drugs. 
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 In addition, use of targeted liposomes and nanoparticles can have advantages: 
specifi c brain delivery properties, larger drug loading capacity, and the ability to 
disguise limiting characteristics of drugs using the physical nature of the liposomes 
or nanoparticles, thus minimizing toxicity and reduction of drug degradation in vivo. 

 Finally, the manufacturing of large fusion proteins composed of a targeting anti-
body and active molecule (heterodimers or trimers) may prove costly. Finally, the 
use of humanized antibodies in order to reduce immunogenicity may still result in 
immunogenicity of the new molecules synthesized.   

16.7.2     Use of Ligand to Receptors Expressed 
on Endothelial Cells of the BBB 

16.7.2.1     Use of Ligands to Low-Density Lipoprotein 
Receptor-Related Protein (LRP)-1 

 LRP is a multifunctional endocytosis receptor that mediates the internalization and 
degradation of ligands involved in diverse metabolic pathways [Hertz and Strickland 
 2001 ; Kounnas et al.  1995 ). LRP, a type I transmembrane protein, is synthesized as 
a 600 kDa precursor protein cleaved in the trans-golgi compartment by furin to 
generate a large 515 kDa subunit and a smaller 85 kDa subunit that remain nonco-
valently linked. The shorter cytoplasmic tail of LRP contains NPxY motifs and two 
dileucine-based motifs and interacts with a number of cytoplasmic adaptor and 
scaffold proteins (Yoon et al.  2007 ). 

 LRP interacts with a broad range of secreted proteins and resident cell surface 
molecules including apoE, α2M, tPA, PAI-1, APP, Factor VIII, and lactoferrin. LRP 
is expressed in many tissues including the CNS (Rebeck et al.  1993 ) and contains 
four putative-ligand binding domains (LBD) labeled with numerals I, II, III, and IV. 

 In the cerebellum, LRP expression was observed in neurons diffusely scattered 
throughout the granular cell layer and in astrocytes whereas moderate expression is 
reported in human cerebral and cerebellar astrocytes (Bu et al.  1994 ; Wolf et al. 
 1992 ; Moestrup et al.  1992 ). LRP expressed on neuronal cells functions similarly to 
the one found on other cell types in both binding and endocytosis of ligand. LRP is 
over-expressed in malignant astrocytomas, especially in glioblastomas (Yamamoto 
et al.  1997 ). A unique feature of LRP-1 is its rapid endocytosis rate, with the recep-
tor on the cell surface able to internalize within 30 s (t1/2 < 0.5 min) (Li et al.  2000 ). 

 Tissue Plasminogen Activator (tPA) crosses the intact BBB independently of its 
proteolytic activity. This process is mediated through a receptor-dependent mecha-
nism identifi ed as a member of the LRP receptor family (Benchenane et al.  2005 ). 
LRP has been shown both in-vitro and in-vivo to be a high-capacity transport system 
that mediates transcytosis of protein (such as lactoferrin) from blood to brain 
(Yamamoto et al.  1997 ). These results confi rm that in the in-vitro BBB model, LRP 
is a transcytosis receptor, in contrast to its role in other cell types such as glioblas-
tomas or epithelial cells where LRP is an endocytosis receptor for clearance of 
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different ligands in the lysosomal compartment. This observation can be extended 
to other receptors such as TR for example (Paris-Robidas et al.  2011 ; Donoso et al. 
 2009 ; Nazer et al.  2008 ; Hussain et al.  1999 ). 

 The LRP-1 has recently been exploited to target drugs to the brain in a similar 
fashion as TR and IR. Contrary to descriptions (Pardridge  2010 ) referring to the 
work of Nazer et al. ( 2008 ) using a mini-LRP receptor mLRP4 (Obermoeller- 
McCormick et al.  2001 ) in an in-vitro barrier model composed of epithelial cells 
(MDCK), it has been demonstrated with multiple ligands that LRP is effi cient in the 
transcytosis of molecules across the endothelial cells forming the BBB. This receptor, 
highly expressed at the BBB, presents some important advantages to the TR and IR 
system. LRP is characterized by a high transcytosis capacity due to its very short 
half-life at the cell surface, its constitutive internalization and multiple binding sites. 
LRP is able to bind multiple and diverse ligands from peptides to very large proteins 
such as activated α2-macroglobulin (700 kDa). No specifi c and unique amino acid 
sequence expressed on all these proteins is responsible for binding to LRP but 
certain confi guration and contribution of positive charges may be responsible for 
interaction with LRP. Ligands to LRP have been shown to effi ciently transport asso-
ciated drugs across the BBB and be used as vectors for drug delivery to the brain. 

   Use of Apolipoprotein E, B, and A as a Vector for Brain Delivery 

   Apo E-, B-, and A-Coated Nanoparticles 

 Apolipoprotein E-, B-, and A- coated nanoparticles are able to transport drugs that 
normally cannot cross the BBB into the brain. An attractive aspect of this strategy 
for drug delivery to the CNS is that these particulate systems are nonspecifi c and 
that they can transport a wide range of drugs, peptides, proteins, and can carry a 
large payload of drug into the brain per particle which bypass effl ux transporters 
(Zensi et al.  2009 ). Apo A-I human serum albumin nanoparticles are found within 
the endothelial cells of brain capillaries and within the brain parenchyma as detected 
by electron microscopy (Zensi et al.  2010 ). 

 The use of poly (butyl-cyanoacrylate) (PBCA) nanoparticles coated with poly-
sorbate 80 (tween 80) loaded with active compounds such as analgesic peptides 
(dalargin) and chemotherapeutics such as doxorubicin results in a signifi cant central 
pharmacological response in mice after intravenous injection (Wohlfart et al.  2011 , 
 2012 ). It has been shown that polysorbate 80 (tween-80)-coated PBCA nanoparti-
cles adsorb Apo E and B from the bloodstream after IV injection (Kreuter et al. 
 2002 ) and therefore use LRP for transcytosis across the BBB. The uptake mecha-
nism of Apo-E modifi ed nanoparticles on brain endothelial cells has been character-
ized and clearly demonstrates the participation of the LDL receptor-related protein, 
particularly LRP-1 (Wagner et al.  2011 ). These types of nanoparticles have been 
used for drug delivery to the brain since the mid-1990s (Kreuter et al.  2007 ; Kreuter 
et al.  2003 ; Steiniger et al.  2004 ). The precise mechanism of transcytosis has not 
been clarifi ed (Olivier  2005 ) and is still debated.  
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   Apolipoprotein A, B, or E Receptor Binding Sequence 

 Delivery of Apo B lysosomal enzyme fusion protein, glucocerebrosidase, and a 
secreted green fl uorescent protein (GFP) to neurons and astrocytes in the CNS has 
been possible (Spencer and Verma  2007 ). Thus, the Apo B receptor (LDLR) binding 
peptide (38aa) can be used to deliver a protein to many tissues of the body in addi-
tion to delivery to the CNS. The length of the peptide (38aa) did not appear to 
greatly affect delivery or function of the recombinant protein. The Apo E receptor- 
binding site containing amino acid residues 152-168 functioned similarly to the 
Apo B sequence used (Spencer and Verma  2007 ).   

   Melanotransferrin (MTf, p97) 

 Melanotransferrin (MTf), also known as human melanoma-associated antigen p97, 
is expressed in two forms; a glycosyl-phosphatidyl-inositol (GPI) anchored mem-
brane bound and secreted form (Jefferies et al.  1996 ; Food et al.  1994 ). Similar to 
transferrin (Tf), MTf is a sialoglycoprotein with a MW between 95 and 97 kDa 
(Food et al.  1994 ). Recombinant soluble form of MTf (80 kDa) is actively trans-
ported across the BBB in an in-vitro model of BBB trancytosis (Benchenane et al. 
 2005 ), with a transport rate 10–15 times higher than that of either Tf or lactoferrin 
(Demeule et al.  2002 ) and a preferential transport of MTf from the apical side to 
the basolateral side. Results from studies on the kinetics of binding and transport 
of MTf across the BBB are consistent with the presence of a medium-to-low affi n-
ity and high-capacity MTf receptor. The receptor is related to the family of LDL 
receptors and possibly involves a member of the low-density lipoprotein receptor-
related protein family (LRP) that has been characterized as a transcytosis receptor 
at the BBB (Benchenane et al.  2005 ; Yamamoto et al.  1997 ; Li et al.  2000 ; Donoso 
et al.  2009 ). 

 Melanotransferrin (MTf, p97) is an endogenous shuttling protein that has clear 
potential as a BBB drug delivery vehicle with many advantages over existing delivery 
molecules or systems. First, MTf is a protein found at low levels (10 ng/mL) 
(Jefferies et al.  1996 ) in the blood of most normal individuals. Secondly, exoge-
nously introduced MTf can be expected to localize in concert with the tissue distri-
bution of the target receptor. Thirdly, because it is an autologous human protein, 
repeated treatments are unlikely to result in immune hypersensitivity or in elimination 
by neutralizing antibodies in clinical therapies. Finally, MTf having a relatively 
medium to low affi nity for its receptor may not affect and compete for the binding 
and transport of other endogenous ligands of the receptor. 

 Previous studies have shown that p97 can cross the BBB and deliver iron (Moroo 
et al.  2003 ) and can also deliver doxorubicin and paclitaxel in the brain for the treat-
ment of brain tumors (Gabathuler et al.  2005 ; Karkan et al.  2008 ). In addition, thera-
peutic compounds which are usually excluded from the brain by effl ux pumps 
bypass these effl ux carriers after association to MTf. Finally, it has been shown that 
MTf can direct and transcytose adenovirus (Ad5) through an in-vitro BBB model 
(Tang et al.  2007 ). 
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 This technology is being developed for the design of new therapeutic compounds 
based on biologics such as enzymes and antibodies for their transport across the 
BBB at therapeutic concentrations. 

 Enzyme Replacement Therapy (ERT) has been developed to treat a number of 
lysosomal diseases. MPS I is a rare genetic Lysosomal Storage Disease (LSDs) 
which affects many systems of the body and which leads to organ damage. It is 
caused by a defect in the gene that codes an enzyme called alpha- l -iduronidase. 
After intravenous infusion the enzymes are picked up by the mannose-6-phosphate 
receptors expressed on the cells of the body and delivered to the lysosome. The lack 
of this receptor at the membrane of endothelial cells forming the BBB prevents 
them from entering the brain. MTf labeled with fl uorescent dyes such as cy5.5 or 
rhodamine is transported 2 h after IV administration in mice in the lysosomal com-
partment of brain cells such as neurons, as shown by fl uorescence microscopy 
(Fig.  16.1a–d ). Our unpublished work has exploited MTf as a vehicle for delivery in 
the brain of the lysosomal enzyme alpha- l -iduronidase (IDU) in a mouse model of 

  Fig. 16.1    Uptake of p97 in the lysosomes of neurons 2 h after IV administration in nude CD-1 
mice: The fl uorescent signals from Rhodamine-labeled p97 colocalized with cathepsin B, suggest-
ing lysosomal localization for the p97-Rhodamine in vivo. Fluorescent microscopic images illus-
trating immunohistofl uorescence staining for Cathepsin B ( white ) ( d ) in thin 10 μm brain sections 
of mice injected with p97-Rhodamine for 2 h ( c ). Cathepsin B is a lysosomal protein. On tissue 
sections, Cathepsin B, demonstrated staining around cell nuclei (i.e., perinuclear), similar to a 
lysosomal localization. Vessels are stained in  green  ( b ) and neuronal nuclei in  blue  (NeuN). 
Merged image shown in ( a )       

 

R. Gabathuler



467

Mucopolysaccharisosis I (MPS I). The results using the MTf-IDU fusion enzyme 
injected into mice MPS I show an increase in enzyme activity in the brain compared 
to the nonmodifi ed enzyme. These results suggest that MTf can be used for the 
transport of the lysosomal enzymes in the brain for the treatment of lysosomal dis-
eases affecting the CNS.

   Other unpublished work conducted at biOasis Technologies Inc. and with the 
collaboration of the Institute for Biological Sciences at the NRC in Ottawa ON 
Canada, it has been demonstrated that MTf (Transcend) can transport and deliver 
large biologic molecules such as antibodies, e.g., anti-HER2 antibody (Trastuzumab, 
Herceptin), across the BBB into the brain after conjugation to MTf (Fig.  16.2a–c ).

      Receptor-Associated Protein 

 Other proteins such as receptor-associated protein (RAP) have been shown to be 
effi ciently transported across the BBB into the brain parenchyma (Migliorini et al. 
 2003 ). RAP is found in the endoplasmic reticulum (ER) where it is a chaperone for 
the LDL receptor family, which includes LRP-1 facilitating its transport to the cell 
surface avoiding aggregation and interaction with endogenous ligands (Migliorini 
et al.  2003 ). The application of RAP as a drug carrier to the brain is being developed 
and currently under investigation with chemically conjugated anti-cancer agents 
and with fusion proteins (   Prince et al.  2004 ).  

   Use of Angiopep Family of Peptides 

   Angiopep Family of Peptides Incorporated in Therapeutics 

 A new family of peptides derived from protein ligands of LRP (e.g., aprotinin) with 
high transcytosis capacity across the BBB has been designed as part of a new brain 
drug delivery system (Demeule et al.  2008a ). Angiopep, a family of 19aa peptides 
derived from the putative LRP-1 binding sequence demonstrate high transcytosis 
rate (Demeule et al.  2008b ; Che et al.  2010 ). This new platform technology is used 
as a brain delivery system for pharmaceutical agents that do not readily enter the 
brain and is applicable to small anticancer agents. 

 Fluorescence imaging studies of a cy5.5-Angiopep2 conjugate and immunohis-
tochemical studies of injected Angiopep2 in mice demonstrated effi cient transport 
across the BBB into the brain parenchyma and subsequent colocalization with the 
neuronal nuclei-selective marker NeuN and the glial marker Glial Fibrillary- 
Associated Protein (GFAP) (Fig.  16.3a–c ) (Bertrand et al.  2010 ).

   These Angiopep peptides are being developed as vectors to transport therapeutic 
agents to the brain parenchyma, the most advanced of which is ANG1005 formed 
by chemical conjugation of the peptide vector (Angiopep2) with three molecules of 
paclitaxel. Uptake of this new paclitaxel derivative, ANG1005, is related to the high 
level of expression of LRP-1 on the aggressive phenotype of glioblastoma cells 
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  Fig. 16.2    Brain distribution of Rhodamine-labeled MTf, Trastuzumab, and MTf-trastuzumab 
conjugates 2 h after IV administration in nude CD-1 mice: The results indicate that there are more 
fl uorescent signals in the brain for both MTf and MTf-Trastuzumab compared to Trastuzumab 
alone. Conjugation to MTf appears to allow for better delivery into the brain parenchyma. 
Trastuzumab appears to be present in most sections but appears to be associated with brain vessels 
at this time point ( b ) as seen in  yellow  when  green  and red are merged. ( a ) Fluorescent microscopic 
images of 10 μm brain sections obtained from animals injected with MTf-Rhodamine ( red , 2 h).
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(Bertrand et al.  2011 ). Brain uptake measured by in-situ rat brain perfusion assay 
(Smith  2003 ; Takasato et al.  1984 ) shows 10 and 100-fold greater uptake into brain 
than peptide vector Angiopep2 and free drug paclitaxel, respectively (Thomas et al. 
 2009 ). Additional anticancer agents were manufactured in a similar way based on 
doxorubicin (ANG1007) and etoposide (ANG1009) as the active cytotoxic agents 
for the treatment of brain cancer and have shown high activity in preclinical studies 
(Demeule et al.  2010 ). 

 Following IV injection into mice, ANG1005 reached therapeutic concentrations 
in the brain parenchyma as measured by an increased survival of mice intracranially 
implanted with tumor cells and by analysis of the drug amount present in the brain 
parenchyma (Regina et al.  2008 ). This was confi rmed in a set of data demonstrating 
regression of tumors in rats that had been intracranially implanted with U87 glio-
blastoma tumors cells and monitored by magnetic resonance imaging (MRI) (Bichat 
et al.  2008 ; Gabathuler  2010a ,  b ). 

 This technology is to date the most advanced technology for brain delivery of 
drugs and is in clinical development with its most advanced product ANG1005. 
ANG1005 was in two phase II clinical trials in advanced cancer and brain metasta-
ses. This anti-cancer agent incorporating a peptide receptor targeting for brain 
uptake is the fi rst such agent being evaluated in humans and demonstrates promis-
ing effi cacy in the treatment of recurrent glioblastoma and brain metastasis in 
humans (Gabathuler  2010a ,  b ; Drappatz et al.  2009 ; Kurzrock et al.  2009 ,  2011 ; 
Wen et al.  2011 .  

   Angiopep-Coated Nanoparticles 

 Polyamidoamine dendrimers (PAMAM) were modifi ed with angiopep through 
bifunctional PEG, then complexed with DNA, yielding PAMAM-PEG-Angiopep/
DNA nanoparticles (NPs). The angiopep-modifi ed NPs were observed to be inter-
nalized by brain capillary endothelial cells (BCECs) and showed higher effi ciency 
in crossing the BBB with accumulation in brain (Ke et al.  2009 ). These angiopep- 
modifi ed NPs were exploited to develop a brain-targeting gene delivery system. The 
Angiopep-modifi ed gene delivery system exhibited enhanced brain-targeting capa-
bilities and the Angiopep-modifi ed vector/DNA NPs showed higher expression of 

Fig. 16.2 (continued) Vessels are stained in  green  and cell nuclei in  blue . ( b ) Fluorescent micro-
scopic images of 10 μm brain sections obtained from animals injected with Trastuzumab-
Rhodamine ( red , 2 h). Vessels are stained in  green  and cell nuclei in  blue . ( c ) Fluorescent 
microscopic images of 10 μm brain sections in animals injected with MTf-Trastuzumab-
Rhodamine ( red , 2 h). Vessels are stained in  green  and cell nuclei in  blue . Brain vessels were 
stained with polyclonal anti-CD31 (1:100) and incubated with secondary anti-rabbit Alexa F680 
antibody (1:300) in PBS for 1 h. Sections were washed fi ve times and then stained with HOECHST 
(1:5000) diluted in Dako fl uorescent mounting medium (DAKO) and cover slipped. Sections were 
visualized under an Olympus 1 × 81 inverted motorized microscope (Markham, ON, Canada) and 
analyzed using InVivo and ImagePro 6.2 Olympus acquisition and analysis software (Markham, 
ON, Canada)       
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  Fig. 16.3    Fluorescent 
microscopy of Cy5.5- 
Angiopep2 in brain sections 
and uptake of cy5.5- 
Angiopep2 in astrocytes and 
neurons. ( a ) 24 h after IV 
bolus injection of Cy5.5- 
Angiopep2 (100 μg), brains 
were fi xed and fl uorescence 
microscopy was performed 
on brain sections. Cy5.5- 
Angiopep2 was detected as 
 red spots . Nuclei were 
labeled in blue with DAPI 
and brain capillaries were 
labeled in  green  with tomato 
lectin. ( b ) and ( c ) Fluorescent 
co-detection of the astrocyte 
( b ) and neuron ( c ) markers 
after a 10 min brain perfusion 
with Cy5.5-Angiopep2. ( b ) 
Representative imaging of 
Cy5.5-Angiopep2 ( red ) 
colocalized with astrocyte 
marker GFAP ( blue ) ( c ) 
Representative imaging of 
Cy5.5-Angiopep2 ( red ) 
colocalized with neuron 
marker NeuN ( blue )       
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exogenous genes in the brain (Ke et al.  2009 ). In this newly constructed vector, 
PAMAM served as a basic gene carrier, while Angiopep which was synthesized by 
adding a cysteine residue to the N-terminal of Angiopep2 was linked to PAMAM by 
bifunctional PEG. The apparent permeability (Papp) of PAMAM-PEG-Angiopep/
DNA NPs at 60 min reached 85.3 × 10 −6  cm/s (Ke et al.  2009 ). The Papp of PAMAM-
PEG- Angiopep/DNA NPs was signifi cantly increased with time while that of 
 14 C-sucrose maintained at a much lower level, about 1.4 × 10 −3  cm/min as reported 
and indicated that these NPs do not affect the permeability of the in-vitro BBB 
model. The brain uptake of Angiopep-modifi ed NPs increased with the ratio of 
Angiopep on NPs, indicating that Angiopep played a critical role in distribution of 
NPs in the brain involving LRP-1 receptor-mediated transcytosis across the BBB 
and endocytosis in brain cells (Ke et al.  2009 ). 

 Dual-targeting NPs were developed using conjugated angiopep with PEG-PCL 
(ANG-NP) through bifunctional PEG to overcome the low transport rate of chemo-
therapeutics. For examples, paclitaxel (Xin et al.  2011 ; Sun et al.  2012 ) or doxoru-
bicin using PEGylated oxidized multi-walled carbon nanotubes (O-MWTs) 
(Ren et al.  2012 ) have shown effi cient transport across the BBB and good penetration 
into tumor tissue.    

16.7.2.2     Use of Other Ligands to BBB Receptors 

 Ligands other than those covered above have also been used to target receptors 
expressed at the BBB, not all of which have been precisely identifi ed. These ligands 
or fragments of ligands have been linked to NPs in order to deliver a payload of 
active drug into the brain (Tosi et al.  2012 ). 

 The conjugation of the sequence 12–32 (g21) of leptin to poly-lactide-co- 
glycolide NPs resulted in their ability to cross the BBB and to penetrate the brain 
parenchyma as detected by electron microscopy (Tosi et al.  2012 ). The mechanism 
of transcytosis in this case is associated with the leptin receptor which has been 
shown to be expressed at the BBB (Banks et al.  1996 ; Corp et al.  1998 ; Burguera 
and Couce  2001 ). These NPs reach the brain parenchyma but the question remains 
as to whether the amount of drug accessing the brain is suffi cient for therapeutic 
effects (Costantino and Boraschi  2012 ).  

16.7.2.3     The BBB Transmigrating Llama Single Domain 
Antibodies (sdAb) 

 Using a Llama single domain antibody (sdAb) phage display library (Tanha et al. 
 2002 ), a new antigen-ligand system was identifi ed for transvascular brain delivery 
[Muruganandam et al.  2002 ; Tanha et al.  2003 ; Abulrob et al.  2005 ). sdAbs are 
fragments of the heavy chain IgGs which occur naturally at a size of 13 kDa (Tanha 
et al.  2002 ). The transport of two sdAbs, FC5 and FC44 across the human brain 
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endothelial cells is polarized, charge independent, and temperature dependent, 
suggesting a receptor-mediated process. FC5 is targeted to early endosomes, bypass 
late endosomes/lysosomes, and remain intact after transcytosis. The receptor has 
been identifi ed and is related to a novel isoform of the transmembrane domain 
protein 30A (TMEM 30A), also known as CDC50A. CDC50A is responsible for the 
cell surface expression of ATP8B1, which is hypothesized to be a fl ippase for phos-
phatidylserine (PS). CDC50A may be the potential β-subunit or chaperone for 
ATP8B1 (Paulusma et al.  2008 ). FC5 is now being developed to deliver therapeutic 
amounts of drugs (doxorubicin) into the brain after pentamerization and association 
to liposomes.  

16.7.2.4     Advantages and Problems Associated with the Use of Ligands 
to BBB Receptors as Delivery Vectors 

 The use of ligands or fragments of ligands, which bind to specifi c receptors 
expressed on the luminal side of endothelial cells forming the BBB, has limitations. 
Ligands such as transferrin cannot be used as a vector for brain delivery across the 
BBB as transferrin concentration in the plasma is high (mg/ml levels), enough to 
saturate and compete out the administered transferrin. Anti-cancer agents conju-
gated to transferrin need to be locally injected in order to be therapeutically 
effi cacious. 

 The use of LRP-1 and of ligands to the LRP such as LRP-1 have been character-
ized extensively and not all ligands are appropriate as brain delivery vectors. 
Targeting LRP-1 presents certain advantages. It is a receptor able to transcytose a 
variety of ligands from small peptides to very large proteins such as activated 
α2-macroglobulin (700 kDa). LRP-1 is a very fast endocytosed receptor with a half- 
life at the cell surface of less than 30 s, which is 20 times faster than the TR. In 
addition to its rapid endocytosis rate, LRP-1 has multiple binding sites and is con-
stitutively endocytosed or internalized which results in a very high transcytosis rate 
across the BBB. These characteristics make LRP-1 a very high-capacity receptor 
able to transcytose high amounts of ligands very rapidly and making it an optimum 
brain delivery system. 

 Apo E associated with nanoparticles (NPs) by conjugation or adsorption on 
surfactant polysorbate-80 coated on NPs has been shown to target these NPs to the 
brain. The effi ciency is not defi ned but certainly the fact that more than one molecule 
of Apo E may interact with the same receptor can allow it to bypass competition 
with endogenous plasma Apo E, and other ligands to LRP-1. 

 RAP, a chaperone protein for the LRP family of proteins, binds to LRP-1 in a 
noncompetitive way and modifi es the 3D-conformation of the protein, inhibiting 
the binding of other ligands. Its function as a chaperone is to bind to LRP during 
its synthesis in the endoplasmic reticulum to avoid its aggregation with other 
 proteins during transport to the cell surface. RAP may not be a good choice for a 
protein vector for brain delivery as it may hinder the transport of essential sub-
stances to the brain. 
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 Aprotinin (trasylol) (6.7 kDa), its derived peptide sequence corresponding to 
angiopep peptides (angiopep2) (2.3 kDa), and recombinant soluble form of MTf 
(80 kDa) are ligands of the LRP family of proteins and bind with a medium affi nity 
(100 nM–1 μM). LRP-1 is a receptor involved in the transcytosis of these ligands 
across the BBB. These ligands are very effi ciently and rapidly transported across 
the BBB and are released in the brain parenchyma. Having medium affi nity for 
LRP-1, these ligands will not compete with endogenous ligands of this receptor, 
some of which may be essential for the survival of brain cells. In addition, MTf is a 
human endogenous protein, which is present at very low concentration in plasma. 
Ligands to LRP-1 with medium affi nity are the ideal protein vector for brain delivery 
as they are effi ciently released in the brain parenchyma and they take advantage of 
the high capacity of this receptor.    

16.8     Adsorptive-Mediated Transcytosis (AMT) 

 During the past decade, several peptides have been described that allow the intracel-
lular delivery of polar, biologically active compounds in vitro and in vivo (Drin 
et al.  2002 ,  2003 ). All these peptides possess multiple positive charges, and some of 
them share common features, such as hydrophobicity and amphipathicity, the ability 
to interact with a lipid membrane and to adopt a signifi cant secondary structure 
upon binding to lipids. Adsorptive transcytosis involves endocytosis in vesicles of 
charged substances similarly to a receptor-mediated mechanism but less specifi c. 
Peptides and proteins with a basic isoelectric point (“cationic” protein) bind initially 
to the luminal plasma membrane mediated by electrostatic interactions with anionic 
sites, which triggers adsorptive-mediated endocytosis (AME). 

16.8.1     SynB and Protein Transduction Domains 
(PTDS)-Based Vectors 

 SynB vectors are a family of vectors derived from the antimicrobial peptide prote-
grin 1 (PG-1), an 18-amino acid peptide originally isolated from porcine leuko-
cytes. As previously reported, the PG-1 peptide interacts with, and forms pores in, 
the lipid matrix of bacterial membranes. Researchers have designed various linear 
analogs of PG-1. These linear peptides (SynB vectors) are able to interact with the 
cell surface and cross the plasma membrane without their membrane-disrupting 
activity (Drin et al.  2003 ). Coupling of doxorubicin to either SynB1 (18aa) or 
SynB3 (10aa) vectors signifi cantly enhances its brain uptake and bypasses the 
effl ux transporters (Rousselle et al.  2000 ) without compromising the BBB integ-
rity. Using this approach, brain uptake of an enkephalin analog (dalargin) was 
enhanced several 100-fold after vectorization (Rousselle et al.  2003 ). Improved 

16 Development of New Protein Vectors for the Physiologic Delivery…



474

brain uptake and enhanced analgesic potency was observed after systemic admin-
istration of conjugated morphine-6-glucuronide to a peptide vector SynB3 
(Temsamani et al.  2005 ). 

 Protein transduction domains (PTDs) are typically amino acid sequences located 
on transcription factors allowing transport of larger molecules across the cell mem-
branes—examples include the homeodomain of Antennapedia, and penetratin. 
These peptides are basic, positively charged molecules, which bind to negatively 
charged phospholipids of cell membranes and are then taken up by adsorptive- 
mediated endocytosis.  

16.8.2     Use of Cationic, Positively Charged, Peptides 
(Poly-Arginines) 

 Poly-arginines (9 mer of  l -Arg, R9) have shown a very effi cient cellular uptake 
20-fold superior than Tat 49-57  and greater than 100-fold superior than  d -Arg oligomers 
(r9) (   Wender et al.  2000 ). Uptake of basic peptides can be followed by using pri-
mary cultured bovine brain capillary endothelial cells (BBCEC). The steady state 
uptake was temperature dependent and signifi cantly decreased in the presence of 
dansylcadaverine, protamine, and poly- l -Lysine. C-terminal structure and the 
basicity of the molecule rather than the number of constituent amino acids of the 
peptides were shown to be the most important determinants of uptake by AME in 
cultured BBCEC (Temsamani et al.  2001 ). 

 Cationic bovine serum albumin (CBSA) conjugated with poly(ethyleneglycol)-
poly(lactide) (PEG-PLA) nanoparticles (CBSA-NP) have also been designed for 
brain drug delivery (Lu et al.  2005 ). CBSA-NPs incorporated with a lipophilic 
fl uorescent probe, 6-coumarin, were tested in an in-vitro rat BBB model. CBSA-NP 
did not impact the integrity of BBB endothelial tight junctions and showed little 
toxicity against brain capillary endothelial cells. The permeability of CBSA-NP 
was signifi cantly higher (7.8×) than that of BSA-NP (Lu et al.  2005 ). 

 For brain in-vivo imaging applications, the delivery module was conjugated to 
the NIR (near infrared) cy5.5 dye (Pham et al.  2005 ). To this end, a cys was deployed 
on a myristoylated poly-arginine peptide (MPAP) carboxyl-terminal where the thiol 
moiety reacted with the commercially available cy5.5 maleimide via a Michael 
addition reaction. To confi rm that the observed fl uorescence signal was truly from 
the brain, ex-vivo imaging was performed on excised mouse brain. 

 Additional peptides (g7 peptide) have been characterized which can cross the 
BBB. The mechanism of their transcytosis is not clearly defi ned and is probably 
dependent on their amphipathic conformation; these peptides have high affi nity for 
luminal wall lipid bilayer components on endothelial cells (Tosi et al.  2011 ). These 
g7 peptides conjugated to poly-lactide-co-glycolide (PLGA) were shown to cross 
the BBB. Only loperamide delivered to the brain with g7-NPs created a high central 
analgesia, corresponding to 14 % of the injected dose (Tosi et al.  2011 ). 
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 A short peptide derived from rabies virus glycoprotein (RVG) enables the trans-
vascular delivery of small interfering RNA (siRNA) to brain cells (neurons) (Kumar 
et al  2007 ). This 29aa peptide specifi cally binds to the acetylcholine (Ach) receptor 
expressed on the neuronal cells. To enable siRNA binding, a chimaeric peptide was 
synthesized by adding nanomer arginine (9R) residues at the carboxy-terminus of 
RVG. This RVG-9R peptide was able to bind and transduce siRNA to neuronal cells 
in-vitro, resulting in effi cient gene silencing. The mixture of component, peptide, 
and siRNA without covalent association was IV administered into mice. RVG-9R 
was delivered to the neuronal cells and resulted in specifi c gene silencing within the 
brain (Kumar et al.  2007 ).  

16.8.3     PAMAM Dendrimers (Nanoparticles) 

 PAMAM dendrimers were fi rst exploited as an effi cient carrier of doxorubicin. The 
much higher cytotoxic activity of PAMAM/doxorubicin complexes over free doxo-
rubicin implies that the cellular uptake of doxorubicin from the PAMAM/doxorubi-
cin complex includes a transport mechanism other than simple diffusion. The 
mechanism for the increased brain doxorubicin levels (six times) likely consists of 
two aspects: (a) PAMAM/doxorubicin may change the mechanism of doxorubicin 
entry into cells from simple diffusion to AME due to the cationic PAMAM binding 
the negative cellular surface to enhance the uptake of doxorubicin and (b) doxoru-
bicin complexed to PAMAM allows it to bypass effl ux transporters (Cui et al.  2009 ). 

 PAMAM-PEG-RVG29/DNA nanoparticles (NPs) showed higher BBB crossing 
effi ciency than PAMAM/DNA NPs in an in-vitro BBB model (Liu et al.  2009 ). This 
increase may be due to the specifi c targeting of RVG29 coated NPs to neuronal cells 
in the brain parenchyma.  

16.8.4     Nanoparticles Coated with Tat (49-57) Peptides 

 Biologically active polymer core/shell nanoparticles (i.e., micelles) self-assembled 
from Tat peptide (49-57)-PEG-b-cholesterol (Tat-PEG-b-chol) have been fabricated 
and used as carriers for targeted BBB delivery of antibiotics. Ciprofl oxin as a model 
antibiotic was effi ciently loaded into the nanoparticles by a membrane dialysis 
method. The nanoparticles were spherical in nature, having an average size lower 
than 200 nm. The uptake of nanoparticles coated with Tat peptide by human brain 
endothelial cells was greater than without Tat peptide. Tat (49-57, YGRKKRRQRRR) 
peptide is the transduction domain from Tat protein of HIV-1 (Santra et al.  2005 ; 
Liu et al.  2008 ). Most importantly, the nanoparticles coated with Tat were able to 
cross the BBB and localize around the cell nucleus of neurons. These nanoparticles 
may provide a promising carrier to deliver antibiotics across the BBB for the 
treatment of brain infection (Liu et al.  2008 ). 
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 Nanoparticles conjugated with Tat peptide demonstrate an increase in transport 
of encapsulated ritonavir, a protease inhibitor (PI), across the BBB to the CNS, 
bypassing effl ux transporters. Localization of NPs in the brain parenchyma was 
confi rmed by histological analysis of brain sections. The brain drug level with con-
jugated NPs was 800-fold higher than that obtained versus ritonavir alone at 2 
weeks. In conclusion, Tat-conjugated NPs enhanced the CNS availability of the 
encapsulated PI and maintained therapeutic drug levels in the brain for a sustained 
period, a fi nding that could be important because reducing the viral load in the CNS 
may serve to decrease the brain’s ability to serve as a reservoir for the replicating 
HIV-1 virus [Rao et al.  2008 ; Rao and Labhasetwar  2006 ; Dennisson et al.  2007 ). 

 Exosomes, endogenous nano-vesicles that transport RNAs and proteins, can 
deliver short interfering siRNA to the brain in mice (Alvarez-Erviti et al.  2011 ). 
Self-derived dendritic cells were used to produce exosomes in order to reduce 
immunogenicity. The rabies virus glycoprotein (RVG) peptide that specifi cally 
binds to the acetylcholine receptor in the brain was used for targeting these exo-
somes. The precise mechanism used by this exosome to deliver their payloads has 
not been investigated and may be associated with AMT induced by interaction of 
these vesicles with components on the luminal side of the endothelial cells. The 
therapeutic potential of exosome-mediated siRNA delivery was demonstrated by 
the strong mRNA (60 %) and protein (62 %) knockdown of BACE1, a therapeutic 
target in Alzheimer’s Disease, in wild-type mice (Alvarez-Erviti et al.  2011 ).  

16.8.5     Advantages and Problems with the Use of Cationic 
Molecules for Brain Delivery 

 The properties of these cationic peptides are related to the original proteins they 
were derived from (e.g., TAT), which are generally associated with transcription 
factors or membrane disrupting sequences. Cationic molecules such as peptides and 
nanoparticles with excess positive charge bind to negatively charged phospholipids 
composing the cellular membranes of the luminal side of the endothelial cells form-
ing the BBB and are subsequently endocytosed/transcytosed across the cells using 
a nonspecifi c mechanism called adsorptive transcytosis. These peptides or mole-
cules can be used to transfect cells in culture with nucleic acids or to introduce 
associated proteins such as antibodies into the cell’s cytoplasm. 

 The charged properties of these molecules make them not very effi cient to trans-
port compounds across the BBB into the brain because they are usually adsorbed on 
other organs such as liver and lungs before reaching the brain and also present high 
adsorption to plasma proteins. 

 Cationic nanoparticles may also have a toxic effect at the BBB by increasing its 
permeability and allowing unwanted molecules and/or cells to enter the CNS 
(Lockman et al.  2004 ).   
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16.9     Conclusions 

 In addition to small-molecule drugs, there are many promising biopharmaceutical 
agents with potentially high activity for brain targets that, unfortunately, cannot 
enter the brain in suffi cient quantities to be effective. Therefore, new technologies 
are in development to address this problem. 

 In this review new approaches in development to deliver small and large mole-
cules such as biologics to the brain are described. Many techniques used thus far 
have involved injection or infusion of therapeutic compounds directly into the brain 
or the CSF (at the level of the cerebro-ventricles or the subarachnoid space), but 
these routes present great limitations for brain parenchyma distribution and neces-
sitate hospitalization associated with high costs. Only the use of technologies able 
to cross the endothelial cells of the BBB will allow a homogenous distribution of 
therapeutics in the brain and provide a uniform exposure of brain cells. 

 The most promising new technologies use a physiological approach and take 
advantage of endogenous receptors or proteins highly expressed at the BBB, which 
provide brain cells with nutrients. Such proteins can include transporters such as 
amino acid transporters or receptors, e.g., LRP, TR, and IR among others. Ligands 
of these receptors can be used for transcytosis of therapeutic compounds to the CNS 
and are thought to be the best alternative for new brain delivery vectors. Technology 
associated with ligands and optimized fragments of ligands to the LDL receptor- 
related protein (LRP)-1 seem to offer among the most effi cient brain targeting, as 
reviewed in this chapter. 

 A new peptide vector Angiopep demonstrates a high transport rate across the 
BBB and the ability to transport large quantities of drugs to the brain parenchyma. 
In addition, this technology may allow the transport of both small drugs and large 
biologics following conjugation. This technology has been developed for the trans-
port of paclitaxel, a small anti-cancer agent, into the brain following systemic appli-
cation; this product is the most advanced as it is now in two phase I clinical trials for 
the treatment of recurrent gliomas and brain metastasis and has been validated in 
human trials with encouraging results. The conjugate angiopep2-paclitaxel 
(ANG1005) was in two phase II clinical trials. 

 Melanotransferrin (MTf) a new protein vector for brain delivery has been 
developed for the transport of biologics such as lysosomal enzymes and antibodies 
to the brain. MTf has been characterized as a ligand of LRP-1 such that its trans-
cytosis across the BBB and transport within brain cells is likely associated with 
this receptor. 

 More technologies need to be developed taking into account nanoparticles 
modifi ed with targeting peptides such as Angiopep or MTf for brain delivery of 
biologics such as antibodies or nucleic acids for the treatment of brain diseases 
including neurodegenerative diseases, lysosomal storage diseases, and brain can-
cers. The use of nanoparticles may allow a higher payload to be delivered into the 
brain and ultimately allow therapeutic concentrations of active molecules in the 
brain parenchyma.  
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16.10     Points for Discussion 

 The major challenge in the area of brain delivery is fi rst to fi nd an effi cient vector 
for brain delivery using a physiologic pathway mechanism in order to cross the 
BBB. These vectors can be in the form of peptides, proteins, antibodies, or some 
other specifi c formulation such as nanoparticles which target a specifi c receptor at 
the BBB and will cross the BBB by transcytosis. Some questions to be resolved 
with respect to brain delivery vectors include the following:

    1.    Can we fi nd a unique vector that may be used as a universal brain delivery vector? 
This is very improbable as the types of active molecules that are thought to be 
useful in the brain are very diverse, from peptides to DNA.   

   2.    It is important to consider not only brain delivery consisting of the release of 
cargo from its receptor in the brain parenchyma but also the fi nal destination of 
the active molecules in the brain. Is the active compound being delivered to target 
cells, e.g., neurons, and ultimately is the active compound able to gain access to 
the correct intracellular compartment where it may exert its effects?   

   3.    The active compound must not only be delivered to the brain parenchyma; it must 
also reach therapeutic concentrations within the brain. What in vivo assays using 
animals (most commonly mice and transgenic mouse models for specifi c diseases) 
will show therapeutic relevance with respect to brain delivery and in vivo effi cacy?   

   4.    Are the supporting data for a new delivery vector comparable to other data in 
other laboratories? It is important to have external validation of the published 
results and conclusions related to each vector’s effi ciency in crossing the BBB.   

   5.    Should other approaches for brain delivery be considered for a specifi c applica-
tion, e.g., intrathecal injection or intranasal delivery?         
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    Abstract     Gene therapy is an important emerging fi eld of medicine that is already 
starting to make real impact on the lives of chronically ill patients. Nevertheless, 
with regard to treating neurologic disease, the blood–brain barrier is a signifi cant 
obstacle to translation of theoretically benefi cial therapeutics to the clinic. Recently, 
however, major strides have been made that allow for safe, effective transduction of 
central nervous system tissues via the bloodstream, including the use of blood–brain 
barrier disrupters and better appreciation of the innate abilities of certain adeno- 
associated viral and Simian virus 40-based vectors to enter into the brain across 
CNS barriers. The use of these new technologies is likely to have great impact on 
system-wide neurologic diseases such as spinal muscular atrophy, amyotrophic 
lateral sclerosis, lysosomal storage diseases, and many others.  

17.1         Rationale for CNS Targeting via IV Gene Delivery 

 Over the last three decades, the number of diseases linked to aberrant expression of 
specifi c genes has increased exponentially. Appropriately, the fi eld of gene therapy has 
been created to treat the root cause of these diseases by correcting gene expression. 
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While the basic concept of gene therapy is simple, i.e., to replace gene products 
where they were previously missing, there have been various barriers to implement-
ing it in a clinically meaningful way. Targeting the correct cells and using safe vec-
tors is the primary diffi culty that needs to be overcome for clinical application of 
proposed therapies. The blood–brain barrier poses a signifi cant challenge to any 
therapeutic strategy targeting the central nervous system (CNS), and this barrier has 
proven itself to be particularly formidable for gene therapy. Various techniques have 
been successfully employed to this end, such as direct injection, retrograde trans-
port, and, more recently, system-wide targeting through the vasculature (Kaspar 
et al.  2003 ; Azzouz et al.  2004 ; Hollis et al.  2008 ; Foust et al.  2009 ). 

 For some focal neurologic diseases, such as Parkinson’s disease, direct injection 
into neural tissue is a very good option (LeWitt et al.  2011 ). There are many diseases, 
though, that affect large portions of the brain and spinal cord, and meaningful treat-
ment will need to target cells throughout the neuraxis. Direct injections into nervous 
tissue for these system-wide diseases such as spinal muscular atrophy (SMA), 
metabolic disorders (i.e., mucopolysaccharidoses (MPS)), and others would require 
multiple injections into very sensitive neuronal tissue, making it an impractical 
solution. Therefore, less damaging strategies to circumvent the blood–brain barrier 
need to be used in order to deliver genetic material over a substantial area. Delivery 
through the bloodstream using vectors that penetrate the BBB is a new and very 
helpful tool allowing for safe and effective gene transfer, and this will be the focus 
of this chapter.  

17.2     Recent Advances in CNS-Wide Gene Therapy 

 For neurological research, the use of adeno-associated viruses (AAVs) has proven 
to be particularly advantageous (Weinberg et al.  2012 ). AAV is a small, single- 
stranded DNA virus of the parvoviridae family, and most of the known AAV sero-
types have a strong tropism for neuronal tissue. Additionally, AAV has a marvelous, 
well-studied safety profi le; it is not associated with any human disease, is unable to 
replicate on its own, and has very low immunogenicity compared to other viruses 
previously used for gene therapy. Researchers have taken advantage of naturally 
derived or rationally designed serotypes to expand the utility of the AAV family 
(Gao et al.  2002 ,  2004 ,  2005 ; White et al.  2008 ; Asokan et al.  2012 ; Lee et al.  2012 ). 

17.2.1     Self-Complementary AAV Vectors 

 Wild-type AAV has a single-stranded genetic sequence of ~4.6 kb. Upon infection, host 
cell machinery is required to synthesize the complementary strand using the self-prim-
ing inverted terminal repeat (ITR) sequences fl anking the AAV genetic payload. This 
process is somewhat ineffi cient, possibly leading to decreased expression potential. 
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While the mechanics of this process are beyond the intended scope of this chapter, 
manipulation of this mechanism has led to one of the most important innovations in 
AAV gene therapy. In 2001, Doug McCarty in the Samulski lab reported that by 
mutating one of the ITRs and halving the payload size, one could make a self-
complementary, double-stranded vector that does not require second-strand synthe-
sis (McCarty et al.  2001 ). This was found to signifi cantly decrease the latency from 
infection to expression, with a resulting 5–20-fold increase in transduction effi -
ciency. The obvious drawback of using self- complementary AAV (scAAV, a.k.a. 
double-stranded or dsAAV) is the decreased payload, with the maximum size being 
about 2.5 kb. In regard to systemic intravascular delivery to the CNS (discussed 
below), scAAV vectors are particularly important considering the high doses 
required (Gray et al.  2011 ).  

17.2.2     Mannitol Improves CNS Penetration by Transient 
Disruption of the Blood–Brain Barrier 

 In 2003, Haiyan Fu and Doug McCarty found that it was possible to increase trans-
duction of CNS structures after IV injection of AAV by transiently disrupting the 
BBB (Fu et al.  2003 ). Mannitol is a sugar alcohol that has been used to osmotically 
disrupt the BBB to improve CNS penetration after IV drug administration, and it 
has been used in human patients for various indications for years. Drs. Fu and 
McCarty found that AAV2 was almost completely unable to cross the BBB on its 
own, but widespread transduction was possible after pre-injection of IV mannitol. 
Furthermore, in a 2009 report, they defi ned a simple protocol that allowed AAV2 to 
escape around endothelial cells and infect both neuronal and nonneuronal cells of 
the CNS: IV inject 25 % mannitol 8 min prior to IV injection of vector (McCarty 
et al.  2009 ). The timing of mannitol pretreatment is crucial, with an 8-min separa-
tion of dosing being >100-fold more effi cacious than either 5 or 10 min. Importantly, 
this report also included impressive preclinical effi cacy in treating mucopolysac-
charidosis IIIB (MPS IIIB, or Sanfi lippo syndrome).  

17.2.3     AAV Serotypes Expand the Capabilities 
of Gene Therapy 

 Almost all of the initial characterization of AAV was using DNA derived from sero-
type 2 until the 1990s (Carter  2004 ). However, the subsequent discovery and char-
acterization of other serotypes have extended the possibilities of gene therapy since 
each serotype has its own tropism and ability to travel through different compart-
ments in the body (Gao et al.  2002 ,  2004 ,  2005 ; Broekman et al.  2006 ; Wu et al. 
 2006 ; Zincarelli et al.  2008 ). An almost infi nite arsenal of naturally occurring AAV 
serotypes remains to be characterized, and new useful gene therapy candidates con-
tinue to be unveiled. 
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 Good examples of specifi c features of different capsids include AAV1 and AAV2 
which are particularly good at being retrogradely transported by motor neurons 
from the musculature and AAV6, AAV8, and AAV9 which are able to transduce 
skeletal musculature with remarkable effi ciency after IV injection (Kaspar et al. 
 2003 ; Wang et al.  2005 ; Bish et al.  2008 ; Hollis et al.  2008 ; Petruska et al.  2010 ). 
These fi ndings led Kevin Foust and the Flotte lab to assess AAV8’s ability to infect 
motor neuron fi bers in the periphery and be retrogradely transported to the spinal 
cord (Foust et al.  2008 ). Ideally, this would obviate the need for multiple intramus-
cular injections in order to target the entire length of the spinal cord. The results of 
this experiment were somewhat underwhelming, as very few motor neurons were 
transduced. However, this study gave hope that if relatively few AAV8 particles 
could subvert the BBB, perhaps other serotypes would be discovered that could be 
even more effi cient.  

17.2.4     AAV9 Overcomes the Blood–Brain Barrier 
of Multiple Species 

 Similar to AAV8, AAV9 was found to effi ciently escape vasculature and infect stri-
ated muscle. Using techniques similar to those used in his previous AAV8 study, 
Dr. Foust and the Kaspar group injected neonatal mice with high-titer scAAV9 
(Foust et al.  2009 ). Surprisingly, neurons and glia throughout the brain and spinal 
cord were very well transduced. Throughout most areas of the brain, about 15–20 % 
of NeuN+ cells had detectable GFP expression, but in some distinct cell types, such 
as Purkinje cells of the cerebellum, >70 % were transduced. Interestingly, a substan-
tial amount of glial cells throughout the brain were also transduced (Fig.  17.1a, b ).

   In the spinal cord of injected neonatal mice, there was a slightly different pattern 
of transduction. Glial cells were still moderately transduced similar to the brain, but 
the neuron population almost exclusively transduced were motor neurons. The initial 
attempt to quantify motor neuron transduction by immunofl uorescence estimated 
that ~60 % of lumbar motor neurons were GFP+. Subsequent investigation using in 
situ hybridization to detect transgene expression was diffi cult to quantify, but esti-
mates based on this technique confi rm that at least 60–70 % of motor neurons 
expressed GFP transcript after neonatal injection with AAV9-GFP. Interestingly, 
most other neuronal cell bodies within the spinal cord were devoid of detectable 
gene expression, including sympathetic preganglionic cells of the intermediolateral 
column, despite the similarity of these cells to ventral horn motor neurons. However, 
it is clear that ascending fi bers originating from the dorsal root ganglia are also trans-
duced, as the posterior column fi bers are strongly positive for GFP expression though 
these cells are found outside the parenchyma of the CNS (Fig.  17.1c ). The reason 
why lower motor neurons are primarily transduced while others are not remains a 
mystery, but this phenomenon hints that there may be a different mechanism of 
CNS penetration in the brain versus the spinal cord or perhaps the makeup of the 
BBB or blood–spinal cord barrier could be different during the neonatal period. 
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Alternatively, it is reasonable to hypothesize that the site of cellular infection is 
outside the CNS parenchyma in the case of motor neurons, which allows for selec-
tive transduction of these cell types due to their large peripheral axonal exposure 
outside the BBB. 

 In older mice the ability of AAV9 to cross the BBB remained, although the trans-
duction pattern was starkly different. In the brain, astrocyte transduction remained 
high, but neuron transduction was greatly diminished in most sections. The one 
exception to this was the hippocampus, in which the neurons of the cornu ammonis 
remained transduced, especially in the medial portions of the CA1 region as well as 
the dentate gyrus. In the spinal cords of adult injected mice, there was again an age- 
dependent change, where astrocytes were now even more prevalent and the numbers 
of motor neurons transduced decreased precipitously compared to the injected neo-
natal mice. Additionally, the ascending dorsal column neurons were no longer well 
transduced in adult mice. This shift in transduction pattern was fi rst noted in mice 

  Fig. 17.1    Transgene expression after neonatal delivery of AAV9 encoding for a GFP transgene in 
mice ( a – c ) and nonhuman primates ( d – f ). Abundant transgene is expressed in cortical ( a ) and hip-
pocampal ( b ) regions with neurons and astrocytes transduced. The dentate gyrus (DG) and CA1 
regions of the hippocampus have numerous neurons targeting, and some astrocytes as depicted by 
the * AAV9 primarily target motor neurons and sensory fi bers in the spinal cord of neonatally 
injected mice ( c ). The dorsal root ganglion projections (DRGp) are intensely bright, with large 
numbers of motor neurons (MNs) expressing GFP. In a neonatally injected Cynomolgus macaque, 
astrocytes (marked by a *) are mainly transduced in the cortex, with occasional neurons expressing 
the transgene ( d ). Both neurons and astrocytes (marked by a *) are well transduced in primate 
cerebellum ( e ), and motor neurons (MNs) are mainly transduced in the spinal cord ( f ). Neuronal 
marker, NeuN, in  red  for  panels  ( a ,  b ) and ( d ,  e ). Motor neuronal marker, ChAT in  red  for  panels  
( c ,  f ). Transgene, GFP, in  green  for all panels. Scale bars in all panels = 200 μm       
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that were 6 weeks old when injected, but the shift was later found to start at ~4 days 
of age and be completed by about ~10–14 days. While the vascular component of 
the BBB is completely developed by birth, this age-dependent phenomenon corre-
sponds well with the later phase of gliosis, when astrocyte arborization continues to 
occur and endfeet become more intimate with the vasculature over the fi rst 3 weeks 
of life (Caley and Maxwell  1970 ). 

 Soon after the initial report in 2009, independent work in other labs further vali-
dated these fi ndings, with almost identical results. Gray et al. also demonstrated that 
pairing AAV9 with mannitol pretreatment only increased expression intensity by 
~50 %, and subsequent studies have shown similar results (Gray et al.  2011 ). The 
mannitol effect is very minor compared to previous results with AAV2, and it is 
likely due to the innate abilities of AAV9 to cross the endothelia, so disruption of 
the tight junctions is of relatively small benefi t (Fu et al.  2011 ). 

 In addition to injecting neonatal and adult mice, the Barkats group from France 
found the same phenomenon existed in feline models (Duque et al.  2009 ). In 2-day- 
old kittens, neuronal and glial transduction mostly mirrored what was seen in mice, 
with motor neuron transduction being estimated between 30 and 40 % in the spinal 
cord. In older cats (~7 weeks old), motor neurons were well transduced but only at 
an estimated 15 %. 

 In late 2010, AAV9’s ability to transduce beyond the BBB was reconfi rmed in an 
in-depth study in neonatal rats (Wang et al.  2010 ). The results were almost identical 
with what was published in mice, with lower motor neuron transduction surpassing 
75 % when a woodchuck post response enhancing element (WPRE) was used in the 
viral construct. 

 As species-specifi c differences in AAV transduction patterns had already been 
shown with other serotypes, it was of utmost importance to determine whether 
AAV9 could still transduce cells beyond the BBB in nonhuman primates (NHPs) 
(Wu et al.  2006 ). Details on the timing of BBB formation including astrocytosis are 
not available for NHPs, but it can reasonably be assumed that the entire process is 
complete by birth as it is in humans. Fortunately, despite this, AAV9 can indeed 
transduce beyond the BBB in newborn NHPs ( Macaca fascicularis ) (Foust et al. 
 2010 ; Bevan et al.  2011 ). In a subject injected within 24 h of birth, the Kaspar group 
found that, similar to mice, a large portion (>70 %) of spinal motor neurons was 
transduced, along with signifi cant astrocytes and dorsal column sensory fi bers. 
However, the transduction pattern in the brain was similar to the pattern seen in 
adult mouse brains, with glia being present throughout and only the occasional neu-
ron being transduced in the cortex. Interestingly, the hippocampus in NHPs showed 
no specifi c bias for neuronal expression as it did in mice (Fig.  17.1d–f ). 

 Soon, the NHP studies expanded to include 30- and 90-day-old subjects with 
similar results to the newborn (Bevan et al.  2011 ). The Samulski group indepen-
dently investigated the transduction ability of AAV9 in adolescent NHPs ( Macaca 
mulatta ), though the dose was much lower than that used by the Kaspar lab in their 
infantile NHP study (Gray et al.  2011 ). Despite the lower dose, in subjects without 
preexisting AAV9 immunity, impressive transduction occurred throughout the CNS 
with similar neuron-to-astrocyte ratios seen by the Kaspar lab. 
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 Some attempts have been made to determine whether there is an optimal route 
for CNS-wide AAV9 delivery. In the report by Gray et al. in primates and in unpub-
lished work by the Kaspar lab in mice, intracarotid arterial delivery was not shown 
to be signifi cantly more effi cacious than intravenous routes. This is somewhat 
expected since AAV9 is still found circulating in the bloodstream in injected subjects 
for hours post injection, thereby making the “fi rst-pass” effect of arterially injected 
AAV likely of little signifi cance; however, this remains to be fully determined 
(Table  17.1 )   .

   To complement the intravascular studies performed in NHPs, the Kaspar and 
Burghes labs also demonstrated impressive transduction of the spinal cord by intra-
thecal delivery of AAV9 (Bevan et al.  2011 ). In pigs, both motor neurons and astro-
cytes were extensively transduced in all regions of the spinal cord, regardless of the 
level at which AAV9 was introduced into the CSF. This and other more invasive 
techniques for gene delivery are discussed in the next chapter.  

17.2.5     Emerging Viruses and Techniques 

17.2.5.1     Emerging AAV Serotypes Provide a Potential Alternative 
to AAV9-Based Therapy 

 Shortly after the initial discovery that AAV9 could cross the BBB by Foust et al. a 
broader comparison of ten serotypes was performed to compare their abilities to 
cross the BBB by Zhang et al. from the Gao laboratory (Zhang et al.  2011 ). Among 
those tested, it was found that most had at least some ability to transduce CNS struc-
tures when introduced intravascularly, but the four serotypes that well outperformed 
the others were AAV9, AAV.rh10, AAV.rh39, and AAV.rh43. In many cases these 

   Table 17.1    Comparison of distribution in preclinical studies of intravenously delivered AAV9   

 Neonatal  Adolescent/adult 

 Brain  Spinal cord  Brain  Spinal cord 

 Neurons  Glia  Neurons  Glia  Neurons  Glia  Neurons  Glia 

 Mice a   +++  ++  +++  ++  +  +++  +  +++ 
 Rats b   +++  ++  +++  ++  ?  ?  ?  ? 
 Cat c   ?  ?  +++  ?  ?  ?  +  ? 
 Macaque d   +  +++  ++  ++  +  +++  +  ++ 

  “?” Denotes absence of experimental data for the specifi ed category 
  a Mice neonates <4 days old, adult >14 days old 
  b Only neonatal (1-day-old) results published for rats 
  c Neonatal catst were 2 days old at the time of injection, and adolescent cats were 7 weeks old 
  d No difference in infants 1–90 days old ( Macaca fascicularis ), adolescents tested include 3–4-year- 
old  Macaca fascicularis  and  mulatta  species  
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new serotypes were found to perform at least as well as AAV9 in specifi c areas of 
the brain, but there was signifi cant variation that prohibited solid conclusions as to 
which serotype was most appropriate for intravascular gene therapy protocols. 
Additionally, the specifi c fi ndings in the Zhang paper with regard to spinal cord 
transduction were less hopeful than what was reported previously by Foust and the 
Kaspar group. 

 These fi ndings led to a head-to-head comparison of these four serotypes by the 
Kaspar group in collaboration with Dr. Gao to ensure that the correct product was 
moving forward to future clinical trials for treating SMA. Using more sensitive 
immunofl uorescence, they found that all four serotypes highly transduced spinal 
cord motor neurons and scattered glia with very little difference, if any, in effi -
ciency. The fi nding that other serotypes besides AAV9 exist which can transduce 
spinal motor neurons is very important, though, since some patients will be poor 
candidates for AAV9 therapy due to seropositivity for anti-AAV9 antibodies. With 
more serotype options, we hope fewer patients will be denied therapy or need more 
advanced procedures, such as plasmapheresis.  

17.2.5.2     SV40 

 Simian virus 40 (SV40) is a different kind of virus from the polyomaviridae family. 
SV40 has a circular, double-stranded DNA genome about 5.2 kb in length. Many 
associate SV40 with the hype surrounding contamination of polio vaccines pro-
duced by NHP cell lines infected with the virus, although no pathology was proven 
to result directly from this (Mortimer et al.  1981 ). With manipulations of the wild- 
type genome and replacement with therapeutic transgenes, the safety profi le seems 
similar to AAV (Louboutin et al.  2011 ). Like AAV, SV40 can remain episomally, 
but it can also integrate into the host genome with higher frequency than AAV (Chia 
and Rigby  1981 ). 

 In 2010, the Strayer lab reported that when introduced intravenously following 
mannitol pretreatment, recombinant SV40 is also able to transduce beyond the BBB 
in many regions of the CNS (Louboutin et al.  2010 ). Interestingly, some of these 
regions contrast the transduction pattern of AAV9, with cortical cells (mostly neu-
rons) being highly transduced (~30–50 %), but the dentate, ventral hippocampus 
and cerebellum having the lowest transduction rates (<10 %). SV40 seems to trans-
duce occasional microglia, which may be very important for diseases such as amyo-
trophic lateral sclerosis (ALS) (discussed below). Important to note is that when 
injected following mannitol, SV40 preferentially targets CNS structures at the 
expense of liver and kidney transduction, which may be extremely benefi cial when 
trying to avoid peripheral expression of therapeutic transgenes specifi ed for the 
CNS. While SV40 gene therapy has not been studied as in-depth as AAV-based 
protocols, the initial work provides strong evidence that SV40 is very well suited for 
gene therapy targeting the CNS and may appropriately complement AAV9-based 
approaches.    
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17.3     Potential Clinical Applications of AAV9-Based 
Therapies 

17.3.1     scAAV9-SMN as a Treatment for Spinal Muscular 
Atrophy 

 Specifi cally due to the ability to selectively target lower motor neurons, the fi rst 
application of this exciting new method of gene delivery was to determine whether 
systemically delivered AAV9-mediated gene replacement would be suffi cient to 
rescue a model of proximal SMA. 

 SMA is a devastating disease affecting approximately 1 in 10,000 newborns 
worldwide (Roberts et al.  1970 ). Patients with this disease most often present with 
rapid onset of weakness prior to 6 months of age followed by respiratory failure by 
18–24 months, although there is a spectrum of disease severity (Lefebvre et al. 
 1997 ). The weakness is due to dysfunction and loss of motor neurons that innervate 
skeletal muscle. The cause of SMA is decreased expression of the ubiquitous full- 
length survival motor neuron (SMN) protein (Lefebvre et al.  1995 ; Coovert et al. 
 1997 ). SMA is a premier candidate for systemic gene therapy as SMN is required in 
every cell, it is already present in low levels in every cell, and no toxicity has been 
demonstrated in overexpression models or in human subjects with excess copies of 
the gene. Immediately after discovery of AAV9’s potential, the Kaspar lab found 
that a one-time dose of scAAV9 carrying the SMN transgene was suffi cient to cor-
rect the phenotype in a mouse model of severe SMA (Foust, Wang et al.  2010 ). The 
relatively normal life-span of treated animals is far beyond any previous therapy has 
ever achieved, and a clinical trial of systemic scAAV9-SMN is imminent.  

17.3.2     AAV9-hNAGLU as a Treatment 
for Mucopolysaccharidosis IIIB 

 MPS IIIB, a.k.a. Sanfi lippo syndrome, is an autosomal recessive lysosomal storage 
disease, caused by homozygous deletion/mutation of the α- N -acetylglucosaminidase 
( NAGLU ) gene. The result is an accumulation of heparan sulfate in various organ 
systems, including the brain, which leads to developmental and behavioral prob-
lems ultimately leading to premature mortality. MPS IIIB is a top candidate for gene 
therapy since the secreted NAGLU gene product leads to bystander effects, where a 
single transduced cell can support its neighbors (Fu et al.  2011 ). As previously dis-
cussed, AAV9 is able to transduce glial cells throughout the neuraxis at any age in 
NHP studies, so lower doses that lead to scant neuronal expression are likely to 
remain effi cacious. 

 Systemic gene delivery attempts using mannitol prior to using AAV9 have been 
tried with some success, but the greatest benefi t in both behavior and survival was 
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accomplished using a single-stranded AAV9-hNAGLU product (McCarty et al.  2009 ; 
Fu et al.  2011 ). A single dose was administered in 4–6-week-old mice, and the 
median survival increased from ~10 months to ~21 months. Of note, even though 
the less effi cient single-stranded vector was used due to size restriction, the doses 
required for this effect are much smaller than what are required to treat SMA. This 
is likely due to bystander effects and the higher dose needed specifi cally for spinal 
motor neuron transduction. The success in MPS IIIB is likely just a fi rst of many 
successful treatments for similar lysosomal storage disorders.  

17.3.3     AAV9 for Modeling Amyotrophic Lateral Sclerosis 

 ALS is a devastating disease marked by loss of both upper and lower motor neurons, 
leading to a mixture of spastic and fl accid paralysis and ultimately death from respi-
ratory failure. Unlike SMA, where disease progresses in a cell-autonomous fashion, 
almost all cells in the gray matter milieu have been implicated in the destruction of 
motor neurons in ALS, namely, astrocytes, oligodendrocytes, microglia, and even 
endothelia (Boillee et al.  2006a ,  b ; Yamanaka et al.  2008 ; Zhong et al.  2008 ; Lasiene 
and Yamanaka  2011 ). Additionally, the defi nitive genetic cause of ALS has only 
been identifi ed in ~2 % of cases, with ~90 % having no known genetic component 
at all. In the search for a therapeutic target, systemic AAV9 gene therapy may be a 
very useful tool. 

 In 2006 the transactive response DNA-binding protein-43 ( TDP43 ) gene was 
identifi ed as being aberrantly expressed in many ALS patients (Neumann et al. 
 2006 ). Multiple mutations have since been reported, leading to the creation of mul-
tiple versions of transgenic mouse models being made with varying success. In 
2010, Wang et al. used intravascular AAV9 to overexpress TDP43 in glia and motor 
neurons throughout the CNS (Wang et al.  2010 ). The result was a robust model with 
an ALS-like phenotype that can be created in a fraction of the time compared to 
traditional transgenic modeling methods. This method can certainly be expanded 
for further screening of TDP43 variants and other potential targets for ALS. It also 
serves as an important “rapid transgenic” prototype for modeling other neurological 
diseases.   

17.4     Intravenously Delivered AAV9 Is Safe 

 An important step in translation of systemic AAV9 therapy to the clinic is the pre-
clinical demonstration of safety. To this end, the Kaspar lab has performed safety 
studies in mice and NHPs using the scAAV9-SMN product. Since the SMN trans-
gene is expected to be completely benign, the data from this study are more gener-
alizable as a toxicology study of high-dose systemically delivered AAV9 itself. 
Behavior, serum chemistry, hematology, immunologic, and histopathologic studies 
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all provide strong evidence that AAV9-based gene therapy is safe and well tolerated, 
even at doses 100-fold higher than have ever been attempted in human clinical trials. 
The confi dence for a safe and effective therapy continues to increase.  

17.5     Conclusions 

 As we are now in the thick of the “post-genomic era,” we are increasingly con-
fronted with new knowledge regarding genetic disease. Gene therapy, then, is natu-
rally expanding in an attempt to answer the call for new modalities of genetic 
treatment. While targeting cells beyond the blood–brain barrier has presented a 
major hindrance in the past, emerging therapies using AAV and SV40 technologies 
provide safe, effective means for treating many neurological diseases. 

 Not 4 years have passed since the discovery of AAV9’s ability to transcend the 
blood–brain barrier, but this fi nding has already impacted neurological research in 
remarkable ways. As the studies herein have outlined, SMA research and therapy 
development has primarily benefi ted from AAV9-based gene delivery thus far, but this 
technology may also prove very benefi cial when applied to other CNS disorders. 

 Current IV-administered, AAV9-based therapies do have some limitations that 
must be considered for both basic research and clinical applications. First, those 
performing translational research using mouse models must remain cognizant that 
the pattern of transduction in the primate CNS is different than what is seen in both 
neonatal and adult mice. In the case of motor neuron targeting, as is needed for 
SMA gene therapy, the transduction remains the same. For certain other areas, such 
as the hippocampus, neuronal transduction is particularly lower in primate versus 
mouse studies, though astrocyte transduction remains similar. Another potential 
limitation is the high titer required for CNS penetration. While this has been shown 
to be very safe and well tolerated in both rodent and NHP studies, AAV9 is a pro-
miscuous vector with particularly high tropism for striated muscle and liver. In the 
case of innocuous housekeeping transgenes such as SMN, this is of little impor-
tance, but off-target overexpression of other transgenes may not be acceptable. 
However, Pulicherla et al. have demonstrated that modifi cations can be made to 
detarget the liver for systemic applications of AAV9 (Pulicherla et al.  2011 ). Further 
modifi cations may be developed to further narrow the infection profi le of AAV9. 

 In addition to the above, regardless of the vector system used, preexisting immu-
nity is a potential hindrance to effective treatment of patients by almost any delivery 
route but especially when introduced via the bloodstream. Preclinical safety studies 
in the Kaspar lab demonstrate that AAV9 is safe and effective when introduced 
through the bloodstream of seronegative subjects (Foust et al.  2009 ; Foust, Wang 
et al.  2010 ; Bevan et al.  2011 ). Other studies show that seropositivity can decrease 
the effectiveness, but therapy remains safe (Gray et al.  2011 ). The maximum titer of 
anti-AAV9 antibodies that allows for effective transduction will need to be defi ned 
before widespread use of the vector, but even in cases of prohibitively high titers, 
this problem can be circumvented multiple ways. First, the emerging serotypes of 
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AAV.rh10, AAV.rh39, and AAV.rh43 provide alternatives, so when a given patient 
may be immune to one particular serotype, he or she may be immunologically naïve 
to another and still receive benefi t from systemic gene therapy (Zhang et al.  2011 ). 
Of course, preclinical effi cacy in mouse disease models has yet to be performed 
using these new vectors, but we assume that they will work similarly to AAV9. 
Second, moderately high titers can be lowered by plasmapheresis, and this will 
theoretically allow for effi cacious systemic therapy (Monteilhet et al.  2011 ). Third, 
the possibility of utilizing SV40-based treatment is exciting, and it may be an 
acceptable alternative to AAV therapies should a patient be non-eligible (Louboutin 
et al.  2010 ). The effi cacy of SV40 for specifi c disorders has yet to be determined, 
and supporting literature is limited, but initial studies do look very promising, and 
we look forward to seeing more data in the near future. 

 Gene therapy stands to make a substantial impact on the entire fi eld of medicine, 
and neurological disease will especially benefi t from the recent advances discussed 
herein. Where just a few years ago, system-wide gene therapy was completely 
unavailable, we now have multiple options for effi cient gene delivery beyond the 
BBB. We are confi dent that we will see many patients benefi t directly from these 
recent discoveries within the next decade.  

17.6     Points for Discussion 

 How will age and various diseases affect the ability of viral vectors to cross the 
blood–brain barrier? 

 Can we identify the regions or the differences in the viral capsids that allows for 
crossing barriers? 

 Are NHPs predictive for the tropism we will fi nd when viral vectors are delivered 
into humans? 

 What other neurological diseases may benefi t from the advances from these viral 
vectors? 

 Will these vectors be found safe in humans? 
 How can viral vectors be improved, for safety, for effi cacy? Will modifi cations 

based on rational design or evolutionary strategies of the viral capsid be effective 
towards these purposes?     
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    Abstract     Delivering drugs effectively to the central nervous system (CNS) has 
always presented a challenge. The blood–brain barrier prevents signifi cant amounts 
of systemically administered therapeutics from reaching the brain. Traditional local 
CNS delivery (e.g., biodegradable polymers, cerebro-ventricular injection, cell 
implantation) has relied on diffusion, which is dependent on a concentration gradient. 
The rate of diffusion is inversely proportional to the size of the agent and is usually 
slow with respect to tissue clearance, resulting in a non-homogeneous distribution 
often restricted to a few millimeters from the source. By contrast, convection- 
enhanced delivery uses a pressure gradient established at the tip of an infusion 
catheter to create bulk fl ow, “pushing” drugs into a large volume of brain tissue. This 
displacement allows the infused material to engage the vasculature, with rhythmic 
blood vessel contractions acting as an effi cient motive force to move particles along 
perivascular tracts. This chapter describes a fully integrated and FDA-approved 
drug delivery system for cerebral infusion that consists of an MR-compatible aim-
ing device, a refl ux-resistant cannula, and predictive software, allowing the moni-
toring of nanoparticle, viral vector, or small molecule distribution in “real time” 
during brain and brain tumor delivery.  

18.1         Introduction 

    The delivery of high-molecular-weight therapeutic agents within selected regions 
of the brain holds promise for a number of evolving therapies, from the treatment of 
brain tumors and Parkinson’s disease (PD) to rare genetic disorders. However, the 
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precise introduction of these therapeutic agents into focally defi ned brain structures 
represents a signifi cant challenge that presently does not have an adequate solution. 
Administration via intravenous or intra-arterial approaches is limited by the blood–
brain barrier (BBB), which restricts the transfer of macromolecules across the 
capillary wall. An assortment of methods have been explored to overcome the BBB, 
as described in other chapters of this book, but many of these approaches do not 
provide targeted delivery with respect to specifi c anatomical targets. In addition, 
many methods will be limited to the production of transient effects and therefore 
may not be appropriate for chronic drug administration. Macromolecules further 
suffer from minimal ability to permeate tissue based on passive diffusion, limiting 
distribution even once the BBB has been traversed. 

 Direct brain administration of therapeutics has been applied to human studies, 
including patients with brain tumors (Kunwar et al.  2007 ) and in gene therapy trials 
for PD, but with inconsistent results (Eberling et al.  2008 ; Marks et al.  2010 ). These 
trials have suffered from poor drug distribution throughout the target structure and 
poor monitoring of the infusion, incurring enormous expense in both fi nancial and 
patient costs. After promising initial studies showed a therapeutic benefi t for chronic 
infusion of glial-derived neurotrophic factor into the putamen of patients with 
Parkinson’s disease (Gill et al.  2003 ; Slevin et al.  2006 ), a larger follow-on study 
missed its primary endpoint (Lang et al.  2006 ). Similarly, a trial of neurturin gene 
transfer into the putamen of patients with Parkinson’s disease suggested potential 
effi cacy, but the Phase II trial failed to meet its primary endpoint, and retrospective 
analysis of brain tissue demonstrated that poor vector distribution likely contributed 
to the failure (Marks et al.  2010 ). Soon after, repeated delivery of antitumor IL13 
for patients with glioblastoma multiforme failed to extend patient survival, and 
poor drug coverage was again indicated as the potential culprit (Kunwar et al.  2007 ). 
The failure of these trials has underscored the need to address the signifi cant chal-
lenge of effective delivery in upcoming trials. As described below, research from our 
group and others has led the development of many key innovations to address the 
numerous technical challenges of convection-enhanced delivery (CED). These have 
included the design of a refl ux-resistant infusion cannula and specifi cations for 
acceptable infusion cannulae positioning to distribute infused drugs throughout tar-
get structures. In 2005, we introduced real-time monitoring of viral vectors and 
nanoparticles to the brain with magnetic resonance imaging (MRI) (Krauze et al. 
 2005a , b; Saito et al.  2005 ), providing feedback on distribution volumes during infu-
sions. We have since been involved in using MR data to produce and validate soft-
ware to predict and plan brain infusions for a validated CED platform (iPlan Flow, 
BrainLAB, Inc). Through these projects, we have accumulated mounting evidence 
that improved planning coupled with vigilant monitoring of CED infusions can 
produce substantially superior results to those previously achieved (Rosenbluth 
et al.  2013 ).  
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18.2     Convection-Enhanced Drug Delivery 

 CED is an interstitial central nervous system (CNS) delivery technique (Bobo et al. 
 1994 ) that circumvents the BBB in delivering therapeutics into the CNS. Traditional 
local delivery of most therapeutic agents into the brain has relied on diffusion, 
which depends on a concentration gradient. The rate of diffusion is inversely pro-
portional to the size of the therapeutic and is usually slow with respect to tissue 
clearance. Thus, diffusion results in a nonhomogeneous distribution of most deliv-
ered agents, often restricting achievement of therapeutic levels to distances of just a 
few millimeters from the source. In many cases, this limited distribution will not 
result in the desired therapeutic effect. By contrast, CED uses a fl uid pressure gradi-
ent established at the tip of an infusion catheter and bulk fl ow to propagate sub-
stances within the extracellular fl uid space (Bobo et al.  1994 ). CED allows the 
extracellularly infused material to further propagate via the perivascular spaces, 
with rhythmic contractions of blood vessels acting as an effi cient motive force for 
spreading of the infusate (Hadaczek et al.  2006 ). As a result, a higher concentration 
of drug is distributed more evenly over a larger area of the targeted structure than 
what would be seen with a simple injection. CED has been developed as a drug 
delivery strategy and represents a powerful methodology for targeted therapy in the 
fi elds of neurodegenerative diseases, such as Parkinson’s disease (Gill et al.  2003 ; 
Eberling et al.  2008 ), and neuro-oncology (Kunwar  2003 ; Mardor et al.  2001 ). 
Laboratory investigations with CED cover a broad fi eld of application and include 
the delivery of small molecules (Carson et al.  2002 ; Lonser et al.  1999 ), macromol-
ecules (Bobo et al.  1994 ), viral particles (Richardson et al.  2008 ), magnetic nanopar-
ticles (Kroll et al.  1996 ), and liposomes (Krauze et al.  2006 ). 

 Our understanding of CED distribution has been amplifi ed by the realization that 
arterial pulsations within the brain’s perivascular spaces enhance the distribution of 
convected therapeutics (Hadaczek et al.  2006 ), by a better appreciation of the com-
plexities of the extracellular matrix and its effects on convection (Hamilton et al. 
 2001 ; Nguyen et al.  2001 ; Neeves et al.  2007 ), and by consideration of biophysical 
properties of the extracellular microenvironment such as the volume fraction (Sykova 
 2004 ). Technical CED infusion parameters, such as cannula size and shape (Fig.  18.1 ), 
infusion rate, infusate concentration, and tissue sealing time, have been defi ned and 
refi ned to improve distribution of therapeutics (Chen et al.  1999 ; Morrison et al.  1999 ; 
Krauze et al.  2005a , b; Szerlip et al.  2007 ) while limiting potential toxicities and 
morbidities (Krauze et al.  2005a , b; Murad et al.  2007 ; Fiandaca et al.  2009 a, b).

18.2.1       Imaging Drug Infusion as It Happens: 
Real-Time Convective Delivery 

 A major advance in the safe and effi cacious use of CED in clinical neurosurgery has 
been the development of real-time convective delivery (RCD) (Nguyen et al.  2003 ; 
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Krauze et al.  2005a , b). RCD utilizes MRI to visualize the CED process with the aid 
of co-convected contrast agents such as gadolinium-loaded liposomes (GDL) 
(Fig.  18.2 ) (Murad et al.  2006 ; Lonser et al.  2007 ; Fiandaca et al.  2009 a, b); GDL is 
thought to co-distribute with the infused therapeutic, allowing real-time visualiza-
tion of the infusion volume (   Krauze et al.  2005b ,  c ; Saito et al.  2005 ). RCD meth-
odology has evolved through extensive modeling in nonhuman primate (NHP) over 
the years. Visualizing infusions in real time allows active feedback on (1) cannula 
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  Fig. 18.1    ( a ) Schematic of the infusion setup used for real-time convective delivery (RCD). In 
clinical systems, no oil or loading lines are used. Inner fused silica (FS) tubing is extended to the 
Luer-type connector that connects with a syringe that contains the therapeutic agent mixed with 1 
or 2 mmol Gd. It is important to pressurize the system by purging all the air from the line and the 
cannula and by beginning the infusion of the therapeutic agent prior to insertion. Cannulae should 
be inserted into the brain while running infusion at 1 μl/min to prevent any possible occlusion of 
the cannula tip. ( b ) Image of the step-design MR-compatible clinical cannula       

  Fig. 18.2    Example of real-time convective delivery (RCD) of AAV2AADC vector into the NHP 
midbrain. Free gadolinium (Prohance) was used in this experiment       
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placement, (2) physical and anatomical diffusion parameters, and (3) control of 
drug delivery for optimizing gene transfer, thereby reducing the potential for adverse 
effects. Initially described by Oldfi eld and colleagues utilizing albumin-linked sur-
rogate tracers (Nguyen et al.  2003 ), our current technique of RCD employs inter-
ventional MRI (iMRI) to monitor the distribution of therapeutic agents that are 
co-infused with gadolinium-based tracers (Richardson et al.  2009 ). Our initial work 
with GDL (Fiandaca et al.  2009 a, b) has progressed to the co-infusion of free gado-
teridol for predicting the distribution of protein (Gimenez et al.  2011 ) and adeno- 
associated virus serotype 2 (AAV2) vectors (Su et al.  2010 ; Fiandaca et al.  2009 a, 
b; Richardson et al.  2009 ). A similar strategy was used to co-infuse therapeutic 
agent with Gd-diethylenetriamene pentaacetic acid (Gd-DTPA) in a clinical study 
in two patients with intrinsic brainstem lesions at the National Institutes of Health 
(Lonser et al.  2007 ). RCD has allowed us to monitor infusion of liposomal drugs 
into brain tumors (Dickinson et al.  2008 ) and viral gene therapy vectors into paren-
chyma (Fiandaca et al.  2008 ). Visualizing infused drug distribution was necessary 
to ensure accurate delivery of therapeutic agents into target sites while minimizing 
exposure of healthy tissue. Moreover, because infusions could be visualized, we 
were able to defi ne quantitative relationships between infusate volume (Vi) and sub-
sequent volume of distribution (Vd) for both white and gray matter (Krauze et al. 
 2005a , b). This method has given us the ability to directly monitor the local delivery 
of therapeutic agents and has improved the effi cacy of CED in animals. The use of 
RCD has become critical in allowing treating physicians to directly monitor the 
distribution of therapeutics within the brain, as currently under investigation in 
GBM patients (Tocagen trial) and in Parkinson’s patients using AAV2-GDNF 
(UCSF/NIH trial) or AAV2-AADC (UCSF/Genzyme trial). Refl ux along the CED 
catheter or leakage outside the target area, especially at higher fl ow rates, can be 
monitored, allowing corrective steps such as retargeting the catheter or altering the 
rate of infusion (Varenika et al.  2008 ).

18.2.2        Cannula for Convection-Enhanced Drug Delivery 

 During RCD, the Vd for a given agent depends on the structural properties of the 
tissue being convected, such as hydraulic conductivity, vascular volume fraction, 
and extracellular fl uid fraction (Sykova  2004 ). It also depends on the technical 
parameters of the infusion procedure, e.g., cannula design, cannula placement, infu-
sion volume, and rate of infusion (Chen et al.  1999 ; Krauze et al.  2005b ,  c ; Szerlip 
et al.  2007 ). The overall aim of RCD is to improve delivery effi ciency while limiting 
the spread of the therapeutic into regions outside the target. Development of the 
optimal cannula type for effective CED delivery in the brain has also been critical. 
We have examined several types of cannulae with respect to size and design and 
concluded that a stepped design (Fig.  18.1 ) with a fused silica tip provided us with 
the most consistently robust brain delivery (Krauze et al.  2005b ,  c ; Sanftner et al. 
 2005 ; Yin et al.  2010a ,  b ). The stepped cannula dramatically reduces refl ux along 
the infusion device by restricting initial backfl ow of fl uid fl ow beyond the step. 
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18.2.2.1     CED Infusion Catheter Design 

 Refl ux is defi ned as the phenomenon of the movement of infusate back up the 
outside of the cannula rather than into the tissue. A stepped design cannula for CED 
that effectively prevents refl ux allows for refl ux-free infusions at 10 μl/min rates 
that may signifi cantly reduce infusion time as compared to initial gene therapy clini-
cal trials that used CED to deliver AAV2 viral vector (Valles et al.  2010 ; Christine 
et al.  2006 ). Cannula design has been one of the most neglected features of brain 
delivery protocols. Although earlier studies showed that smaller cannula diameters 
permit better delivery, the crucial problem of refl ux was either not assessed or not 
measurable. In our early studies, we confi rmed that smaller cannula diameters 
allowed faster delivery rates, but the smallest available cannulae were associated 
with increasing refl ux when the rate of infusion exceeded 0.5 μl/min (Krauze et al. 
 2005b ,  c ), clearly a signifi cant problem when infusing large volumes. Recently, we 
have been able to increase the infusion rate to 10 μl/min without refl ux by means of 
an innovative stepped cannula (Rosenbluth et al.  2011 ; Krauze et al.  2005a , b), 
which dramatically reduces refl ux along the infusion device by restricting initial 
backfl ow of fl uid beyond the step. The early metal cannula has been replaced by one 
made of silica that also features sharp transitions in outer diameter that prevent 
refl ux (Fig.  18.1 ) (Fiandaca et al.  2009 a, b). The larger diameter of the stem of the 
cannula had an outer and inner diameter of 0.53 and 0.45 mm, respectively. The 
outer and inner diameters of the tip segment were 0.43 and 0.32 mm, respectively. 
The length of each infusion cannula was measured to ensure that the distal tip 
extended 3 mm beyond the length of the respective guide. This created a stepped 
design at the tip of the cannula to maximize fl uid distribution during CED proce-
dures and minimize refl ux along the cannula tract. Our most recent experience with 
step cannula having a variable inner tip diameter allows for safe infusion rates 
above 10 μl/min (unpublished data). Robust refl ux-free delivery and distribution 
of liposomes and AAV viral vectors have been achieved with stepped design cannula 
in rats, NHPs, and humans. The stepped design cannula also allows us to shorten 
the duration of infusion in ongoing clinical applications of CED in humans.   

18.2.3     Optimizing CED into the Brain Parenchyma 

 A key component of successful CED is the site of cannula placement within a par-
ticular targeted area, e.g., the putamen, thalamus, or brainstem. The distance from 
the cannula step to its entry point in the target region was found to be critical for 
optimal distribution of therapeutics. We have developed the concept of red, green, 
and blue (RGB) zones for cannula placement during RCD. We defi ned these zones 
based on the containment of infusate within the target region. Within each region so 
far investigated, we have been able to defi ne a subset of cannula locations associated 
with complete containment within the target (green), substantial containment (blue), 
or poor containment (red). Infusate escape into nearby ventricles or white matter 
tracts was driven by proximity to these structures. We have defi ned three- dimensional 
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RGB zones in the NHP putamen (Yin et al.  2009a ,  b ), thalamus, and brainstem 
(Yin et al.  2010 ). To obtain the most effective distribution of the infused therapeutic 
within the intended target, it was essential to understand the optimal site of place-
ment of the step and tip of the infusion cannula within that target, preferably within 
the green zone (Yin et al.  2009a ,  b ,  2010a ,  b ). Such optimal placement will reduce 
distribution into surrounding white matter tracts (corpus callosum, corona radiata, 
internal capsule, external capsule, and anterior commissure) that serve as leakage 
points (Varenika et al.  2008 ) (Fig.  18.3 ). Such consideration allows more precise 
delivery of the therapeutic to the target structure(s) but lessens the risk of inadvertent 
spread into surrounding brain regions. These factors may also explain some of the 
reported failures of CED in both NHP studies and human clinical trials, with limited 
distributions that may have been related to suboptimal targeting of the infusion 
cannula in relationship to fl uid leakage pathways.

18.2.4        Cannula Placement Guidelines 

 Optimal results in the direct delivery of therapeutics into primate brain depend 
on reproducible distribution throughout the target region. In our recent studies, 

  Fig. 18.3    Description of leakage pathways with the potential to affect distribution of therapeutic 
agents during CED in the putamen. Using a 3 mm step cannula placed within the “green zone,” 
leakage can be minimized. Large blood vessels can also be responsible for leakage, as described in 
Krauze et al. ( 2005a , b)       
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we retrospectively analyzed MRI of RCD infusions into the putamen, thalamus, and 
brainstem of NHP and defi ned infusion parameters referred to as RGB zones for 
cannula placements that result in poor, suboptimal, and optimal volumes of distribu-
tion, respectively. The most robust data was achieved in putamen, and the reason for 
this is that problematic structures (ventricles, corpus callosum) surround this region. 
So it was relatively easy to defi ne RGB zones in this setting (Fig.  18.3 ). By contrast, 
the thalamus and brainstem are larger structures with simpler 3D shapes that do not 
present as much challenge. Clearly, each new target region will impose its own 
anatomical constraints, and optimization of RCD will require empirical determina-
tions to some extent. However, the three regions we have investigated suggest the 
following rules of thumb: When infusate emanates from the tip of stepped cannulae, 
the infusate forms an ovoid pattern with the cannula as the vertical axis. The upper 
dimension of the ovoid extends upwards somewhat less than the length of the step- 
tip. Thus, a 3 mm step-tip will generate a little less than 3 mm backfl ow. In the 
smaller rat striatum, we have adjusted the cannula tip to 1 mm and placed the step 
approximately 1–2 mm from the corpus callosum in order to place the cannula tip 
within the striatum while maintaining a clear separation of the leading edge of the 
backfl ow from the entry point (Yin et al.  2010a ,  b ). These rules may be followed for 
the design of cannulae in smaller structures. With respect to periventricular zones 
for infusion into the putamen, we have found that the cannula should be placed at 
least 3 mm from the external and internal capsules. In general, a cannula trajectory 
that can maintain a distance of 3 mm or more from sensitive structures should ide-
ally be considered for optimal infusions. The size of the striatum in humans is about 
fi vefold that of the Rhesus monkey (Yin et al.  2009a ,  b ), and consideration of such 
target volume differences is an important factor in clinical planning.  

18.2.5     MRI-Guided Placement of CED Cannula 

 In order to further optimize the RCD technology, we have adopted the ClearPoint ®  
system (MRI Interventions Inc, Irvine, CA) to translate targeting from the NHP brain 
into humans. ClearPoint is a novel, integrated hardware (skull-mounted SmartFrame 
device)/software platform for RCD that provides prospective stereotactic guidance 
for cannula placement and performance of RCD (Fig.  18.4 ). This platform is based 
on the concept of prospective stereotaxy, i.e., the alignment of a skull-mounted tra-
jectory guide within an MRI system (Truwit and Liu  2001 ), and is already used in 
clinical studies to perform brain biopsies (Hall et al.  2001 ; Martin et al.  2008 ) and 
placement of DBS leads (Starr et al.  2010 ; Martin et al.  2005 ,  2008 ). In anticipation 
of upcoming gene therapy clinical trials, we adapted this “off-the-shelf” device to 
RCD of therapeutics via a customized infusion cannula. The targeting accuracy of 
this delivery system and the performance of the infusion cannula were validated in 
NHP. The ClearPoint system allows RCD to be performed with a high level of preci-
sion, safety, and predictability (Fig.  18.4b ). This technique will increase the utility 
of RCD for expanding the scope of drug delivery studies. Clinical application of this 
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guidance platform is likely to improve the success of clinical trials employing 
intracerebral drug delivery. Although continued refi nements in RCD may be 
expected, our work over the past decade has resulted in a new paradigm for direct 
parenchymal delivery that may fi nd increasing application in the treatment of cur-
rently intractable diseases like Alzheimer’s and Parkinson’s disease, brain tumors, 
and other movement disorders. Based on the results of RCD, the ClearPoint system 
appears to be highly accurate; satisfactory cannula placement has been achieved on 
the fi rst attempt (without the need for repositioning) in all cases initially studied 
with the ClearPoint system (Richardson et al.  2011 ; Richardson et al.  2008 ). The 
ClearPoint system automatically calculated each targeting error, defi ned as the 
3-dimensional distance between the expected cannula tip location and the actual 
location measured on post-insertion imaging. The average targeting error for all 
targets ( n  = 11) was 0.8 mm (95 % CI = 0.14 mm). We demonstrated that this system 
could place two infusions in close proximity without producing refl ux in the initial 
cannula tract during the course of the second infusion. No technical limitations were 
encountered in redirecting the cannula for infusing multiple targets in the same 
hemisphere. No infusions in any target produced occlusion, cannula refl ux, or leakage 
from adjacent tracts, and no signs of unexpected tissue damage were observed. 
In terms of cannula safety, no MRI-visible hemorrhages occurred during cannula 
placement, and no adverse events occurred during RCD. Standard postoperative 
care assessments also indicated that no RCD-related side effects were observed 
over the course of these experiments (2 months).

   The accuracy of the ClearPoint system surpasses that of our previous experience 
with RCD in NHP where either a guide cannula or a multiport guide array was 

  Fig. 18.4    ( a ) Schematic of the SmartFrame device used for RCD in monkey and human clinical 
studies. ( b ) Example for the RCD in the monkey thalamus using SmartFrame and Clinical cannula 
(SmartFlow)       
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placed stereotactically in reference to a baseline MRI, prior to the iMRI procedure. 
Infusion data obtained by these methods were recently analyzed to determine the 
optimal zones for cannula placement within the putamen, thalamus, and brainstem 
(Yin et al.  2009a ,  b ) that predict contained distribution within the target region. 
Images obtained during RCD in these studies showed that distribution of gadolin-
ium tracer outside of the target structure occurred in 64 % of putaminal infusions 
and in 43 % of thalamic infusions, clearly demonstrating the need for prospective 
stereotaxy. In addition to the ability to choose the target and trajectory in real time, 
there are other advantages to the ClearPoint system that may explain improved per-
formance over previous experimental studies. In comparison to the cannula used in 
our most recent NHP studies (Yin et al.  2010a ,  b ), the internal diameter of the cur-
rent cannula was smaller (200 vs. 324 mm). Additionally, the skull-mounted 
SmartFrame provides a rigid housing for the cannula that restricts axial movement 
during brain insertion. Therefore, the ClearPoint system allows RCD to be per-
formed with a high level of precision, predictability, and safety. This technique 
should increase the utility of RCD for expanding the scope of drug delivery studies. 
Clinical application of this platform is likely to improve the success rate for clinical 
trials employing cerebral drug delivery by direct infusion (Fig.  18.5 ).

18.2.6        Simulation Algorithm for RCD 

 The theoretical groundwork describing how the infusion and tissue parameters 
affect infusate distribution has been previously described (Morrison et al.  1999 ). 

  Fig. 18.5    RCD setup in brain tumor patient. Infusion line is directly connected to MR-compatible 
infusion pump       
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This theory was developed into software that predicted the infusate distribution 
from MRI data by using diffusion tensor imaging (DTI) information to estimate the 
geometry of the underlying tissue (Sampson et al.  2003 ). This software was initially 
validated in a malignant glioma study by comparing the predicted distribution to the 
distribution detected with SPECT after co-infusing  123 I-labeled human serum albu-
min (HSA) into brain tissue surrounding resection cavity in eight patients receiving 
infusions of cintredekin besudotox. This validation showed the clinical utility of 
using software for planning trajectories and simulating infusion distribution. 
Recently we adopted the simulations for infusion techniques that will be used in 
ongoing clinical trials to do a highly accurate validation of the predictability of 
distributions. The validation data was a large series of gadoteridol (Prohance) infu-
sions in 26 NHPs conducted with real-time MRI visualization. Using MRI to quantify 
the distribution provided submillimeter resolution with high signal contrast due to 
the T1-shortening effects of the gadoteridol. These infusions were part of protocols 
evaluating the safety and efficacy of using CED for gene therapy and hence 
followed the protocols of approved clinical studies. The gene therapy agents under 
evaluation were co-infused with the gadoteridol and included AAV2-GDNF, AAV2-
hASM, AAV2-Tor1A mutant, and AAV2-AADC. The infusions used a cannula 
with a step design at the tip that required adapting the simulations. The simulation 
algorithm was validated by comparing the predicted volume of distribution to the 
distribution of gadoteridol observed in the MRI images. The goal was to inform 
clinicians using this method to plan surgeries how well they can expect the actual 
distribution to refl ect the predicted infusion. This analysis showed that the simulation 
adequately predicted the measured gadolinium distribution volume even for 
challenging infusions involving short times or small volumes and demonstrated the 
algorithm’s ability to predict the infusate distribution from a known cannula tip 
position (Rosenbluth et al.  2012a ). 

 Accurate prediction is critical to allow a physician to plan optimal implantation 
of cannulae on a patient-by-patient basis to maximize therapeutic coverage with 
minimizing of target drug delivery. The next step will be to incorporate a stereotac-
tic navigation system and evaluate the ability to predict the infusate distribution 
prior to cannula placement (Rosenbluth et al.  2012b ).   

18.3     Delivery of Therapeutic Proteins Directly 
into the Cerebrospinal Fluid Space 

 More global brain disorders such as Alzheimer’s disease or lysosomal storage 
diseases (LSD) as well as spinal cord diseases, e.g., amyotrophic lateral sclerosis 
(ALS) and spinal muscular atrophy (SMA), could benefi t from a therapy that 
provides a comprehensive treatment of the whole brain or the spinal cord, 
respectively. 

 Because the brain pathology in LSD diseases is global, it will be necessary to 
achieve widespread CNS distribution of therapeutic enzyme in these diseases. 
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To date, protein infusions into the cerebrospinal fl uid (CSF) has seen very limited 
success. It is currently unclear whether a therapeutic protein delivered to the brain 
by the CSF route can ever achieve therapeutic levels throughout the human brain 
with existing methods/paradigms (Fig.  18.6 ). While studies performed in mouse 
models of LSD utilizing ICV delivery may demonstrate global enzyme distribution 
and functional correction (Dodge et al.  2008 ), translation to the larger NHP brain 
has been limited (Ziegler et al.  2011 ), suggesting that this strategy faces signifi cant 
challenges when applied in the human brain (Fig.  18.7 ).

    The CSF compartment has been used as a conduit to achieve more global CNS 
distribution of proteins. Direct injections of sulfamidase into the cisterna magna 
have reduced pathologic substrate in the brains of mucopolysaccharidosis (MPS) 
IIIA mice (Hemsley et al.  2007 ,  2008 ) and within select brain regions of Huntaway 
dogs (Hemsley et al.  2009 ). Studies in MPS I animal models have also shown suc-
cess with an intrathecal (IT) approach (Dickson et al.  2007 ). Intracerebroventricular 
(ICV) delivery could provide more widespread distribution of enzyme by taking 
advantage of the natural CSF fl ow from the ventricles. Widespread reduction of 
intracellular storage pathology has been demonstrated in rodent models after ICV 
administration of recombinant enzymes and has resulted in improved motor func-
tion in ASM knockout mice (Chang et al.  2008 ), along with increased survival in 
Gaucher mice (Cabrera-Salazar et al.  2010 ) and effi cacy in additional LSD models 
(Chang et al.  2008 ; Lee et al.  2007 ). 

 In larger brains, ICV administration of high-molecular-weight molecules has 
given variable results. In primates, ICV infusions of glial cell line-derived neuro-
trophic factor (GDNF) led to behavioral/motor improvements in MPTP-induced 

  Fig. 18.6    3-D reconstruction of thalamic CED/RCD of Gd in NHP using step-design cannula and 
MR detection of the infusion ( left side ). By contrast, ICV infusion of Gd ( right side ) shows limited 
distribution surrounding the lateral ventricle with some limited diffusion of Gd into the caudate 
nucleus and septum       
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hemi-parkinsonian NHPs (Gash et al.  1996 ; Zhang et al.  1997 ; Grondin et al.  2002 ) 
but in clinical translation failed to improve the parkinsonian condition of patients 
   (Nutt et al.  2003 ). An autopsy of one trial patient (Kordower et al.  1999 ) indicated 
that the GDNF ICV infusion did not reach the intended target(s).  

18.4     Delivery of AAV9 Directly into CSF Space 

 An alternative approach to IT delivery of therapeutic proteins is CSF delivery of viral 
vectors. Global gene therapy approaches have so far consisted of the intravenous 
delivery of viral vectors such as AAV9 that cross the BBB (Foust et al.  2009 ; Gray 
et al.  2011 ; Samaranch et al.  2012 ). Recently, we reported that injecting AAV9 into 
the cisterna magna (CM) provided a more extensive transduction of large structures 
like the brain cortex (Samaranch et al.  2013 ). Remarkably, AAV7 and AAV9 vector 
infusion into the cisterna magna and/or lumbar CSF region of NHPs is capable of 
signifi cant transduction of either cortical neurons or glia cells, with the specifi c pop-
ulation transduced dependent upon the type of promoter used to drive gene expres-
sion (Samaranch et al.  2013 ). In addition, almost complete transduction of cerebellar 
Purkinje cells and spinal cord motor neurons was achieved after CSF delivery of 
AAV9 vector (Fig.  18.8 ). Despite these very promising results, the long-term conse-
quences of AAV-9 delivery into the CSF to correct CNS defi cits still need to be estab-
lished. This route of delivery for AAV9 encoding secreteable proteins may yet have 
signifi cant clinical application, especially in disorders such as SMA or LSDs.

  Fig. 18.7    Unilateral ICV administration of MRI tracer in a monkey.  Panel  ( a ) shows the initial 
distribution in the lateral ventricle on the side of the infusion. MRI tracer is present in the CSF in the 
brain and spinal cord after 30 min of infusion ( b ). The same animal was treated with a unilateral infu-
sion of acid sphingomyelinase (ASM) recombinant protein ( c ). Note that ASM protein was primarily 
detected in the outer layer of cerebral cortex with just 1–2 mm diffusion into the parenchyma       
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18.5        Future Development 

 The ability of this RCD platform to deliver controlled volumes of drug to any struc-
ture in the NHP brain with highly accurate localization (on the order of 1 mm), and 
the capacity to monitor the infusion in real time, expands the utility of the NHP 
brain to model human disease and aids in the development of novel therapies. The 
NHP brain is uniquely suited for neurosurgical investigation of therapeutic delivery 
due to similarities between human and primate anatomy and physiology that cannot 
be closely modeled in other species (Richardson et al.  2008 ). We anticipate that this 
system will facilitate the creation of new NHP disease models due to the novel ability 
for precise infusion of therapeutic agents within discrete brain regions. Our recent 
investigations comparing linear measures in humans versus NHP will allow us to 
translate our NHP stereotactic (RGB) targeting data to humans, thereby facilitating 
advancement of these techniques into the clinic. In addition, we expect that ongoing 
studies will allow modeling of specifi c patterns of viral vector distribution and sub-
sequent gene expression in structures to be targeted, such as mapping infusions in 
the putamen for Parkinson’s disease. The evolution of this system may also include 
tools that aid the neurosurgeon in planning, delivering, and anticipating the func-
tional outcome of infusions into multiple brain locations. For instance, initiatives to 
incorporate the auto-segmentation of target structures and surrounding anatomy, 
as well as auto-segmentation of infusion volumes in real time, are under way. 
Eventually, analysis of retrospective and prospective infusion data in the NHP brain 

  Fig. 18.8    NHP treated with AAV9 vector expressing GFP. Vector was infused into the cisternal 
and lumbar CSF. At 4 weeks robust GFP expression is detected in the brain ranging from prefrontal 
( a ) to occipital ( b ) cortex. Mostly cortical regions show expression with very limited subcortical 
transduction. Neuronal expression ( c ) is evident in the cortex as well as in the cerebellum ( d ). 
 Panel  ( e ) represents motor neuron transduction in the spinal cord and ( f ) dorsal root ganglia 
(DRG). Transduction of the motor neurons is likely the result of axonal transport of AAV from 
DRG cells       
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may allow the development of predictive algorithms where system software can 
forecast areas of drug distribution or transgene expression based on a selected loca-
tion for cannula placement. 

 It remains critical, however, for investigators and clinicians to understand the basics 
of CED technology prior to considering its use for human trials. A lack of understand-
ing will not allow the proper assessment of this delivery option and prevents a fair 
comparison to alternatives. Deciphering the mechanisms and critical points associ-
ated with CED has been painstakingly worked out over the last 25 years.  

18.6     Points for Discussion 

•     Why should investigators work to understand how catheter size, shape, and correct 
placement are essential to minimize tissue trauma and enhance the convection of 
infusate while minimizing refl ux?  

•   Why are fl ow rates critical to the CED process? Flow rates should typically not 
be used above 15 μl/min in an effort to avoid refl ux or focal tissue cavitation.  

•   Why is it so important to understand optimal infusion catheter placement within 
the brain parenchyma, especially related to proximity to the ventricular system, 
subarachnoid space, or tumor resection cavity? Describe how catheter placement 
might be critical in maximizing effective Vd.  

•   Why is the ability to directly visualize the CED process with RCD essential for 
reproducible treatment strategies, improved patient safety, and a better determi-
nation of therapeutic effi cacy?        
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    Abstract     The blood–brain barrier (BBB) is a complex, functional barrier composed 
of endothelial cells, pericytes, astrocytic endfeet, and neuronal cells. This highly 
organized unit expresses a selective permeability for molecules that possess ade-
quate molecular weight and suffi cient liposolubility. Unfortunately, many potential 
therapeutic agents do not cross the BBB. As the BBB limitation has become more 
and more acknowledged, many innovative surgical and pharmacological strategies 
have been developed to circumvent it. This chapter focuses on the osmotic opening 
of the BBB. Since its inception by Rapoport in 1972, preclinical studies have pro-
vided important information on the extent of BBB permeation using this strategy. 
Neuwelt and colleagues further developed the osmotic opening of the BBB and 
brought it to the clinic. However, many questions remain as to the detailed physiology 
of the procedure, its long-term physiological impacts, and its best application to the 
clinic. Here we describe the results from ongoing studies relating to the spatial and 
temporal distribution of molecules after osmotic BBB breaching as well as the 
window of BBB permeabilization. We also summarize recent clinical series high-
lighting promising results in the application of this procedure. Finally, we discuss 
different approaches used to maximize the reach and effi cacy of the procedure as well 
as to measure its physiological impact.  

19.1         Introduction 

    The fi eld of neuro-oncology is affl icted by several therapeutic limitations, one of 
which is the blood–brain barrier (BBB) (Van Den Bent  2003 , Mathieu and Fortin 
 2006 ). Even though the BBB is universally recognized as a physiological entity, its 
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impact on brain tumor treatments is still controversial. As exemplifi ed by contrast 
enhancement on CT or MRI scans, the function of the BBB is at least partially 
compromised in the presence of malignant tumors, whether it be glial (primary) or 
metastatic (secondary) (Provenzale et al.  2005 ). This breach in the integrity of the 
BBB is highly variable, heterogeneous, and dependent on tumor type and size 
(Rapoport et al.  1972 , Kroll and Neuwelt  1998 ). As a consequence, systemically 
administered drugs often distribute unevenly, with a preferential accumulation in 
the necrotic core of brain tumors (Tosoni et al.  2004 ). Drug penetration at the edge 
of the tumor is negligible, as has been shown in an elegant in vivo study using 
fl uorescein as a marker of vascular permeability (Sato et al.  1998 ). 

 The presence of the P-glycoprotein (P-gp) effl ux pump and other ABC transport-
ers at the luminal surface of the brain capillaries (as well as at the surface of tumor 
cells) further limits the entry of therapeutics, and the constant fl ow of cerebral spinal 
fl uid (CSF) emanating from perivascular spaces toward the ventricular compartment 
also contributes to a decrease in the actual concentration and time of exposure of 
tumor cells to chemotherapy when treating CNS neoplasms (Bellavance et al.  2008 ). 

 As there is no doubt that the BBB suffers from variable degrees of breach in its 
integrity in the presence of malignant brain tumors, an impediment to drug deliv-
ery therefore remains signifi cant, and strategies to optimize delivery should be 
considered if one is to really impact patient outcomes in neuro-oncology (Lockman 
et al.  2010 ). 

19.1.1     The Blood–Brain Barrier as an Impediment 
to the Treatment of Brain Tumors: A Historic View 

 Ehrlich was the fi rst to describe the BBB in 1906 (Bellavance et al.  2008 ). Ironically, 
he also coined the term “chemotherapy” and originated the idea of the “magic bullet,” 
a concept that has become a current focus in oncology research with the advent of 
the so-called targeted therapy. In 1921, Stern and Gauthier observed that the barrier 
between the vascular compartment and the brain was selective to certain agents and 
called it “la barrière hémato-encéphalique” (Stern and Gautier  1921 ). Brodie et al. 
later detailed the signifi cance of a molecule’s lipid solubility as an indicator of its 
permeability through the barrier in 1960 (Brodie et al.  1960 ). A series of investiga-
tors next established that tight junctions between the cerebral capillary cells served 
as the prime anatomical basis for the barrier (Brightman et al.  1973 ). Muldoon et al. 
more recently investigated the possible role played by the basement membrane 
(basal lamina) as a secondary impediment to molecule delivery to the central 
nervous system by virtue of its negative charge (Muldoon et al.  1995 ). In addition 
to these factors, it has been found that the astrocytic foot processes as well as the 
pericytes also play a role in modulating BBB properties. 

 The “neurovascular unit” is a term used to refer to the complex functional barrier 
collectively composed of endothelial cells, pericytes, astrocytic endfeet, as well as neu-
ronal cells (Davson and Oldendorf  1967 ; Cohen et al.  1996 ; Cohen et al.  1997 ; 
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Fenstermacher et al.  1988 ; Reese and Karnovsky  1967 ). This highly organized system 
confers unique properties to the CNS vasculature accounting for the selective perme-
ability of the BBB. Endothelial tight junctions, lack of fenestrae, and low pinocytic/
endosomal transport prevent the entry of hydrosoluble molecules into the brain 
across the BBB (Wolburg and Lippoldt  2002 ; Abbott et al.  2006 ; Deeken and 
Loscher  2007 ). Moreover, astrocytic endfeet apposition practically seals CNS vas-
cular structures shut by covering nearly 99 % of their external surface (Abbott et al. 
 2006 ; Deeken and Loscher  2007 ; Smith and Gumbleton  2006 ). This peculiar orga-
nization of the BBB restrains passive transport (non-receptor- or non-carrier-medi-
ated transport) to the CNS compartment from the blood.   

19.2     Current Status 

19.2.1     Altered BBB in the Context of Brain Neoplasia 

 The BBB can be modifi ed by any CNS lesion, as is the case with brain tumors. 
Whereas there are different types of brain tumors, the pathophysiological alterations 
caused to the BBB need to be addressed differentially by stratifying tumor type as 
primary (glial) or secondary (metastatic), as the mechanisms involved and the 
implications to the BBB are quite different. 

19.2.1.1     Glioma 

 The BBB is affected by the presence of a glial tumor. This breach in the integrity of 
the BBB is variable, heterogeneous, and dependent on tumor type, grade, and size 
(Rapoport et al.  1972 ; Kroll and Neuwelt  1998 ). As most low-grade and up to 30 % 
of high-grade glial tumors do not present contrast enhancement at MRI, a signifi -
cant amount of these tumors may not greatly impact BBB permeability. However, 
for those that do, they do so in an extremely inconsistent fashion. As a consequence, 
drug distribution is uneven, with a preferential accumulation in the necrotic areas of 
high-grade tumors (Tosoni et al.  2004 ). Drug penetration at the proliferating edge of 
glial tumor is extremely low (Sato et al.  1998 ). 

 As an illustration of the potency of the BBB to impede drug delivery, Boyle and 
colleagues reported fascinating fi ndings while studying vincristine penetration in a 
9 L rat glioma model (Boyle et al.  2004 ). The authors found negligible vincristine 
delivery in tumors despite a clear increase in permeability, as evidenced by a marked 
Evans blue staining. Evans blue binds to albumin once in the circulation, so a 
macroscopic blue discoloration of the brain parenchyma suggested that the 66 kDa 
albumin could cross the blood–tumor barrier (BTB) to reach the CNS (Blanchette 
and Fortin  2011 ). Despite the fact that the authors elected to administer the vincris-
tine intra-arterially to improve CNS delivery, drug concentration was 6–11-fold 
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higher in the liver when compared to tumor levels and 15–37-fold higher in the liver 
compared to the normal brain levels in non-implanted animals. The authors thus 
concluded that this observation was likely explainable by the activity of the P-gp 
effl ux pumps blocking the entry of the vincristine xenobiotic. 

 Another interesting study performed by Sato et al. also support similar fi ndings 
in humans (Sato et al.  1998 ). In a daring and elegant design, these investigators used 
fl uorescein micro-angiograms to assess BBB integrity after having performed a 
neurosurgery in four patients. The authors found that although the BBB was 
partially permeable to the fl uorescein, an important fi lling defect was observed at 
the immediate periphery of the tumor, suggesting competent barrier properties at that 
location. The administration of mannitol improved fl uorescein delivery by increasing 
BBB permeability within the tumor, mostly at the venous capillary level as well as 
at the periphery of the tumors.  

19.2.1.2     Metastatic Disease 

 The metastatic process involves different interactions altogether between the 
implanting cancer cell and the brain microenvironment, the so-called seed-and-soil 
concept. Resident CNS cells such as astrocytes and microglial cells play an active 
role in the way metastatic tumor cells seed, establish, and fl ourish in the brain 
(Deeken and Loscher  2007 ). This active process requires recruitment of blood 
vessels via different mechanisms, whether it be angiogenesis, vasculogenesis, 
co- option, intussusception, or vascular mimicry. Notwithstanding the process, these 
vessels and their associated BTB properties present certain morphological features: 
they have a signifi cantly larger dilated diameter, have a thicker basal membrane, and 
present a lower microvessel density than the surrounding normal brain parenchyma 
(Eichler et al.  2011 ). More so, the tight junction structure is compromised, the 
perivascular space is increased, and fenestrations as well as pinocytic vacuoles can 
sometimes be found in these vessels (Deeken and Loscher  2007 ). 

 These brain tumor vessels also depict a different expression profi le of effl ux 
transporters, even though this difference is not very well characterized at the present 
time, as many discrepancies between the results of different studies have been 
reported (de Boer and Gaillard  2007 ; de Boer et al.  2003 ; Lee et al.  2001 ; Loscher 
and Potschka  2005 ; Guo et al.  2010 ). Some confusion arises because these proteins 
can also be expressed directly by tumor cells in addition to cerebral vessels (Shen 
et al.  2008 ). However, as a generalization, most studies looking at the expression of 
P-gp (and/or other ABC transporters) at the BTB in the context of brain metastasis 
have found either decreased or unchanged expression, relative to the levels in sur-
rounding brain vessels (Deeken and Loscher  2007 ). To the contrary, tumor cells 
have often shown an increase in the expression profi le of these transporters relative 
to normal glial cells (Shen et al.  2008 ). 

 All these observations support the caveat that even if the permeability of the 
BBB and BTB in malignant brain tumors is abnormal, it is nonetheless suffi ciently 
preserved to represent an obstacle to delivery. Therapeutic drug levels are thereby 
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often insuffi cient within brain regions protected from the systemic circulation by 
this partially and heterogeneously breached barrier. By steeply reducing the concen-
tration of intravenously administered chemotherapeutic agent at the periphery of the 
tumor, a sink effect is yet another mechanism that can contribute to chemotherapy 
failure in CNS neoplasm treatment. Although the BBB is breached in primary and 
secondary brain tumors, other factors can limit the delivery of antineoplastic 
agents, such as an increase in interstitial pressure within the tumor tissue as well as 
in the brain surrounding the tumor. The presence of numerous effl ux pump systems 
targeting xenobiotics must also not be neglected as an additional impediment to 
brain entry. 

 Distressingly, when dealing with brain tumor patients, several iatrogenic factors may 
reestablish BBB integrity, thereby further impeding drug delivery. Anti- angiogenic 
therapies such as bevacizumab and the use of dexamethasone are commonly used 
medications exerting this effect.   

19.2.2     Bypassing the BBB 

 Different approaches have been advocated to improve delivery across the BBB over 
the years. These approaches can be broadly classifi ed as local, regional, or global in 
their ability to bypass the BBB. In this chapter, we focus the discussion on the 
osmotic permeabilization of the BBB, an invasive approach offering the potential of 
global delivery (Table  19.1 ).

19.2.3        Osmotic Blood–Brain Barrier Disruption 

 This approach involves the cerebral intravascular infusion of hypertonic solutions to 
produce a transient increase in permeabilization of the barrier, in one of the three 
selected vascular cerebral distributions (left and right carotid, vertebrobasilar). There 
is now extensive animal and human clinical data on the use of this strategy (Kroll and 
Neuwelt  1998 ; Fortin and Neuwelt  2002 ; Neuwelt  1989 ). When one considers the 
extensiveness of the vascular network supplying the brain, it becomes obvious that a 
global delivery strategy is plausible with the use of this vascular network as an ave-
nue of delivery. The extensiveness of this network has already been illustrated by 
Bradbury and colleagues, stating that the entire network covers an area of 12 m 2 /g of 
cerebral parenchyma (Neuwelt  1989 ). The extent of this network is further exempli-
fi ed by the fact that the brain receives 20 % of the total cardiac output, while its 
weight constitutes only 2 % of the total body mass (Bradbury  1986 ). By increasing the 
permeability of these vessels, temporarily inactivating the function of the BBB, global 
drug delivery can be achieved (Fig.  19.1 ). This inactivation in the BBB function 
obviously needs to be transitory, with a time window of suffi cient duration to allow 
the intra-arterial infusion and delivery of a therapeutic molecule.
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   Table 19.1    Strategies to circumvent the blood–brain barrier   

 Strategy  Methods  Potential applications 

  Surgical  
 Convection-enhanced 

delivery 
 Catheters placed around the resection 

cavity at the time of surgery 
 To improve local control 

rates or prevent relapse 
after gross total resection 

 Osmotic BBB 
disruption 

 Intra-arterial infusion of hyperosmotic 
agent before intra- arterial infusion of 
chemotherapeutic, antibody, or 
nanoparticle drug 

 Multiple brain metastases 
from a chemosensitive 
primary tumor 

 Targeted ultrasound 
BBB disruption 

 Intravenous injection of preformed gas 
bubbles before pulsed ultrasound 
treatment 

 Single or limited number of 
brain metastases from a 
chemosensitive primary; 
single refractory or 
recurrent brain metastasis 

  Pharmacological  
 Bradykinin analogs  Intravenous or intra-arterial b1 or b2 

agonist delivery to transiently 
increase the permeability of the BTB 

 In combination with 
chemotherapy agents 

 Exploiting RMT: TfR, 
IR, IGF-1R, LRP-1 

 To achieve RMT, chemotherapy of 
choice linked to an antibody that 
targets the TfR, IR, IGF-1R, or 
LRP-1 

 Broad applicability for single 
or multiple brain 
metastases 

 P-gP inhibitors  Inhibiting the drug effl ux pump (for 
example, HM30181A, cyclosporine 
A, valspodar, elacridir, zosuquidar) 

 Administration concurrently 
with chemotherapy for 
broad applications 

   BBB  blood–brain barrier,  IGF-1R  insulin-like growth factor-1 receptor,  IR  insulin receptor,  LRP-1  
low-density lipoprotein receptor-related protein 1,  P-gP  P-glycoprotein,  RMT  receptor-mediated 
transcytosis,  TfR  transferrin receptor  

  Fig. 19.1    Graphical sketch illustrating the hypothesis concerning the osmotic BBB modifi cation. The 
tight junctions are shown ( a ) as devoid of any anatomic space between the endothelial cells. Moreover, 
the multidrug resistance gene product, or P-gp effl ux pump, is also illustrated as it is integral to the 
mechanism of the barrier. The osmotic BBBD procedure induces a retraction in the cell membrane 
and a physical opening ( b ) accompanied by a modifi cation of the Ca 2+  metabolism in the cell       
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19.2.3.1       Preclinical Data 

 Different blood–brain barrier disruption (BBBD) animal models have been 
described in the literature; murine models have been the most commonly reported, 
likely due to their ease of use (Blasberg et al.  1990 ). In these animals, the procedure 
is standardized and has been described in detail in numerous studies (Oztas and 
Kucuk  1995 ; Kroll et al.  1998 ; Neuwelt et al.  1998 ). Briefl y, after general anesthesia 
and endotracheal intubation, the carotid complex is surgically exposed, and the 
external carotid artery is isolated. After incision and retrograde cannulation of the 
external carotid artery with a PE-50 tubing, the tip of the catheter is positioned near 
the carotid bifurcation. A hypertonic solution of mannitol (25 %) is then infused in 
a precise predetermined volume and rate into the internal carotid artery, followed by 
the administration of the therapeutic agent (Fortin et al.  2004 ). 

 This procedure is infl uenced by many factors, one of which is the anesthetics 
used. Indeed, different investigators have suggested that the anesthetic agents must 
be chosen carefully because their hemodynamic effects can impact the intensity of 
the BBB opening (Gumerlock and Neuwelt  1990 ). As an example of this, we initi-
ated our preclinical studies with  ketamine /xylazine and had to modify the model to 
obliterate the negative impact of  ketamine  on the cerebral blood fl ow that ulti-
mately affected the intensity of BBBD (Gumerlock and Neuwelt  1990 ). This was 
accomplished by simply isolating the perfused hemisphere from the systemic 
circulation by applying a temporary vascular clip to the common carotid artery, 
just prior to the infusion of mannitol (Fig.  19.2 ). This prevented backfl ow of man-
nitol in the cardiac chamber and increased the extent, intensity, and reliability of 

  Fig. 19.2    Surgical setup for BBBD. The carotid complex was exposed, and the external carotid 
artery was ligated and incised. A PE50 tubing was inserted in a retrograde fashion and was 
positioned just above the bifurcation. The tubing was stabilized with a suture. Notice the clip on 
the common carotid artery, used to prevent backfl ow during mannitol infusion       

 

19 Osmotic Opening of the BBB for Drug Treatment of Brain Tumors…



526

the procedure (Fortin et al.  2004 ). As the infusion time is 30 s, the clip remains 
applied for an approximate 40 s.

   Ultimately, however, propofol proved to be the anesthetic of choice, as it 
improved both the effi ciency and consistency of the disruption procedure in animals 
(Remsen et al.  1999 ). Moreover, as propofol is infused continuously (iv) and has a 
very short half-life, it can be easily titrated, insuring a better control over vital signs 
than with  ketamine . As an added benefi t, propofol is an antiseizure medication and 
a cerebro-protectant, thus conferring to this anesthetic the ideal profi le for the 
BBBD procedure. 

 However, as the use of propofol translates in a better delivery, the drawback we 
observed was an increase in neurotoxicity with some co-administered chemothera-
peutic agents otherwise known to be safe when paired with other anesthetics (Fortin 
et al.  2000 ). This may have been related to an added delivery of potentially neuro-
toxic agents, e.g., cisplatin.  

19.2.3.2     Preclinical Quantitative Studies 

   Albumin 

 Several factors can negatively impact the effectiveness of the BBBD: hemodynamic 
variables, anesthetic agent, and rate of infusion of hypertonic solutions are but a few 
examples (Remsen et al.  1999 ; Cosolo et al.  1989 ). As a consequence, even repeated 
BBBD procedures in the same subject can lead to highly variable BBB disruption 
intensities. It is therefore important to monitor the extent of BBBD for each procedure 
using systemic tracers to indicate the extent of brain entry, particularly if we wish to 
study the correlation in the intensity of delivery against different outcomes. 

 This can be accomplished in the clinic with the use of a contrast-enhanced CT 
scan performed shortly after BBBD. The magnitude of BBBD is then scored semi-
quantitatively using a visual scale (Roman-Goldstein et al.  1994 ). A similar princi-
ple has been described by Rapoport in preclinical studies, where the contrast-enhanced 
CT scan is substituted by a macroscopic staining of the rat cerebrum using Evans 
blue, a marker that binds albumin (Rawson  1942 , Freedman and Johnson  1969 ). 
The staining at the surface of the brain is evaluated against an arbitrary staining 
scale, returning a qualitative evaluation in the intensity of delivery (Kroll and 
Neuwelt  1998 ) (Fig.  19.3 ). As this technique is inherently subjective, the reliability 
of generated results thereby remains questionable. More so, the fact that the Evans 
blue so tightly binds albumin is questioned nowadays. This is obviously a critical 
issue on which the whole concept is based. Another important weakness of this 
technique arises from the global superfi cial evaluation, in that only the cortical sur-
face is typically surveyed; if deeper structures are not visualized directly, then no 
data is gathered on the topographic extent of delivery.

   To overcome these shortcomings, we adapted an approach based on albumin 
immunohistochemistry (Blanchette et al.  2012 ). This concept has been exploited 
in the past by Vorbrodt et al. to study the dynamics of BBBD (Vorbrodt et al.  1994 ). 
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In their study, the authors used quantitative immunocytochemistry against albumin, 
followed by exposition to protein A-gold. They designed a score based on the square 
micrometer density of gold particles and used it to describe the dynamics in the BBB 
permeabilization in different brain compartments. The image analysis was performed 
on electron micrographs and thus did not allow a global estimation of delivery, thereby 
limiting the application of this technique. 

 In our search to improve the study of BBBD delivery, we designed a simple 
approach that allows precise data to be obtained regarding the extent of delivery 
(Blanchette et al.  2012 ). 

 Briefl y, we conducted osmotic BBBD with mannitol in adult male Fisher rats, with 
infusion rates ranging from 0.01 to 0.15 cc/s. Brains were subsequently harvested, 
and slices were processed for albumin immunochemistry, using a rabbit polyclonal 
antibody against albumin in a dilution of 1/100. Biotinylated species- specifi c sec-
ondary antibody was applied (1/100) followed by an avidin–biotin amplifi cation 
and peroxidase development. Afterwards, brain slices were digitized, and ratios of 
stained pixels to total brain pixels were calculated. Percentages of delivery may then 
be obtained from these ratios (Fig.  19.4 ).

   This data allows the production of a conservative estimate on the extent of delivery, 
as albumin is a large protein. It is expressed as a percentage of the treated hemi-
sphere on a single coronal slice and can also be used as a composite score translat-
ing global delivery, by simply summating the scores obtained on multiple contiguous 
slices. As the brain samples are processed and sliced in a standardized fashion using 
a brain matrix, the number of slices is consistent, thus ensuring that the composite 

  Fig. 19.3    Whole brain and corresponding coronal slices of samples extracted from one represen-
tative animal of each group exposed to different rates of mannitol (25 %) infusion as assessed by 
Evans blue staining. A sequential increment in blue discoloration is obvious, peaking at 0.15 cc/s       
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score is reproducible between samples. Its objectiveness will help investigators to 
evaluate the impact of various surrogates on CNS delivery and thus contribute to a 
better comprehension and characterization of the BBBD process. It does have, how-
ever, a signifi cant drawback; test animal euthanasia is required, thereby preventing 
any kind of dynamic study over time.  

   MRI Quantifi cation of BBB Permeability 

 To better study the temporal dynamics of the BBBD process, we have designed a 
methodology allowing osmotic BBBD to be conducted in the animal MRI gantry, 
allowing the acquisition of images throughout the course of the procedure 
(Blanchette et al.  2009 ). This setup allows us to study the distribution of contrast 
agents of different molecular weight, to estimate brain exposure against several sur-
rogates following osmotic BBBD, and to estimate the window of barrier opening for 
each of these molecules. 

 We have studied the impact of the BBBD procedure in normal animals, and in 
tumor-bearing animals, using initially two contrast agents: Gd-DTPA, a  low -
molecular - weight  contrast agent (0.9 kDa), and Gadomer, a higher molecular weight 
agent (17 kDa). To evaluate the distribution of these two molecules within the CNS 
of animals, MRI signal intensity was analyzed in several regions of interest (ROI) 
scattered across different areas of the brain over time. 

 Initial results with Gd-DTPA highlighted the heterogeneity in the CNS penetra-
tion and the subsequent diffusion of contrast agent from an area representing the 
cleft between the brain stem and the telencephalic structures (Fig.  19.5 ). This area 
was rapidly identifi ed as consistently presenting the widest exposure to Gd-DTPA 
after BBBD. The study of the  dynamics  in the exposure of the CNS to Gd-DTPA 

  Fig. 19.4    Description of the steps involved in the calculation of the intensity of delivery ratio used 
in this study. ( a ) The albumin immunocytochemistry source image, displaying discolored areas in 
the treated hemisphere. ( b ) The image has been analyzed to identify pixels above a fi xed threshold 
corresponding to the immunocytochemistry staining. These pixels are retained as the red overlay. 
( c ) After having defi ned the pixel area of each hemisphere ( green  overlay is  left  hemisphere, 
whereas  blue  overlay is  right  hemisphere), the  red  overlay has been added to the image for fi nal 
analysis. Results are expressed as the number of stained pixels ( red  overlay) as a fraction (%) of 
the treated ( right ) hemisphere ( blue  overlay). Results might also have been presented as the frac-
tion of stained pixels ( red  overlay) over the entire slice area ( green  +  blue  overlays)       
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over time highlighted two different mechanisms by which the procedure increases 
BBB permeability: a direct and widespread permeabilization of the BBB (Mathieu 
and Fortin  2006 ) and a diffusion of the contrast agent within the brain from the ROI 
described above (Fig.  19.5 ).

   The fi rst  phenomenon  is a diffuse process of short duration observed in the entire 
disrupted hemisphere. It accounts for the initial T1 MRI signal drop, as water con-
tent increases in the extracellular space (Fig.  19.6 ). The second process involves a 
diffusion process in the interstitial compartment that spreads like a wave coming 
from the ROI representing the cleft between the brain stem and the telencephalic 
structures. This process is directly affected by the molecular size of the compound 
under study. It results in a delayed and broader distribution of the T1 MRI signal 
change that eventually reaches the  contralateral  hemisphere, thereby producing a 
delayed maximal exposure to the studied molecule.

   This delay is 66 min for Gd-DTPA, whereas the Gadomer diffusion process is 
slower and of a lesser magnitude. We presume that this is related to the larger size 
of the molecule preventing free diffusion through CNS extracellular spaces 
(Blanchette et al.  in preparation ). 

 To quantify brain exposure, initial MRI signal intensities were recorded and sub-
sequent signals measured during and after the BBBD were correlated to contrast 
agent concentrations by mathematical modeling. Brain exposure could thus be 
assessed as a function of the amount of contrast agent in a specifi ed ROI (Fig.  19.7 ). 
As predicted, overall brain parenchyma is more exposed to Gd-DTPA than Gadomer 
because of its lower molecular weight, allowing a  wider  volume of distribution. As a 
corollary, Gd-DTPA is also washed out more rapidly from the brain parenchyma 
than Gadomer. In fact, the latter appears to remain trapped in the brain for a longer 
period, suggesting that both volume of distribution and persistence of a molecule in 
the CNS are related to its molecular weight. Therefore, an equilibrium between 
these two parameters is the key to maximize brain exposition.

  Fig. 19.5    An axial T1 enhanced cut, at the posterior aspect of the brain of a Wistar rat, prior ( a ) 
and after ( b ) BBBD. The  arrow  depicts the cleft area presenting the most intense increase in 
Gd-DTPA. It is from this area that a diffusion wave is observed       
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   To defi ne the duration of BBB opening following the osmotic disruption, delayed 
administration of Gadomer (17 kDa) has been performed at different times after the 
osmotic BBBD procedure. We found that approximately 30 min after the mannitol 
infusion, the BBB seems to recover its normal permeability to Gadomer, displaying 
values similar to the control group. The same set of experiments for Gd-DTPA 
depicted a still permeable barrier at 30 min (Blanchette et al.  2009 ). When evaluat-
ing contrast agent exposure produced by BBBD in tumor-bearing animals (F98- 
Fischer rats), we observed that exposure to Magnevist increased twofold after 
BBBD, whereas Gadomer exposure showed a threefold increase after BBBD. 
Baseline tumor exposure was higher to Magnevist than Gadomer and remained so 
by a twofold factor post BBBD (Blanchettte et al. in preparation). Because of limi-
tations related to the experimental design, the contrast agents were administered 
intravenously, instead of the intraarterial route normally used when combining the 
BBBD procedure to intra-arterial chemotherapy infusion. Thereby, these results 
may severely underestimate the delivery potency of this strategy.   

19.2.3.3    Clinical Studies 

 Thanks to the pioneering work of many dedicated teams at multiple institutions, the 
BBBD procedure has made its way to the clinic. 

  Fig. 19.6    Graphic depicting the Magnevist (Gd-DTPA) concentration over time in the disrupted 
hemisphere ( right ) and the non-disrupted hemisphere ( left ) in T1 MRI sequence acquisition. 
Notice the pronounced signal drop at time 3 min, immediately after BBBD, translating the increase 
in water content caused by the BBBD       

 

D. Fortin



531

 Neuwelt and his group led the way and conducted the fi rst clinical studies on 
osmotic opening of the BBB, beginning in 1979 (Neuwelt  1989 ). Ever since, this 
group has been leading the clinical research effort on BBBD, joined by other institu-
tions under the umbrella of the international BBBD consortium. A brief description 
of the clinical procedure will be detailed, followed by results obtained so far in the 
treatment of brain tumors. 

   Description of the BBBD Clinical Procedure 

 Since the procedure needs to be performed under general anesthesia, the osmotic 
opening of the BBB is accomplished in the operating theater or in the angiography 
suite. 

  Fig. 19.7    An axial T1 Gd-DTPA-enhanced MRI immediately after BBBD is analyzed using an 
exposition map translating the area under the curve (AUC). In this animal in which the intensity of 
the BBBD was moderate at best, the  right  hemisphere presents a slight change in signal intensity 
( a ). A map of the AUC produced by the permeabilization procedure is presented in ( b ). 
Mathematical function extracted for a single pixel in the white matter of the  right  hemisphere. 
The increase in intensity is studied over time ( c ). Mathematical function extracted for a single pixel 
in the subependymal region of the  right  hemisphere ( d ). This area consistently depicts the most 
intense signal variation after osmotic BBBD       
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 The human vascular cerebral system is organized in such a way that there are 
basically four major arteries taking charge of brain irrigation. However, the distal 
vascular anatomy is highly variable between different patients, and thus the precise 
anatomy must be detailed during the fi rst treatment session by a formal cerebral 
angiography. The physiology of the procedure, by inducing a signifi cant vasogenic 
edema in the treated vascular distribution and thereby a transient increase in intra-
cranial pressure, does not allow for disruption of more than one vascular territory in 
a single treatment session. This implies that if a tumor covers more than one vascu-
lar distribution, or if there are multiple tumor nodules, the treatment will need to be 
 delivered  in different vascular distributions from cycle to cycle in order to cover all 
relevant cerebrum territory. 

 As hemodynamic parameters signifi cantly impact the intensity of disruption, 
pharmacological manipulation is used to keep heart rate and systemic blood pres-
sure stable and above certain threshold values (established for each patient) during 
the general anesthesia in preparation for BBBD (Doolittle et al.  2000 ). 

 After general anesthesia, the technique involves the following steps:

    1.    Percutaneous selective catheterization via transfemoral puncture of the parent 
cerebral arteries, namely, the left internal carotid artery, right internal carotid 
artery, left vertebral artery, or right vertebral artery. The tip of the catheter is 
positioned at the C2–C3 vertebral level in the carotid or at the C6–C7 vertebral 
level in the vertebral artery.   

   2.    Estimation of the individual optimal rate of infusion of mannitol by iodinated 
contrast injection and fl uoroscopy: This is determined as the highest obtainable 
infusion rate prior to the observation of a retrograde fl ow in the external carotid 
artery. The volume of mannitol infused will be the rate determined in cc/s × 30 s 
(usually between 4 and 10 cc/s in carotid circulation or between 4 and 8 cc/s in 
vertebral circulation). The ultimate goal is to fi ll the entire vascular compartment 
in the vessel distribution, without producing signifi cant backfl ow of mannitol in 
the parent vessel.   

   3.    The osmotic disruption is a physiologically stressful procedure. It can induce 
focal seizures in 5 % of procedures (Doolittle et al.  2000 ). It can also trigger a 
vaso-vagal response with bradycardia and hypotension. In order to prevent the 
occurrence of these adverse effects, different medications are administered just 
prior to the disruption to stabilize heart rate (atropine) and pressure (ephedrine) 
and to induce neuroprotection (benzodiazepine).   

   4.    Osmotic disruption of the BBB is accomplished by infusing a 25 % mannitol 
solution in the previously catheterized artery at the previously defi ned rate.   

   5.    During the infusion, interesting signs can be observed. The medial aspect of the 
forefront ipsilateral to the side of the infusion undergoes a whitish discoloration 
produced by the washout of blood from the ethmoidal branches, arteries known 
to connect the intracranial circulation to the extracranial circulation. Bilateral 
pupillary dilatation can also be observed during the mannitol infusion. During 
the initial phase of mannitol infusion, a slight bradycardia is observed followed 
by a brief period of tachycardia and systemic hypertension.   
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   6.    Intra-arterial contrast is infused to confi rm catheter position and rule out arterial 
injury post disruption.   

   7.    The therapeutic molecule is administered intra-arterially in the disrupted circula-
tion. The concentration of the solution and the rate of infusion are critical factors 
when infusing intra-arterial solutions in avoiding neurotoxicity. The phenome-
non of streaming defi nes an inhomogeneous distribution of the administered 
solution because of poor mixing at the infusion site. It is directly related to the 
Reynolds number, a crucial parameter in fl uid dynamics that predicts the transi-
tion from streamlined to turbulent fl ow (Fortin et al.  1999 ). In the equation lead-
ing to the Reynolds number, the density and viscosity of fl uid, lumen diameter of 
the infused vessels, and velocity of fl ow are all important determinants to control 
in order to avoid streaming (Saris et al.  1991 ).   

   8.    Termination of procedure: The patient is taken to a recovery room, where his/her 
neurological status and state of consciousness are regularly evaluated until full 
recovery.   

   9.    If the degree of BBBD opening needs to be assessed, a standard dose of IV 
nonionic contrast bolus can be administered 5 min after the mannitol infusion. 
At the end of the procedure, before proceeding to the recovery room, the patient 
is taken to the CT scan suit.      

   Contraindications to the BBBD Procedure 

 The BBBD procedure induces a transient rise in intracranial pressure (ICP) 
(baselines 3–9 cm H 2 O to peaks of 16–23 cm at 30 min post disruption). This transient 
rise in ICP has been shown to correlate with an approximate 1.5 % increase in extra-
cellular brain fl uid content (Neuwelt  1989 , Rapoport  1996 ). In preclinical studies, 
this transient increase in ICP was not associated with any clinical sequelae (Neuwelt 
 1989 ). It illustrates however the rationale behind the very fi rst contraindication of 
osmotic BBBD: the presence of a signifi cant mass effect associated to the tumor. 
The defi nition of mass effect is somewhat arbitrary, but we use standard radiological 
and clinical criteria to exclude patients deemed at risk. 

 Other contraindications to the procedure also include evidence of spinal cord 
block from tumor mass, signifi cant increased risk for general anesthesia, and 
signifi cant intra-arterial vascular pathologies.  

   Adverse Effects 

 In a seminal paper published by McAllister et al., the effect of the BBBD procedure 
combined with chemotherapy infusion (methotrexate) on neurocognitive function 
was evaluated in long-term survivors. Contrary to numerous established treatment 
modalities (e.g., cerebral radiotherapy), the BBBD procedure was not associated 
with any decline in formal neurocognitive assessment (McAllister et al.  2000 ). 
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 Adverse effects can nevertheless occur and, for ease of discussion, are stratifi ed 
in two groups:

•    Catheter-related complications:

 –    Asymptomatic subintimal tear during catheterization (incidence 5 %).  
 –   Signifi cant groin hematoma post catheterization (incidence 0.5 %).  
 –   Parent vessel thrombosis (incidence 0.5 %): This complication could produce 

long-term neurological disability related to cerebral ischemia in the vascular 
distribution involved.     

•   Disruption-related complications:

 –    Seizures (incidence 5 %): Seizures are typically focal and are immediately 
treated with IV thiopental and/or IV diazepam. This is typically a procedure- 
related event.  

 –   Temporary obtundation and/or increase in neurological symptoms (incidence 
2.5 %): Complete recovery is the norm, with symptoms typically lasting less 
than 48 h. This adverse effect is associated with an excellent disruption.  

 –   Brain herniation: Obviously, the most serious complication. One patient 
expired from this complication (incidence 0.3 %). It is the only mortality 
event related to the procedure in 300 patients that have undergone a total of 
more than 3,000 instances of BBBD (Doolittle et al.  2000 ).       

 Based on an extensive review of the data across multiple centers using the proce-
dure, Doolitle et al. concluded that the procedure was safe when performed in a 
standardized, multicenter controlled setting (Doolittle et al.  2000 ).  

   Clinical Results Obtained with the BBBD Procedure in the Treatment of Brain 
Tumors 

 Clinical results observed with the use of the BBBD procedure are briefl y detailed 
below. However, before we initiate this discussion, a few key points fi rst need to be 
addressed. Most clinical studies on the use of BBBD have been conducted in 
patients with brain tumors, as an adjunct to increase the intensity in the delivery of 
chemotherapy. Some of these tumors, such as malignant astrocytomas, are notori-
ously chemoresistant and, as such, are not as likely to respond to chemotherapy as 
other types of cancers. Thus, two distinct factors are at play: (1) the delivery intensity 
and (2) chemosensitivity of the tumor. However, it is very diffi cult to segregate these 
factors from each other in outcome studies, and this limitation must be recognized 
when analyzing the results. As such, a negative trial could be related to the choice of 
a poorly active therapeutic agent, even though this agent was adequately delivered to 
its target by the procedure. When reviewing clinical results on BBBD, all variables 
involved must be considered and adequately weighted against the surrogates under 
study to permit fi ne adjustments, ultimately allowing improvement in outcome. 

 In an attempt to decrease the number of variables involved, to nullify the choice 
of the chemotherapy agent in the analysis and to specifi cally isolate the impact of 
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delivery in the treatment of brain tumors, Kraemer et al. adopted an interesting 
approach (Kraemer et al.  2001 ). They studied the intensity of delivery against tumor 
response and survival in primary CNS lymphoma, a notoriously chemosensitive 
CNS tumor nonetheless presenting a poor overall outcome. Two surrogate measures 
of total dose intensity were used in the design of a delivery score: the total number 
of disruption procedures and a weighted quality of disruption score. In this study, 
the extent of the increase in permeability produced by the procedure correlated with 
long-term survival in a population of patients treated with the BBBD procedure 
combined with intra-arterial methotrexate infusion, emphasizing the importance of 
delivery on the patient’s outcome. 

 The procedure has been used to treat different brain tumor types. Williams et al. 
reported on the use of BBBD in adjunct to a regimen composed of intra-arterial 
carboplatin and intravenous etoposide in 34 patients with various brain cancer his-
tologies (Williams et al.  1995 ). Of these 34 patients, 22 had measurable disease, and 
9 radiographic responses (50 % or more decrease in enhancing tumors) were 
observed in these patients. Carboplatin and etoposide delivered with BBBD was 
considered an active regimen in the treatment of malignant astrocytomas and 
showed dramatic responses in primitive neuroectodermal tumors and CNS lym-
phoma. Additionally, the durability of responses in patients with disseminated CNS 
germ cell tumors was considered encouraging, when compared to historical data. 

 Kraemer et al. reported on the use of a similar protocol in a series of 41 malig-
nant astrocytoma patients, using a pre-disruption dose of i.v. cyclophosphamide in 
addition to the carboplatin and etoposide (Kraemer et al.  2002 ). In this trial, 28 
patients were exposed to the BBBD treatment, whereas 13 patients received intra- 
arterial (IA) chemotherapy only. Treatment modality (BBBD vs. IA) scored as a 
highly signifi cant variable both in uni- and multivariate analyses ( p  = 0.0113), sug-
gesting that BBBD patients survived signifi cantly longer than IA patients. However, 
bias cannot be accounted for in this type of uncontrolled study. Nevertheless, a 
median survival time of 90 weeks for the BBBD group was observed, compared to 
50 weeks for the IA group. 

 The  Centre Hospitalier Universitaire de Sherbrooke  (CHUS) neuro-oncology 
group joined the consortium in 2000 and has reported results with the BBBD proce-
dure combined with the administration of a carboplatin-based tri-drug regimen at fi rst 
relapse, after radiation therapy (Fortin et al.  2005 ). We observed a prolonged median 
survival of 32.2 months in the treatment of glioblastoma (grade 4 astrocytomas), more 
than twice the reported median survivals of 9–14 months with standard therapeutic 
modalities (Huncharek et al.  1998 ; Huncharek and Muscat  1998 , Stewart  2002 , Stupp 
et al.  2002 ). We also recently reported our clinical data on brain metastasis (Fortin et al. 
 2007 ). We described a dramatic improvement in median survival for brain metastasis 
from ovarian carcinoma, lymphomas, and lung carcinoma (Fig.  19.8 ). Our series 
depicted median survival of 24 months for ovarian carcinoma (Fig.  19.9 ), 16 months 
for systemic lymphomas, and 13 months for lung carcinoma, compared to reported 
median survival of 12, 3, and 7 months, respectively, for ovarian, lymphoma, and lung 
brain metastasis patient series. At the time of this report, 38 patients were included 
in the analysis. We have now treated more than 150 patients with brain metastasis.
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  Fig. 19.8    Sixty-two-year-old woman with an initial presentation of headache, nausea, and dizziness. 
A CT scan revealed the presence of multiple brain lesions ( upper row ). Systemic investigation 
revealed the presence of a pulmonary nodule and of numerous abnormal lymph nodes. A biopsy 
of one of these lymph nodes revealed the diagnosis of an oat cell carcinoma. The patient was 
exposed to eight cycles of intra-arterial chemotherapy and presented a complete response (CR) 
( lower row ). The white arrows depict the areas of hypointense signal related to encephalomalacia. 
These regions correspond to areas where signifi cant tumor nodules were present prior to treatment; 
these nodules have now receded, thus producing encephalomalacia       

  Fig. 19.9    A 69-year-old woman was diagnosed with poorly differentiated ovarian adenocarci-
noma in May 2001, at which time she underwent extensive abdominal and gynecologic surgery, 
followed by six cycles of taxol/carboplatin. She presented a seizure in May 2002, and a metastatic 
lesion was identifi ed in the right parietal region. She underwent a craniotomy for tumor resection, 
followed by eight cycles of the carboplatin regimen in conjunction with BBBD. She was consid-
ered in complete response (CR) after 2 cycles, and that condition was maintained until December 
2005, when she relapsed in the right temporal lobe ( a ). BBBD treatments were resumed, and she 
was considered in CR after three cycles ( b )       
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    Recently, Hall et al. reported the experience of the consortium with diffuse pontine 
gliomas, a tumor type displaying a particularly poor prognosis and typically affect-
ing young patients (Hall et al.  2006 ). In this small series of eight patients exposed to 
BBBD and carboplatin or methotrexate, a median time to progression of 15 months 
was reported along with a median survival of 27 months; indeed, survival beyond 
2 years is unusual, and prior chemotherapy trials have not been reported to impact 
the outcome for this tumor type (Finlay and Zacharoulis  2005 ). 

 Recently, we completed a trial of glioblastoma with intra-arterial chemotherapy 
treatment at second relapse (Fig.  19.10 ). These patients were treated solely with 
intra-arterial infusion, without the use of BBBD. The median overall survival from 
diagnosis was 23 months, whereas a median survival of 11 months from study entry 
was observed. Twenty-fi ve of 51 patients presented a radiological response to the 
treatment, whereas 14 remained stable (Fig.  19.11 ).

    All in all, these results clearly hint at an improvement in outcomes for brain 
tumor patients undergoing chemotherapy regimens following BBBD. Ultimately, 
the real question is whether or not the procedure can impact tumor response and 
patient survival. To ascertain this question thoroughly, randomized phase III studies 
would need to be conducted. As only a few centers are offering the BBBD proce-
dure and these tumors are not prevalent diseases, such studies are particularly 
diffi cult to put together. However, recent results showing major improvement in the 
survival of patients affected by different types of brain tumors and treated via the 
BBBD approach should prompt major oncology organizations to consider osmotic 
BBBD as a viable therapeutic option, even though the logistics of the procedure are 
complex. If more centers were to provide these treatments, multicenter randomized 
trials could be performed to more fi rmly establish the effi cacy for BBBD.     

19.3     Future Directions 

 Malignant gliomas are very aggressive tumors that remain resistant to treatment for 
a host of reasons; not only do they display an aggressive infi ltrative phenotype that 
prevents a complete resection, but they also lie behind the BBB and BTB, which 
limit the bioavailability of the antineoplastic drugs to the CNS cancer cells. Efforts 
toward the use or the development of strategies to overcome or bypass the BBB and 
the BTB should thus be promoted in the fi eld of neuro-oncology. 

 Recent clinical trials using new antineoplastic agents have failed to signifi cantly 
impact the prognosis for glioma patients. Some drugs that work with high effi ciency 
in vitro have low brain bioavailability because of the impediment imposed by the 
BBB. In a continuum of studies on the BBBD procedure, we have evaluated the 
BTB permeability to two molecules of different molecular weight, and we have 
characterized the dynamics of the BBBD process. Although BBBD signifi cantly 
improved delivery for both molecules, we observed that drug size signifi cantly 
impacted their brain penetration through the BTB and BBB following a BBBD 
procedure. BTB permeability therefore appears to depend on the physicochemical 
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characteristics of a given compound (e.g., molecular weight and possibly charge) as 
well as its affi nity for the different multi-drug resistance protein transporters 
expressed at the BBB. The BBBD process thereby appears to be modulated in a 
drug-dependent manner. We hypothesize that the BBBD process may signifi cantly 
increase delivery of drugs that are substrates of ABC transporters. We are currently 
conducting experiments to confi rm this hypothesis. 

  Fig. 19.10    Illustrative example of a good responding GBM patient enrolled in intra-arterial 
chemotherapy trial at tumor recurrence. A 50-year-old woman progressed 5 months after the 
beginning of the Stupp protocol ( a ). She underwent a biopsy to exclude a pseudo-progression and 
was accrued for a left carotid intra-arterial chemotherapy treatment. After only two cycles, she 
presented a good response ( b ) and, after 4 months of treatment, was considered in complete 
response ( c ). She progressed after 13 months of treatment ( d ) and survived 23 months after study 
entry. She was offered bevacizumab as a third line of treatment, after IA failure       

 

D. Fortin



539

 The characterization of the BBBD process for drug molecules with different 
properties will help optimize drug administration protocols to the CNS using this 
strategy. This should hopefully translate to improved effi cacy of chemotherapy 
treatment in glioma patients. As many recent clinical trials based on promising new 
drugs in neuro-oncology have failed to impact survival, the delivery issue should be 
addressed with greater attention.  

19.4     Conclusions 

 The BBB can no longer be ignored as a factor greatly limiting the entry of therapeu-
tics in the CNS. According to Pardridge, over 98 % of small molecules and close to 
100 % of large molecules do not cross the BBB (Pardridge  2007 ). In neuro- oncology, 
clinical trials on brain tumor treatment are still  designed  with molecules that do not 
cross the BBB (e.g., vincristine, taxol). The unique challenge represented by the 
BBB in the treatment of CNS diseases can no longer be ignored. Less than 1 % of 
pharmaceutical companies  actually  have a BBB drug targeting effort. The BBBD 
strategy,  initially  proposed more than 3 decades ago, has now come a long way, with 
signifi cant preclinical and clinical experience. However, its widespread acceptance 
has been hampered by many factors: the diffi culty in setting teams dedicated to 
perform these procedures, the relative paucity of brain tumors, and the diffi culty of 
putting together randomized studies. However, concerted efforts such as the inter-
national BBB consortium will allow the design of better multicenter trials eventu-
ally powered to answer whether or not this approach is worthwhile in the treatment 
of different CNS pathologies. As the overall clinical results obtained in the treatment 
of malignant gliomas and brain metastasis (representing the bulk of brain cancers) 

  Fig. 19.11    Best radiological response obtained, according to the MacDonald criteria in the 51 
patients treated, at second tumor relapse, with an intra-arterial infusion of carboplatin and 
Melphalan, without BBBD. Tumor responses are classifi ed as  CR  complete response,  PR  partial 
response,  SD  stable disease or progression       
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remain poor with traditional treatments and very few major breakthroughs have 
been reported in the last decades despite active clinical research, clinical investigators 
have increasingly tended to adopt a more open-minded approach toward alternative 
treatment strategies emphasizing CNS delivery. The promising results obtained in 
trials published on BBBD in the last decade will allow a better accrual of patients 
in clinical studies. Hopefully, the promising results obtained thus far for BBBD will 
soon be followed by randomized clinical studies that show a clear advantage for this 
invasive technique on patient survival.  

19.5     Points for Discussion 

•     The quintessential question is whether this invasive treatment clearly impacts the 
survival of patients with glial and metastatic disease. Phase III randomized stud-
ies should be designed to answer this question once and for all.  

•   If such a study was negative, the whole BBBD strategy should not be discredited, 
as the choice of the drug will obviously exert a paramount infl uence on results. 
In short, poor results could be attributable to bad drug selection for the study.  

•   The infl uence of the ABC transporters should be studied and considered as an 
integral component of the BBB.  

•   In neuro-oncology, the emphasis should not only be for a drug to cross the BBB 
but also for the drug to be taken up into tumor cells. Many tumor cells also express 
ABC transporters on their membrane. How is BBBD suited to this task?  

•   It is essential that the neuro-oncology scientifi c community acknowledges the 
importance of the BBB and BTB as delivery impediments and discusses these 
issues in their forums and publications. While this topic is often deemed esoteric 
by some neuro-oncologists, clinical studies continue to be designed with (1) 
drugs for which no knowledge exists regarding their capacity to cross the BBB 
(e.g., many kinase inhibitors) or (2) drugs which clearly do not cross the BBB 
(e.g., vincristine).        
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    Abstract     Current treatments of neurological and neurodegenerative diseases are 
limited due to the lack of a truly noninvasive, transient, and regionally selective 
brain drug delivery method. The brain is particularly diffi cult to deliver drugs to 
because of the blood–brain barrier (BBB). The impermeability of the BBB is due to the 
tight junctions between adjacent endothelial cells and highly regulatory transport 
systems of the endothelial cell membranes. The main function of the BBB is ion and 
volume regulation to ensure the conditions necessary for proper synaptic and axonal 
signaling. However, the same permeability properties that keep the brain healthy 
also present tremendous obstacles to its pharmacological treatment. Until a solution 
to the trans-BBB delivery problem is found, treatments of neurological diseases will 
remain impeded. Over the past decade, methods that combine focused ultrasound 
(FUS) and microbubbles have been shown to offer the unique capability to noninva-
sively, locally, and transiently open the BBB. Four of the main challenges to the 
application of FUS are (1) to assess its safety profi le, (2) to unveil the mechanism 
by which the BBB opens and closes, (3) to control and predict the opened BBB 
properties and duration of the opening, and (4) to assess its promise for brain drug 
delivery. In this chapter, we discuss all of these challenges, along with fi ndings in 
both small (mice) and large (nonhuman primates) animals, and emphasize the clinical 
potential for this technique.  
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20.1         Introduction 

20.1.1     The Blood–Brain Barrier (BBB) Physiology: 
Structure and Function 

 The BBB is a specialized substructure of the vascular system, consisting of endo-
thelial cells connected together by tight junctions and surrounded by pericytes and 
astrocytes (Pardridge  2005 ). The luminal and abluminal membranes of the brain 
endothelial cells act as the permeability barrier (Fig.  20.1 ). The combination of tight 
junctions and these two membranes result in the BBB exhibiting low permeability 
to large and ionic substances. However, certain molecules such as glucose and 
amino acids are exceptions, because they are actively transported. It has also been 
shown that lymphocytes can traverse the BBB by going through temporarily opened 
tight junctions of the endothelial cells. The astrocytes have been proven to offer a 
protective mechanism of the neurons to any mechanical effect (Pardridge  2005 ; 
Abbott et al.  2006 ; Stewart and Tuor  1994 ).

20.1.2        The BBB and Neurotherapeutics 

 Several neurological disorders remain intractable to treatment by therapeutic agents 
because of the BBB, the brain’s natural defense. By acting as a permeability barrier, 
the BBB impedes entry from blood to the brain of virtually all molecules greater 
than 400 Da molecular weight thus rendering many potent, neurologically active 
substances and drugs ineffective simply because they cannot be delivered to where 
they are needed. As a result, traversing the BBB remains the rate-limiting factor in 
brain drug delivery development (Pardridge  2005 ,  2006 ).  

  Fig. 20.1    Schematic 
illustration of the 
neurovascular unit. Tight 
junctions between endothelial 
cells comprise the blood–
brain barrier       
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20.1.3     Focused Ultrasound (FUS) 

 Focused ultrasound (FUS) utilizes the same concept of acoustic wave propagation 
as the more widely known diagnostic ultrasound applications. However, instead of 
acquiring and displaying echoes generated at several tissue interfaces for imaging, 
FUS employs concave transducers that usually have either a single geometric focus 
or use phased arrays to electronically steer it, such that most of the power delivered 
during sonication induces mechanical effects, thermal effects, or both.  

20.1.4     BBB Opening Using FUS and Microbubbles 

 Neuronal damage with BBB opening induced by ultrasound at or near ablation 
intensities was initially reported in some studies (Bakay et al.  1956 ; Ballantine et al. 
 1960 ; Patrick et al.  1990 ) but not in others (Vykhodtseva et al.  1995 ). After reducing 
the acoustic intensity and duty cycle, BBB opening was still observed, but macro-
scopic damage was avoided (Mesiwala et al.  2002 ). With the addition of intrave-
nously (IV)-injected microbubbles prior to sonication, BBB opening was determined 
to be transient (Hynynen et al.  2001 ) in the presence of Optison™ (Optison™; 
Mallinckrodt, Inc., St. Louis, MO), which are albumin-coated, octafl uoropropane- 
fi lled microbubbles of 3–4.5 μm in diameter and are usually used to enhance blood 
vessels on clinical ultrasound images through opacifi cation. The BBB opening 
procedure could also be monitored with MRI and MR contrast agents (Hynynen 
et al.  2001 ). This showed the potential of opening the BBB without damaging 
parenchymal cells, such as neurons. Further investigations with Optison™ searched 
for a difference in the threshold of BBB opening and neuronal damage and assessed 
the mechanism of the opening in rabbits with (Hynynen et al.  2001 ; McDannold 
et al.  2004 ; Sheikov et al.  2004 ) or without (Hynynen et al.  2005 ) a craniotomy and 
skull heating in pigs (McDannold et al.  2004 ). The advantage of having microbub-
bles present in the blood supply is that they allow for the reduction of the ultrasound 
intensity, avoidance of thermal effects, and the reduction of the likelihood of irre-
versible neuronal damage (Hynynen et al.  2001 ,  2005 ,  2006 ; McDannold et al. 
 2004 ,  2005 ; Sheikov et al.  2004 ,  2006 ; Choi et al.  2005 ,  2006a ,  b ,  2007a ,  b ,  c ; 
Baseri et al.  2010 ). Although there are many indications that damage can be con-
tained to minimal hemorrhage (Hynynen et al.  2003 ,  2006 ), the complete safety 
profi le remains to be assessed. In addition, indications of various mechanisms such 
as the dilation of vessels, temporary ischemia, mechanically induced opening of the 
tight junctions, and the activation of various transport mechanisms have been 
reported (Mesiwala et al.  2002 ; Sheikov et al.  2004 ,  2006 ). 

 There are several reports over the past decade using FUS and microbubbles to 
disrupt the BBB, but this chapter will primarily focus on the main fi ndings by our 
group. We have demonstrated the feasibility of BBB opening through intact skull 
and skin and successful imaging of the BBB opening in the area of the hippocampus 
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at submillimeter imaging resolution in both wild type (Choi et al.  2005 ,  2007a ; 
Konofagou et al.  2009 ) and Alzheimer’s mice (Choi et al.  2008 ) as well as non-
human primates (Marquet et al.  2010 ,  2011 ). Our group has mainly concentrated on 
the hippocampus, which is a key drug delivery target in Alzheimer’s disease to show 
that discrete brain areas can be successfully and reproducibly targeted (Konofagou 
and Choi  2008 ). However, another more recent focus is the treatment of Parkinson’s 
disease with successful targeting of putamen and substantia nigra (Marquet et al. 
 2010 ,  2011 ). Delivery of molecules of up to 2,000 kDa in molecular weight has also 
been demonstrated (Baseri et al.  2012 ). Importantly, preliminary histology has 
indicated no structural damage in the area of the hippocampus within a specifi c 
pressure range (Baseri et al.  2010 ). Finally, it is important to note that the micro-
bubbles used for BBB opening have been approved by the Food and Drug 
Administration (FDA) for human use in contrast echocardiography, e.g., for the 
detection of myocardial infarction (Kaufmann et al.  2007 ). It is equally important to 
specify that the pressure amplitudes used for BBB opening are of similar range to 
ultrasound diagnostic levels (<1.5–2 MPa) and, therefore, assumed safe for human 
use (Christensen  1988 ), while the pulse duration is orders of magnitude longer.  

20.1.5     Microbubbles in Contrast Ultrasound 
and Associated Bioeffects 

 Currently, in the USA, microbubbles are only FDA-approved for echocardiography 
in patients with suboptimal images of the cardiac chambers. However, microbub-
bles have shown promise for imaging myocardial perfusion using intermittent con-
trast destruction pulses. Therefore, most in vivo studies of bioeffects have focused 
on the heart (Miller  2007 ). For a given frequency, separate pressure thresholds exist 
for microbubble destruction and the onset of bioeffects (Chen et al.  2002 ; Li et al. 
 2003 ,  2004 ). Safe cardiac perfusion imaging can then be achieved with the micro-
bubble clearance pulse set between these thresholds. Doses for commercially avail-
able microbubbles used in contrast echocardiography could provide a useful 
benchmark for therapy trials. However, the human dose for imaging purposes var-
ies widely. A typical dose ranges between 6 and 12 × 10 7  microbubbles per kg (60–
120 microbubbles per mg). Mean diameters are given, but detailed information 
regarding the polydispersity of microbubble size distributions is lacking. Thus, the 
effects of microbubble size and concentration on safety are diffi cult to decouple 
from previous studies using these commercial agents. Our ability to generate and 
isolate microbubbles of distinct and narrow size distributions with well-defi ned con-
centrations has allowed us to probe these effects in the studies described. 

 Several studies have shown an increase in bioeffects with increasing microbub-
ble dose. For Defi nity and Optison, increases in rat cardiomyocyte cell death and 
premature heart beats and microvessel leakage were found after insonation (Li et al. 
 2003 ; Miller et al.  2005 ). Similar dose–response relationships have been observed 
for BBB opening (Kaps et al.  2001 ; Liu et al.  2005 ; Yang et al.  2007 ). Miller et al. 
( 2005 ) compared insonation of Optison, Defi nity and Imagent in the rat heart and 
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found that microvascular effects were similar when expressed as the number of 
microbubbles injected. They concluded that shell type and encapsulated gas have 
little effect on bioeffects. Given the polydispersed size distribution of the different 
formulations, however, the effects of size are diffi cult to glean from that study. 
However, little is known about the effects of microbubble size on bioeffects. 
Christiansen et al. ( 2003 ) found that intra-arterial injection was more effective than 
intravenous injection for gene transfection through sonoporation. This result was 
attributed to the difference in microbubble sizes delivered to the insonifi ed region. 
Several biophysical studies have shown remarkable size dependence for microbubble 
oscillation and destruction (Chomas et al.  2001 ; Borden et al.  2005 ).  

20.1.6     Clinical Relevance of BBB Disruption 

20.1.6.1     Neurodegenerative Disease 

 According to the 2008 US News Health report, over 4 million US men and women 
suffer from Alzheimer's disease; 1 million from Parkinson's disease; 350,000 from 
multiple sclerosis; and 20,000 from ALS. Worldwide, these four diseases account 
for more than 20 million patients. Although great progress has been made in recent 
years toward understanding of neurodegenerative diseases like Alzheimer's, 
Parkinson's, multiple sclerosis, amyotrophic lateral sclerosis (ALS) and others, few 
effective treatments and no cures are currently available. Aging greatly increases the 
risk of neurodegenerative disease, and the average age of Americans is steadily 
increasing. Today, over 35 million Americans are over the age of 65. Within the next 
30 years this number is likely to double, putting more and more people at increased 
risk of neurodegenerative disease. Alzheimer’s disease, which has emerged as one 
of the most common brain disorders, severely affects the hippocampal formation 
with pathology gradually spreading to most brain areas as the disease progresses; 
this pathology is characterized partly by deposition of amyloid plaques in the brain 
tissue but also in the blood vessels themselves (Iadecola  2004 ). We have primarily 
therefore focused on the treatment of Alzheimer’s disease through FUS-induced 
BBB opening targeted to the hippocampus.  

20.1.6.2     Drug Delivery in Neurodegenerative Disease 

 Over the past decade, numerous small- and large-molecule products have been 
developed for treatment of neurodegenerative diseases with mixed success. When 
administered systemically in vivo, the BBB inhibits their delivery to the regions 
affected by those diseases. A review of the Comprehensive Medicinal Chemistry 
database indicates that only 5 % of the more than 7,000 small-molecule drugs 
treat the Central Nervous System (CNS) (Pardridge  2006 ). With these, only four 
CNS disorders can be treated: depression, schizophrenia, epilepsy, and chronic pain 
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(Ghose et al.  1999 ; Lipinski  2000 ). Despite the availability of pharmacological 
agents, potentially devastating CNS disorders and age-related neurodegenerative 
diseases such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 
multiple sclerosis, and ALS remain undertreated mainly because of the imperme-
ability of the BBB (Pardridge  2005 ,  2006 ). One of the goals of our studies has been 
to optimize the FUS method and elucidate the physical mechanism in order to ulti-
mately deliver therapeutics to the brain and signifi cantly facilitate treatment of cur-
rently intractable and devastating neurodegenerative diseases. As indicated before, 
there have been several hypotheses and reports on the physiological mechanism 
(Sheikov et al.  2006 ,  2008 ; Choi et al.  2011a ), but the physical mechanism has been 
progressively unveiled and identifi ed as being solely related to stable cavitation at 
low pressures (Tung et al.  2010 ,  2011a ,  b ; Arvanitis et al.  2012 ) and a combination 
of stable and inertial cavitation at higher pressures (Tung et al.  2010 ,  2011a ,  b ). 

 A successful drug delivery system requires transient, localized, and noninvasive 
targeting of a specifi c tissue region. None of the current techniques clinically used, 
or currently under research, address these issues within the scope of the treatment 
of neurodegenerative diseases. As a result, the present situation in neurotherapeutics 
enjoys few successful treatments for most CNS disorders. Some routes of adminis-
tration/brain drug delivery strategies are listed and summarized in Table  20.1 . 
Several pharmaceutical companies use the technique known as “lipidization,” which 
is the addition of lipid groups to the polar ends of molecules to increase the perme-
ability of the agent (Fischer et al.  1998 ). However, the effect is not localized as the 
permeability of the drug increases not only in the targeted region but also through-
out the entire brain and body. There can thus be a limit to the amount absorbed 
before the side effects become deleterious (Fischer et al.  1998 ).

   A second set of techniques under study are neurosurgically-based drug delivery 
methods, which involve the invasive implantation of drugs into a region by a needle 
(Blasberg et al.  1975 ; Fung et al.  1996 ). The drug spreads through diffusion and is 
often localized to the targeted region because diffusion does not allow molecules to 
travel far from their point of release. In addition to this, invasive procedures traverse 
untargeted brain tissue, potentially causing unnecessary damage. Other techniques 
utilize solvents mixed with drugs or adjuvants (pharmacological agents) attached to 
drugs to disrupt the BBB through dilation and contraction of the blood vessels 
(Pardridge  2005 ,  2006 ,  2007 ). However, this disruption is not localized within the 
brain, and the solvents and adjuvants used are potentially toxic. This technique may 
constitute a delivery method specifi c to the brain, but it requires special attention to 
each type of drug molecule and a specifi c transport system resulting in a time- 
consuming and costly process while still not being completely localized to the 
targeted region. FUS in combination with microbubbles therefore constitutes the 
only truly transient, localized, and noninvasive technique for opening the BBB. 
Due to these unique advantages over other existent techniques (Table  20.1 ), FUS 
may facilitate the delivery of already developed pharmacological agents and could 
signifi cantly impact how devastating CNS diseases are treated. 

E.E. Konofagou



551

 However, despite the fact that FUS is currently the only technique that can open 
the BBB locally and noninvasively, several key aspects of this phenomenon remain 
unexplored. A clear correlation of BBB opening with microbubbles has been shown 
(Hynynen et al.  2001 ; Choi et al.  2005 ; McDannold et al.  2006 ). Although the pres-
ence of microbubbles allows for a reduction in the necessary acoustic pressure for 
BBB opening, it also allows for the possibility of disrupting the microbubble 
through inertial cavitation (Pardridge  2007 ; Neppiras  1980 ; Leighton  1997 ). The 
resulting effects cannot only open the tight junctions, but also could induce irrevers-
ible damage to the blood vessels and its surrounding cells (Baseri et al.  2010 ). 
Recent studies have indicated that BBB opening may occur without necessarily 
incurring inertial cavitation, without (Hynynen et al.  2005 ) or with (McDannold 
et al.  2006 ) craniotomy. However, it is not clear how the different types of mechani-
cal effects lead to BBB opening and how the role of the microbubble can be opti-
mized. Given the strong coupling of microbubble size and concentration to the 
response to insonation, a mechanistic study to BBB opening by contrast-assisted 
FUS must include these parameters. Control over both ultrasound and microbubble 
parameters is essential for the proper optimization and understanding of the FUS 
technique.   

     Table 20.1    Techniques shown to induce trans-BBB transport or BBB disruption   

 Method  Description  Disadvantages  Noninvasive?  Localized? 

 Lipidization  Adds lipid groups to 
the drug 

 Allows uptake in the 
BBB 

 Increases penetration 
across all biological 
membranes 

 Yes  No 

 Transcranial 
brain drug 
delivery 

 Neurosurgically 
based drug 
delivery method. 
Diffusion-based 
method 

 Invasive. Diffusion 
reduces the initial 
concentration by 90 % 
when traveling only 
0.5 mm 

 No  Yes 

 Solvent/adjuvant-
mediated 

 BBB disruption 

 Solvent and 
adjuvants disrupt 
the BBB using 
dilation, 
contraction, and 
other methods 

 Disrupts the BBB in all of 
the brain. Potentially 
toxic 

 Yes  No 

 Delivery through 
endogenous 
transporters 

 Use endogenous 
transporters to 
traverse the BBB 

 Requires medicinal 
chemistry to modify 
drugs and knowledge 
of the endogenous 
transporters 

 Yes  No 

 Ultrasound  Focused ultrasound 
(FUS) with 
microbubbles 

 Possible irreversible 
damage may be 
induced at higher 
pressures 

 Yes  Yes 
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20.1.6.3     FUS-Facilitated BBB Opening in Drug Delivery for Treatment 
of Neurodegenerative Disease 

 Realizing the strong premise of this technique for facilitation of drug delivery to 
specifi c brain regions, we showed that the BBB can be opened reliably and reproduc-
ibly in the hippocampal region in mice (Choi et al.  2005 ,  2007a ,  b ,  c ,  2008 ,  2009 ; 
Konofagou and Choi  2008 ; Konofagou et al.  2009 ; Choi et al.  2011b ). By developing 
a better understanding of the underlying physical parameters that are responsible for 
the opening of the BBB, namely, the ultrasound and microbubble parameters, we 
will be in a position to fully exploit this methodology and to do so safely. The feasi-
bility of the technique using optimized ultrasound and microbubble parameters for 
reversible BBB opening, as determined in vivo, has been tested on wild-type mice 
under several different conditions to identify the potential of this technique in the 
treatment of neurodegenerative diseases (Choi et al.  2008 ,  2011a ,  b ; Konofagou et al. 
 2009 ). The MR imaging methods developed allow for high sensitivity, high spatial 
resolution, and high temporal resolution. The latter is achieved through the slow dif-
fusion of intraperitoneally injected gadolinium. The added potential of combining 
this ultrasound technique with any therapeutic agent may renew possibilities in 
potentially employing available pharmacological agents, whose development has 
currently been abandoned because of poor BBB penetration. This may thus result 
in the novel and effective treatment of several, potentially devastating, neurological 
and neurodegenerative diseases. As indicated above, we have concentrated on the 
feasibility of noninvasive and localized treatment Alzheimer’s disease by specifi cally 
targeting the hippocampus. However, the FUS technique can, in principle, be com-
bined and applied in the case of any neurological disease. Therefore, fi ndings from 
our work may not only impact treatment of a specifi c disease but also the entire fi eld 
of brain diseases. In summary, FUS stands to make an important impact in drug 
delivery to the brain, warranting its optimization through better understanding of the 
interactions that exist between the microbubble, the brain cells, and the FUS beam.   

20.1.7     Drug Delivery Through the Opened BBB 

 The delivery of many large agents using FUS and microbubbles has been demon-
strated in previous studies by our group and others using a variety of different agents: 
MRI contrast agents such as Omniscan (573 Da) (Choi et al.  2007b  (and Magnevist ®  
(938 Da) (Choi et al.  2007a ), Evans Blue (Kinoshita et al.  2006 ), Trypan Blue 
(Raymond et al.  2008 ), Herceptin (148 kDa) (Kinoshita et al.  2006 ), horseradish per-
oxidase (40 kDa) (Sheikov et al.  2008 ), doxorubicin (544 Da) (Treat et al.  2007 ), 
multi-sized Dextran (Choi et al.  2008 ), rabbit anti-Aβ antibodies (Raymond et al. 
 2008 ), stem cells Burgess et al.  2011 ), adeno-associated viruses (Wang et al.  2013 ) and 
neurotrophic factors (Baseri et al.  2012 ). Despite the promise shown by the delivery of 
such a variety of compounds, several questions remain regarding the effectiveness of 
delivery with FUS. One of the questions that our group has addressed is whether the 
therapeutic molecules that cross the FUS-opened BBB can also enter into the neuro-
nal cell and thereby trigger neuroprotection or neurogenesis (Baseri et al.  2012 ).  
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20.1.8     Methods for Inducing and Assessing BBB Opening 

20.1.8.1     FUS and Microbubbles 

 A typical experimental setup is shown in Fig.  20.2 . The FUS transducer (center fre-
quency: 1.5 MHz; focal depth: 60 mm; outer radius: 30 mm; inner radius 11.2 mm, 
model: cdc7411-3, Imasonic, Besançon, France) is used to perform sonication 
immediately following bubble administration. The transducer is driven by a func-
tion generator (Agilent Technologies, Palo Alto, CA, USA) through a 50-dB power 
amplifi er (ENI, Inc., Rochester, NY, USA). A cone fi lled with degassed and distilled 
water is attached to the transducer system. The transducer is attached to a computer- 
controlled positioner (Velmex, Inc., Bloomfi eld, NY). The passive cavitation detec-
tor (PCD), a 5-cm cylindrically focused broadband hydrophone (Sonic Concepts, 
Bothell, WA, USA), with a cylindrical focal region (height 19 mm, diameter 
3.64 mm) is placed at 60° from the longitudinal axis of the FUS beam. The PCD and 
the FUS transducer are confocally aligned. The acoustic emissions from the micro-
bubbles are captured with the PCD and collected using a digitizer (model 14200, 
Gage Applied Technologies, Inc., Lachine, QC, Canada) through a 20 dB amplifi er 
(model 5800, Olympus NDT, Waltham, MA, USA). Microbubbles (Defi nity ® : mean 
diameter range: 1.1–3.3 μm, Lantheus Medical Imaging, MA, USA, or lipid-shelled 
microbubbles manufactured in-house and size-isolated (using differential centrifu-
gation; Feshitan et al.  2009 ) are activated and used within 24 h after activation. 

  Fig. 20.2    Block diagram and illustration of the experimental setup. The PCD was positioned at 
60° relative to the longitudinal axis of the FUS beam. The overlap between the focal regions of 
PCD ( blue ) and FUS ( red ) occurring inside the murine brain is illustrated in the inset       
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Following activation, a 1:20 dilution solution is prepared using 1× phosphate-buff-
ered saline (PBS) and slowly injected into the tail vein (1 μl per gram of mouse body 
weight). Both transducers use pulsed-wave FUS (burst rate: 10 Hz, burst duration: 
20 ms, duty cycle: 20 %) in two 30-s sonication intervals with a 30-s intermittent 
delay. Peak-rarefactional acoustic pressures of 0.15, 0.30, 0.45, and 0.60 MPa are 
typically used as they have been shown to provide the best tradeoff between safety 
and BBB opening (Baseri et al.  2010 ). One side of the hippocampus in the horizontal 
orientation is sonicated in each mouse. Acoustic parameters other than the pressure 
have also been studied with respect to their role in BBB disruption. One of those is 
the pulse length (Choi et al.  2011a ). In that study, mouse brains were pulse soni-
cated (center frequency: 1.5 MHz, peak-negative pressure: 0.3 MPa, pulse length 
(PL): 0.002–30 ms, pulse repetition frequency (PRF): 6.25, 25, 100 kHz) continu-
ously or with a burst length of 1,000 pulses (burst repetition frequency (BRF): 0.1, 
1, 2, or 5 Hz) through the intact scalp and skull for 11 min. One minute after the start 
of sonication, fl uorescence-tagged dextran (60 μg/g, molecular weight: 3 kDa) and 
Defi nity ®  microbubbles (0.05 μl/g) were intravenously injected. After 20 min of 
circulation, the mice were transcardially perfused, and the brains were sectioned 
and imaged using fl uorescence microscopy. In order to determine the microbubble 
size dependence, mice have been injected intravenously with lipid- shelled bubbles 
of either 1–2, 4–5, or 6–8 μm in diameter while the concentration was 10 7  numbers/
ml (Choi et al.  2009 ).

20.1.8.2        Magnetic Resonance Imaging 

 A vertical-bore 9.4T MR system (Bruker Biospin, Billerica, MA, USA) was used to 
confi rm the BBB opening in the murine hippocampus. Each mouse was anesthe-
tized using 1–2 % of isofl urane gas and was positioned inside a single resonator. 
The respiration rate was monitored throughout the procedure using a monitoring 
or gating system (SA Instruments, Inc., Stony Brook, New York, USA). Prior to 
introducing the mouse into the scanner, intraperitoneal (IP) catheterization was per-
formed. Two different protocols were used for MR imaging. The fi rst protocol was 
a three-dimensional (3D), T1-weighted SNAP gradient echo pulse sequence, which 
acquired horizontal images using TR/TE = 20/4 ms, a fl ip angle of 25 deg, NEX of 
5, a total acquisition time of 6 min and 49 s, a matrix size of 256 × 256 × 16 pixels, 
and a fi eld of view (FOV) of 1.92 × 1.92 × 0.5 cm 3 , resulting in a resolution of 
75 × 75 × 312.5 μm 3 . The second protocol was a 3D T2*-weighted GEFC gradient 
echo pulse sequence, which acquired horizontal images using TR/TE = 20/5.2 ms, a 
fl ip angle of 10 deg, NEX of 8, a total acquisition time of 8 min and 12 s, a matrix 
size of 256 × 192 × 16 pixels, and an FOV of 2.25 × 1.69 × 0.7 cm 3 , resulting in a 
resolution of 88 × 88 × 437.5 μm 3 . Both protocols were applied approximately 
30 min after IP injection of 0.30 ml of gadodiamide (590 Da, Omniscan ® , GE 
Healthcare, Princeton, NJ, USA), which allowed suffi cient time for the gadodiamide 
to diffuse into the sonicated region.  
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20.1.8.3     Acoustic Emission Signal Acquisition and Analysis 

 The acoustic emission signals acquired by the PCD are sampled at 25 MHz to 
accommodate the highest memory limit of the digitizer involved in each case. 
A customized spectrogram function (30-cycles, i.e., 20 μs, Chebyshev window; 
95 % overlap; 4096-point FFT) in MATLAB ®  (Choi et al.  2007b , Mathworks, 
Natick, MA) is used to generate a time–frequency map, which provides the spectral 
amplitude in time. The spectrogram can then clearly indicate how the frequency 
content of a signal changes over time. Therefore, the onset of the broadband 
response and its duration could be clearly demonstrated on the spectrogram. 

 The acoustic emissions are quantifi ed in vivo. A high-pass, Chebyshev type 1 
fi lter with a cut-off of 4 MHz was fi rst applied to the acquired PCD signal. The 
acoustic emission collected by the focused hydrophone was used in the quantifi ca-
tion of the ICD; the harmonic ( nf , n = 1, 2, …,6), sub-harmonic ( f /2), and ultra- 
harmonic ( nf /2,  n  = 3, 5, 7, 9) frequencies produced by stable cavitation (Farny et al. 
 2009 ) were fi ltered out by excluding 300-kHz bandwidths around each harmonic 
and 100-kHz bandwidths around each sub- and ultra-harmonic frequencies. These 
bandwidths were designed to fi lter for the broadband response and to ensure that the 
stable cavitation response was not included in the ICD calculation. The root mean 
square (RMS) of the spectral amplitude ( V  RMS ) could then be obtained from the 
spectrogram after fi ltering. To maximize the broadband response compared to the 
sonication without microbubbles, only the fi rst 50 μs of sonication was considered 
in the ICD calculation, which was performed by integrating the  V  RMS  variation 
within an interval of 0.75 μs (i.e., calculating the area below the  V  RMS  curve between 
0.095 and 0.145 ms). In order to remove the effect of the skull in the ICD calcula-
tion, the  V  RMS  in the case without microbubbles was also calculated and was sub-
tracted from the results with the microbubbles to obtain the net bubble response. A 
Student’s  t -test was used to determine whether the ICD was statistically different 
between different pressure amplitudes. A  P -value of  P < 0.05  was considered to 
denote a signifi cant difference in all comparisons.   

20.1.9     Acoustic Parameter Dependence and Mechanism 
of BBB Opening 

 We have found that the peak-rarefactional pressure and the microbubble diameter 
dictate the physical mechanism, i.e., whether the BBB opening occurs in the pres-
ence of stable or inertial cavitation [60]. The BBB opening pressure threshold is 
identifi ed to fall between 0.30 and 0.45 MPa in the case of the 1–2-μm bubbles with 
inertial cavitation while the BBB opening occurs with stable cavitation only at pres-
sures between 0.15 and 0.30 MPa in the 4–5 and 6–8-μm cases (Choi et al.  2009 ; 
Tung et al.  2010 ). At every acoustic pressure, both the region of contrast enhance-
ment in the MRI imaging and the amplitude of broadband emissions increased with 
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the bubble diameter. The IC threshold is found to be bubble size independent and to 
lie between 0.30 and 0.45 MPa for all bubble sizes (Fig.  20.3 ). The underlying 
reason for this independence of the threshold on the bubble size is currently being 
investigated. In fl uorescence imaging, the PL of 2.3 μs was found to be suffi cient for 
BBB opening and Dextran delivery (Fig.  20.4 ).

20.1.10         Molecular Delivery Through the BBB Opening 

 A molecular delivery study (Choi et al.  2007b ,  2011b ) indicated that the range of 
molecular size for trans-BBB delivery spreads to well beyond the 574 Da 
(Gadolinium; Fig.  20.2 ) to 67 kDa (Albumin; Fig.  20.5 ) and 2,000 kDa (Dextrans; 
Fig.  20.5 ). As expected, at 2,000 kDa (~20 nm), the fl uorescent region is the smallest 
(since the molecule is the largest and thus diffusion the slowest) and mostly outside 
of the hippocampus. Therefore, FUS-induced BBB opening was shown feasible 
for noninvasive, local, and transient opening of the BBB for drug delivery of agents 
of several tens of kDa.

  Fig. 20.3    Spectrogram during the fi rst 0.2 ms sonication. Broadband acoustic emissions were 
detected at ( b ) 0.45 MPa and ( c ) 0.60 MPa but not at ( a ) 0.30 MPa. Corresponding MRI images 
confi rm that the blood–brain barrier (BBB) could be opened at 0.30 MPa, i.e., without inertial 
cavitation (Tung et al.  2010 ). The red arrows indicate the location of BBB opening which is the 
hippocampus       
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  Fig. 20.4    Qualitative fl uorescence images of the ( a ,  c ,  e ,  g ,  i ,  k ,  m ,  o )  left  and ( b ,  d ,  f ,  h ,  j ,  l ,  n ,  p ) 
 right  brain regions of interest (ROI) that have been exposed to pulse length (PL) of ( a ) 0.033, ( c ) 
0.1, ( e ) 0.2, ( g ) 1, (I) 2, ( k ) 10, ( m ) 20, and ( o ) 30 ms. The white scale bar in ( a ) indicates 1 mm. 
Quantitative ( Q ) normalized optical density (NOD) of the  left  focused ultrasound (FUS)-targeted 
ROI and ( R ) probability of localized dextran delivery. The  left  ROI was sonicated at different PLs. 
The single asterisk (*) indicates an NOD increase from the sham, whereas the  double asterisk  (**) 
indicates a signifi cant increase ( p  < 0.05) compared with the 0.033-, 0.1-, and 0.2-ms PLs (Choi 
et al.  2011a )       
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  Fig. 20.5     Study of the 
molecular size through the 
BBB opening using Dextrans 
or albumin and fl uorescence 
imaging:  Horizontal slice of 
Dextran of molecular weight 
equal to (1) 3, (2) 70, and (3) 
2,000 kDa on the ( a )  left  
(targeted) and ( b )  right  (not 
targeted) hippocampus; (4) 
Coronal slice of the entire 
brain at 70 kDa Dextran 
showing the fl uorescent  left  
hippocampus (crescent-
shaped); (5) Fluorescent 
albumin (67 kDa) permeated 
in the putamen through the 
opened BBB       
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20.1.11        Safety and Reversibility of BBB Opening 

 In order to determine the safety window of the FUS technique using histological 
and immunohistological techniques (Baseri et al.  2010 ), we sought to identify the 
safe operating parameters of ultrasound exposure for neurons, astrocytes, and endo-
thelial cells (Fig.  20.6 ). Immunostaining studies to confi rm these results have also 
been reported in neurons [65] and are ongoing in the other cases. In summary, BBB 
opening starts occurring at 0.3 MPa rarefactional pressure amplitude and beyond. 
At pressures under 0.6 MPa (Fig.  20.6a ), no extravasation of red blood cells (RBC) 
or neuronal damage was observed in the regions of the hippocampus exhibiting the 
most pronounced BBB opening. Beyond 0.6 MPa (Fig.  20.6b ), RBC extravasation 
was detected and beyond 0.9 MPa neuronal damage was observed. These preliminary 
fi ndings suggest that there is overlap between the feasibility and safety windows 
within the pressure range of 0.3–0.6 MPa, i.e., the BBB can be opened throughout 
the entire hippocampus without endothelial or neuronal damage at those pressures 
(Fig.  20.6 ; Baseri et al.  2010 ). FUS-induced BBB opening was reported to close 
within 24 h under specifi c parameters in rabbits (Hynynen et al.  2001 ), mice (Howles 
et al.  2010 ; Samiotaki et al.  2012 ), and monkeys (Marquet et al.  2010 ,  2011 ; 

  Fig. 20.6    Comparison between MRI ( left ) and histology (center (1×) and  right  (200× near the 
region of most enhanced BBB opening according to the MRI) after FUS-induced BBB opening on 
the  left  hippocampus at ( a ) 0.45 and ( b ) 0.75 MPa peak-rarefactional pressure. It shows that at 
lower pressures ( a ) the endothelial and neurons are intact ( red ), while at higher pressures ( b ) there 
is extravasation of red blood cells (indicated by  arrowhead ) and neuronal death (indicated by 
 arrow ). This indicates the safety window of the FUS technique in BBB opening       
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  Fig. 20.7    T1 MRI images of ( a ) BBB opening, ( b ) BBB closing (24 h); and ( c ) fl uorescence imag-
ing with 3-kDa dextran of the  left  (sonicated) hippocampus       

  Fig. 20.8    MRI coronal and horizontal permeability images (fi rst two images in fi rst column in 
(i) and (ii)), coronal and horizontal T1-weighted images (fi rst two images in second column in 
(i) and (ii)) of BBB opening in the  left  hippocampal formation ( right  one served as the control),  
H&E histology of both the  left  and  right  hippocampi (40×) ( last row  in (i) and (ii)) and cavitation 
spectrograms ( bottom row  in (iii) with corresponding T1 images on top) at 0.45 MPa ((i) and  right 
column  in (iii) and 0.30 MPa ((ii) and  left column  in (iii)). Note the harmonic peaks ( parallel lines ) 
in the spectrograms at 1.5, 3, 4.5 MHz, etc. at 0.3 MPa and the inertial cavitation (harmonics and 
broadband noise) on the spectrogram at 0.45 MPa. No structural damage was noted at either pres-
sure or cavitation types in the 48 mice studied (Vlachos et al. 2011). The permeability maps show 
increase of a 100-fold in the area sonicated, i.e., the  left  hippocampal formation. The entorhinal 
cortex is designated using a  green arrow        

McDannold et al.  2012 ; Tung et al.  2011a ,  b ). Figure  20.7  shows that BBB closure 
had occurred within the fi rst 24 h after BBB opening.

    Full assessment of the safety profi le is more complex than the preliminary studies 
reported. Behavioral, cognitive, electrophysiological, and additional cell histology 
are warranted for maximal safety profi le delineation. Although the preliminary 
studies by our group and others have identifi ed that stable cavitation of the bubbles 
is suffi cient to open the BBB (Fig.  20.8 ) and that histological sections indicate no 
damage (Fig.  20.6 ), both in vivo (fMRI, EEG, and PET as well as cognitive studies) 
and ex vivo immunostaining of glia, astrocytes, pericytes, and neurons still remain 
to be performed in order to fully characterize the safety profi le of the technique.

20.1.12        Properties of BBB Opening 

 Dynamic contrast-enhanced (DCE) MRI has been performed before and after the 
intraperitoneal injection of gadodiamide over 60 min (Vlachos et al.  2010 ). The gen-
eral kinetic model (GKM) is used to estimate the permeability in the entire brain 
(Vlachos et al.  2010 ). At 0.3 MPa and 4–5-μm bubbles, the permeability is found to 
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Fig. 20.8 (see Caption on page 560)
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equal 0.02 ± 0.0123 min −1  and increase by at least 100 times in the region of BBB 
opening compared to the control side. Cavitation (Fig.  20.3 ) and permeability (Fig.  20.8 ) 
fi ndings demonstrated that the inertial cavitation threshold is independent of the 
bubble size, while both the ICD and MR amplitude increased at larger bubble sizes, 
also indicating a correlation between the cavitation and permeability increase 
(Vlachos et al.  2010 ). The fact that the permeability increased with the pressure and 
microbubble size indicates that the BBB opening occurs at multiple sites within the 
capillary tree and that the BBB opening is larger with larger microbubbles, most 
likely due to the larger area of contact between the bubble and the capillary wall.  

20.1.13     BBB Opening in Large Animals 

 A 3D fi nite-difference, time-difference simulation platform (Wave 3000, CyberLogic, 
New York, USA) simulation model (Fig.  20.9c ; Deffi eux and Konofagou  2010 ) was 
used to identify the optimal frequency for successful trans- skull propagation using 
CT scans (GE LightSpeed Ultrafast CT scanner; available in the department of 
radiology at) of ex vivo nonhuman primate and human skulls as inputs to model 
absorption and speed of sound maps. The targeted brain structures were extracted 
from publicly available 3D brain atlases registered with the skulls (Fig.  20.9a, b ). 
The frequency of 500 kHz provided the best tradeoff in the human skull between 
phase aberrations due to transcranial propagation and standing wave effects due to 
multiple interfaces and longer wavelengths while the frequency of 800 kHz was 
most suitable in the case of the non-human primate skull. A fast periodic linear 
chirp method was developed and found capable of reducing the standing wave 
effects. The simple, single-element system that we have been using in mice was 
concluded to be feasible for BBB opening in primates and humans and the size of 
the focal spot dimensions fi t the hippocampal sizes when targeting through the 
dorsal part of the skull (Fig.  20.10 ).

20.1.14         Therapeutic Delivery Through FUS-Induced 
Blood–Brain Barrier Opening 

 Neurotrophic delivery to the brain is thought to be essential in reversing neuronal 
degeneration processes but so far the application of growth factors to the CNS has 
been hindered by the BBB. In a recent study by our group, not only was it shown 
that brain-derived neurotrophic factor (BDNF) and neurturin (NTN) as well as AAV 
(Wang et al.  2013 ) can cross the ultrasound-induced BBB opening but also that it can 
trigger signaling pathways in the pyramidal neurons of mice in vivo from the mem-
brane to the nucleus (Fig.  20.11 ) (Baseri et al.  2012 ). This opens entirely new ave-
nues in brain drug delivery where FUS in conjunction with microbubbles can generate 
downstream effects at the cellular and molecular level and thus increase the drug’s 
effi cacy and potency in controlling or reversing disease.
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20.2         Discussion 

 Despite the fact that FUS is currently the only technique that can open the BBB 
locally and noninvasively (Table  20.1 ), several key aspects of the technique remain 
incompletely understood. Although the presence of microbubbles allows for a 
reduction in the necessary acoustic pressure for BBB opening, it also increases the 
probability of disrupting the microbubble through inertial cavitation. Not only can 
the resulting effects open the tight junctions, but they may also induce irreversible 
damage to the blood vessels and surrounding cells. While studies by most other 
groups have focused more globally, inducing BBB opening in arbitrary, multiple 
locations throughout the whole brain, studies from our group have focused on tar-
geting a specifi c brain region such as the hippocampus and evaluating its properties 
locally. Furthermore, multielement phased arrays (with up to 1,024 elements) that 

  Fig. 20.9    Theoretical simulations with experimental validation for predicting the area of BBB 
opening (in  red ) relative to the hippocampus ( white dashed  contour through the skull) of ( a ) non-
human primates at 800 kHz and ( b ) human at 500 kHz. In both cases, there is formation of a uni-
form focal spot with the largest dimension along the longest dimension of the hippocampus in both 
cases. ( c ) Experimental validation of a uniform focal spot (transverse view) through the ex vivo 
primate skull of the ( d ) simulated focal spot at 800 kHz (Deffi eux and Konofagou  2010 )       
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permit phase aberration correction have been proposed in order to increase fl exibil-
ity of the location targeted, mainly used for tumor ablation with minimal aberration. 
However, these arrays are highly complex and diffi cult to manufacture and cumber-
some in handling and positioning around a subject due to their typically bulky size 
and weight. Finally, the delivery of many large agents using FUS and microbubbles 
has been demonstrated in previous studies by our group and others. However, 

  Fig. 20.10    In vivo  BBB opening in monkeys:  ( A – C ) BBB opening experiment targeting the cau-
date using custom made microbubbles and applying 0.6 MPa ( purple dashed  line shows region of 
interest). ( D – F ) BBB opening experiment targeting hippocampus using Defi nity ®  microbubbles 
and applying 0.6 MPa ( orange dashed line  shows region of interest). ( A – E ) 3D Spoiled Gradient-
Echo (SPGR) T1-weighted sequence was applied after intravenous (IV) injection of gadodiamide 
1 h after sonication. ( A ,  D ) Sagittal slices at the region of interest. ( B ,  E ) Corresponding coronal 
slices. ( C ,  F ) 3D T2-weighted sequence, an edema was visible using custom made microbubbles 
while no damage was detected using Defi nity ®  microbubbles at the highest pressure used       

  Fig. 20.11    ( a ) Fluorescent image of a 100-μm frozen brain section from a mouse that was sacri-
fi ced 20 min after sonication. The sonicated hippocampus ( left ) shows much higher fl uorescent 
intensity than the un-sonicated hippocampus ( right ), depicting blood–brain barrier opening and the 
extravasation of fl uorescent-tagged (Alexa Fluor 594) BDNF in the sonicated region; ( b ) a 5-μm 
frozen section from the same mouse was immunohistochemically stained using a primary antibody 
against phosphorylated MAPK (pMAPK). Consistent with the fl uorescent image in ( a ), the inten-
sity of DAB staining is much greater in the  left  sonicated hippocampus compared to the  right  
control; the  black box  shows the enlarged area in ( c ), where immunoreactivity to pMAPK is shown 
in mossy fi ber terminals ( arrowhead ), suprapyramidal CA3 dendrites ( black star ), and the axons 
of the Schaffer collateral system ( hollow star ); ( d ) immunohistochemical staining of a 5-μm frozen 
section from a mouse that was sacrifi ced 3 min after sonication; the same primary antibody against 
pMAPK was used. No difference in DAB intensity is observed between the sonicated and the 
control hippocampus; ( e ) Negative control for the same mouse in ( a ); no primary antibody (against 
pMAPK) was added to this 5-μm frozen section during the staining procedure. All magnifi cations 
are 40× and scale bars are 500 μm except for ( c ), which is 100× and 200 μm, respectively. In ( f ), 
immunohistology stain intensity analysis shows percentage change between the  left  (FUS) and the 
 right  (no FUS) sides of the mice brains. A signifi cant difference ( p  < 0.05,  N  = 3; depicted by  aster-
isks ) was found between the BDNF administered animal group and the control (no BDNF) animal 
group for the TrkB, MAPK, and CREB antibodies. Bars represent mean ± standard deviation       
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Fig. 20.11 (see Caption on page 564)
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despite the promise shown by the delivery of such a variety of compounds, several 
questions on the effectiveness of the delivery remain. Our group has recently shown 
that a molecular cascade for neurogenesis is triggered by neurotrophic factors 
that penetrate the FUS-induced BBB opening and into the hippocampal neurons. 

 Given the established feasibility of FUS in BBB opening and its urgent need in 
brain drug delivery, the main fi ndings summarized in this chapter are as follows:

    1.    The BBB can be reproducibly opened in a specifi c subcortical region associated 
with neurodegenerative disease, e.g., the hippocampus.   

   2.    The BBB opening can be induced without requiring craniotomy or MRI for tar-
geting in mice and monkeys.   

   3.    A single-element transducer is suffi cient to induce trans-skull wave propagation 
through both mouse and primate skulls ex vivo and can lead to a well-formed 
focal spot for BBB opening in both cases but at distinct ultrasound frequencies. 
More importantly, unlike tumor ablation using multielement arrays, lower pres-
sures, and anatomy-specifi c (not tumor-specifi c) targeting are required, poten-
tially rendering sonication with a single-element transducer suffi cient.   

   4.    An optimization study has been performed that has identifi ed the pulse length 
and peak-rarefactional pressure safety range; H&E studies have shown that there 
is no structural damage associated with BBB opening using these optimized 
parameters.   

   5.    Preliminary delivery of molecules on the order of 0.5–70 kDa, including dextrans 
and growth factors (BDNF), has been demonstrated. Our fi ndings suggest FUS-
induced BBB opening results in BDNF accessibility to neurons and the successful 
triggering of brain-specifi c signaling pathways.   

   6.    Intraperitoneal (IP)-administered gadolinium allowed for spatiotemporal analysis 
of the BBB opening with MRI. A 100-fold increase in BBB permeability has 
been shown in the FUS-targeted hippocampus, as assessed in vivo by MRI.      

20.3     Conclusion 

 FUS in conjunction with microbubbles has been shown to effectively and reproducibly 
open the BBB transcranially in vivo with its recovery occurring within the fi rst 24 h. 
The permeability of the FUS-opened BBB has been shown to increase by at least two 
orders of magnitude, indicating facilitation of drug delivery through FUS. Molecules 
spanning a wide range of sizes appear capable of traversing the opened BBB without 
any associated structural damage and in some cases triggering specifi c neuronal 
pathways. A dependence of the BBB permeability on the pressure and the micro-
bubble size indicates that multiple sites of BBB opening within the ultrasound beam 
occur simultaneously, while the microbubble size signifi cantly affects the volume of 
BBB opening. Finally, it should be possible to utilize new pulse sequences for tran-
scranial BBB opening in larger animals such as nonhuman primates and humans, 
opening up the technique to future clinical applications.  
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20.4     Points for Discussion 

•     Why is it necessary to open the BBB to treat CNS diseases?  
•   What are the main advantages of FUS in brain drug delivery?  
•   Which molecules would be most effi cient to use with the ultrasound technology?  
•   Which diseases may benefi t by such a treatment method?  
•   What are the main challenges that remain in its clinical translation?        
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    Abstract     During diseases of the central nervous system (CNS), such as Alzheimer’s, 
Parkinson’s, epilepsy, stroke and multiple sclerosis (MS), the protective function of 
the blood–brain barrier (BBB) is signifi cantly impaired. The infl ammatory response 
that is frequently associated with such brain diseases may underlie the loss of the 
integrity and function of the BBB. Consequentially, the delivery and disposition of 
drugs to the brain will be altered and may infl uence the treatment effi ciency of CNS 
diseases. Altered BBB transport of drugs into the CNS during diseases may be the 
result of changes in both specifi c transport and non-specifi c transport pathways. 
Potential alterations in transport routes like adsorptive-mediated endocytosis and 
receptor-mediated endocytosis may affect drug delivery to the brain. As such, drugs 
that normally are unable to traverse the BBB may reach their target in the diseased 
brain due to increased permeability. On the contrary, the delivery of (targeted) drugs 
could be hampered during infl ammatory conditions due to disturbed transport 
mechanisms. Therefore, the inventory of the neuro-infl ammatory status of the neu-
rovasculature (or recovery thereof) is of utmost importance in choosing and design-
ing an adequate drug targeting strategy under disease conditions. Within this chapter 
we discuss how the function of the BBB can be affected during disease and how this 
may infl uence the delivery of drugs into the diseased CNS.  

    Chapter 21   
 Disease Infl uence on BBB Transport 
in Infl ammatory Disorders 
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21.1         Introduction 

 The blood–brain barrier (BBB) is a complex cellular network consisting of brain 
endothelial cells lining the cerebral microvasculature which form a continuous cel-
lular barrier between the central nervous system (CNS) and the bloodstream. The 
BBB plays a crucial role in maintaining brain homeostasis, which is necessary for 
the stability and activity of nerve cells (Abbott  2002 ; Abbott et al.  2006 ). The BBB 
is also the “fi rewall” that prevents the entry of toxic compounds and immune cells 
into the CNS (Quan  2006 ). The functionality of the BBB is achieved through the 
interactions of cells comprising the BBB: these include not only endothelial cells but 
also astrocytes, pericytes and neighbouring CNS cells (Hawkins and Davis  2005 ). 

 A number of specifi c transport and enzyme systems are in place at the BBB 
which regulate molecular traffi c across the barrier (Abbott et al.  2006 ; Abbott and 
Romero  1996 ). While the BBB maintains brain homeostasis, infl ammation and 
immune-related events are amongst the best described processes that cause disrup-
tion of the BBB and are associated with CNS disorders such as Alzheimer’s disease 
(in particular capillary cerebral amyloid angiopathy (capCAA)), Parkinson’s dis-
ease, epilepsy, stroke, HIV/neuroAIDS, traumatic brain injury and MS (Erickson 
et al.  2012 ; Boado and Pardridge  2011 ; Rip et al.  2009 ; DiNapoli et al.  2008 ; 
Friedman and Dingledine  2011 ). The infl ammatory response is a process that is 
common to all of the above-mentioned brain diseases and is of infl uence on normal 
BBB function. Consequentially, drug delivery to the brain will be altered and dispo-
sition of drugs in the brain during different disease states may infl uence the treat-
ment effi ciency of CNS diseases. Altered BBB function during disease may be 
mediated through changes in paracellular transport and transcellular transport 
routes. This potentially enhances or reduces the effi cacy of treatment for CNS dis-
orders. As such, drugs that normally are unable to traverse the BBB may reach their 
target in the diseased brain due to increased permeability. Alternatively, drugs that 
are normally able to pass the BBB may be more actively extruded through elevated 
ATP-binding cassette (ABC)-transporter function or because of a reduction in 
receptor or transporter expression on the luminal side of the brain endothelium. 
Therefore, the state of neuro-infl ammation and its reinforcing or inhibiting effects 
on various BBB transport routes should not be neglected in choosing and designing 
an adequate drug targeting strategy for such disorders.  

21.2     Current Status 

21.2.1     CNS Disorders with an Infl ammatory 
Component and Their Treatment 

 Brain homeostasis is controlled by the BBB. Maintenance of a tightly regulated 
biochemical and immunological microenvironment is a prerequisite for proper CNS 
function and changes in its delicate balance has been associated with infl ammation 
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in several CNS pathologies (Fung et al.  2012 ; Zlokovic  2008 ,  2010 ). Here, we will 
briefl y mention Parkinson’s disease (PD), Alzheimer’s disease (AD), epilepsy and 
stroke and focus in more detail on multiple sclerosis (MS). 

21.2.1.1     Parkinson’s Disease 

 Parkinson's disease (PD) is known for the degeneration of dopaminergic neurons in 
the substantia nigra pars compacta causing characteristic movement impairments. 
In general, PD treatment includes a combination of  l -DOPA[(-)-3-(3,4- 
dihydroxyphenyl)- l -arginine] and carbidopa [(2S)-3-(3,4-dihydroxphenyl)-2-
hydrazine- 2-methylpropanoic acid], which alleviates the PD movement phenotype 
by increasing CNS dopamine levels.  l -DOPA is able to cross the BBB via the large 
neutral amino acid transporter and is converted to dopamine in the brain. Peripheral 
dopamine cannot pass the BBB, therefore combination therapy with carbidopa, a 
peripheral DOPA decarboxylase inhibitor, is used to increase  l -DOPA bioavailability 
in the brain. Luminal effl ux pumps, i.e. P-glycoprotein (P-gp, an ABC transporter), 
limit the bioavailability associated with oral treatment (Hawkins and Davis  2005 ; 
Bartels et al.  2008 ; Kortekaas et al.  2005 ). An important cytokine that may link 
infl ammation and PD is tumour necrosis factor α (TNF-α), since TNF-α is known to 
mediate neurotoxicity at the level of the substantia nigra, thus providing a way by 
which this cytokine may promote Parkinson’s disease (Qin et al.  2007 ; Erickson 
et al.  2012 ). In fact levels of several pro-infl ammatory cytokines are affected in PD 
patient's brains, including IL-8, IFN-γ, IL-1β and TNF-α (Reale et al.  2009 ) and 
accumulating evidence suggests that neuro-infl ammation plays both neuro-protective 
and neurotoxic role in PD (Chung et al.  2010 ). Better understanding of the complex 
mechanisms underlying neuro-infl ammation may provide clues to the development 
of interventional therapeutic strategies for PD patients.  

21.2.1.2     Alzheimer’s Disease 

 The neuropathological changes associated with Alzheimer’s disease (AD) are well 
characterized and consist of cortical atrophy, neurofi brillary tangles and neuritic 
plaques (Bell and Zlokovic  2009 ). Diminished cognition in AD, associated with the 
loss of cholinergic input, is partly a consequence of these pathological phenomena. 
The acetylcholine receptor plays a pivotal role in the cholinergic system and its 
expression is affected during CNS diseases. Reduced expression of the acetylcho-
line receptor has been found not only in patients with Alzheimer’s disease, but an 
important role of the receptor has also been described in epilepsy and MS (Herholz 
et al.  2008 ; Kooi et al.  2011 ). Similar to PD treatment, current AD therapy aims to 
replace depleted neurotransmitters to treat symptoms. Donepezil, an acetylcholines-
terase inhibitor, improves cognition in AD patients (Brousseau et al.  2007 ) by 
enhancing acetylcholine bioavailability. Donepezil crosses the BBB through the 
organic cation transporter (Kim et al.  2010 ), although P-gp, limits therapeutic 
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concentrations of acetylcholinesterase inhibitors in the brain (Ishiwata et al.  2007 ). 
An important mechanism by which infl ammation contributes to AD is by reducing 
the ability of the BBB to remove amyloid-β from the brain. Amyloid-β accumulation 
in the brain is associated with AD pathology (Hardy and Selkoe  2002 ). Low-density 
lipoprotein receptor-related protein-1 (LRP-1) is highly expressed in the cerebel-
lum, cortex, hippocampus and brain stem (de Boer and Gaillard  2007 ; Lillis et al. 
 2008 ). At the capillary endothelial cells of the BBB, it functions as an effl ux trans-
porter for amyloid-β at the abluminal side (Deane et al.  2004 ; Sagare et al.  2007 ). 
LRP-1 is down-regulated at the BBB in AD, causing decreased effl ux of amyloid-β, 
thereby contributing to amyloid-β accumulation and pathogenesis (Erickson et al. 
 2012 ). The receptor for advanced glycation end products (RAGE) mediates 
amyloid-β peptide transport across the BBB barrier in the blood-to-brain direction 
and its expression can be altered during disease. Infl ammation as occurs in AD 
potentially induces elevation of levels of amyloid-β within the CNS by three distinct 
mechanisms: increased brain infl ux, decreased brain effl ux and increased neuronal 
production of amyloid-β, due to a change in the expression of mentioned effl ux 
systems (   Jaeger et al.  2009a ,  b ; Reale et al.  2008 ).  

21.2.1.3    Epilepsy 

 Epilepsy is characterized by spontaneous, recurrent seizures due to uncontrolled, 
repetitive fi ring of neuronal networks. Antiepileptic drugs provide symptomatic 
treatment by affecting neurotransmission by increasing inhibitory GABAergic out-
put, decreasing excitatory glutaminergic activity or altering ion conductance. 
Epilepsy coincides with increased expression of P-gp or multidrug resistance effl ux 
pumps at the BBB (Loscher et al.  2011 ; Luna-Tortos et al.  2010 ), which limits anti-
epileptic drugs from entering the brain at suffi cient therapeutic concentrations 
(Lazarowski and Czornyj  2011 ). The role of the BBB and the regulation of its integ-
rity during epilepsy are discussed in more detail elsewhere in this book (see Chap. 
  24    : Disease infl uence on BBB transport in neurodegenerative disorders).  

21.2.1.4    Stroke 

 Ageing affects both the vasculature and the immune system, rendering the aged 
BBB more prone to damage (Persky et al.  2010 ; Dinapoli et al.  2010 ; Rosen et al. 
 2005 ). Advanced age is an important risk factor for not only stroke but also other 
neurodegenerative diseases, including PD and AD. It is well established that ageing 
correlates with increased circulating infl ammatory compounds following stroke. 
Peripheral infl ammatory mediators may play a role in cerebrovascular disease 
(Tuttolomondo et al.  2008 ,  2009 ), thus indirectly affecting the incidence of stroke. 
Identifying and understanding the function of peripheral infl ammatory mediators on 
the BBB will give insight to better clinical diagnosis for stroke (Vangilder et al. 
 2011 ). Stroke, although initially characterized by deprivation of blood fl ow, leading 
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to ischemic conditions, is typically followed by reperfusion, which is associated 
with tight junction (TJ) disruption. Hypoxic conditions are used in vitro to mimic 
ischemia in the brain, causing increased permeability by alterations in TJ protein 
expression (Witt et al.  2005 ; Fischer et al.  1999 ). Moreover, upregulation of TNF-α 
and IL-1 was shown in ischemia models (Yang et al.  1999 ; Schroeter et al.  2003 ), 
linking stroke directly to the infl ammatory process.  

21.2.1.5    Multiple Sclerosis 

 Multiple sclerosis (MS) is a chronic infl ammatory disease of the CNS, marked by 
infi ltration of monocyte-derived macrophages in the brain parenchyma. MS takes 
several forms, with new symptoms occurring either in discrete attacks (relapsing 
forms) or slowly accumulating over time (progressive forms). The pathophysiology 
of MS is characterized by massive infl ux of activated monocyte-derived macro-
phages, which subsequently induce BBB breakdown, demyelination, oligodendro-
cyte injury and axonal loss. During MS, changes at the level of the BBB are related 
to two main processes: disruption of the barrier, i.e. leakage and alterations of TJ 
proteins and the ability of BBB components, including endothelial cells and astro-
cytes to produce infl ammatory mediators thereby infl uencing the recruitment of 
immune cells entering the brain (Alvarez et al.  2011 ; Larochelle et al.  2011 ). The 
breakdown of the BBB is believed to be transient, but recurrence may be observed 
at the same or different locations over time, as evidenced by gadolinium-enhanced 
magnetic resonance imaging (Harris et al.  1991 ). The subsequent development of 
MS plaques involves additional phases of BBB leakage, immunologically mediated 
demyelination and axonal transaction (Dutta and Trapp  2011 ; Alvarez et al.  2011 ). 
As described in Sect.  21.2.2.1  the expression levels and function of TJ proteins are 
known to change during infl ammation in the brain as is the case for MS (Kirk et al. 
 2003 ). MS is characterized by leukocyte infi ltration (Fig.  21.1 ) in the brain causing 
up regulation of pro-infl ammatory cytokines and chemokines such as IL-1β, IL-17, 
IL-22, IFN-γ (Kebir et al.  2007 ; Cayrol et al.  2008 ) and increased cytokine levels 
coincide with a high BBB permeability in MS (Leech et al.  2007 ).

   Since historically the main mechanism of injury in MS has been thought to be 
infl ammation, current MS therapies are mostly focused on stopping the autoim-
mune response (Loma and Heyman  2011 ). Generally, MS medication can be subdi-
vided in immunomodulatory and immunosuppressive drugs with interferon-beta 
(IFN-β) and glatimer acetate (Copaxone) being the fi rst disease modifying drugs on 
the market for treatment of MS (Compston and Coles  2008 ; Lublin and Reingold 
 1996 ). Disease-modifying drugs include four different preparations of interferon-β 
(Avonex, Rebif, Betaseron and Extavia), glatiramer acetate (Copaxone), mitoxan-
trone (Novantrone), fi ngolimod (Gilenya) and steroids. (La Mantia et al.  2010 ; 
Cohen and Rivera  2010 ; Mellergard et al.  2010 ; Marriott et al.  2010 ; Morrow et al. 
 2009 ). The heterogeneity of MS pathophysiology, individual responses of patients 
to a certain prescription and side effects of medication contribute to the diffi culty of 
adequately treating MS (Loma and Heyman  2011 ). 
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 The membrane expression of integrins on infl ammatory leukocytes and their 
target adhesion molecules on the CNS vasculature has been a focus of therapeutic 
intervention in MS patients in recent years. Initially a monoclonal antibody block-
ing α4-integrin was used to prevent leukocyte transmigration across the BBB in 
vitro, and this approach was also able to alleviate disease in a rodent model of MS, 
experimental autoimmune encephalomyelitis (EAE) (Coisne et al.  2007 ,  2009 ). 
This has resulted in the generation of MS therapies currently used in the clinic. At 
the same time this provided solid evidence that therapies interfering with leukocyte 
transmigration are effective in controlling lesion formation in MS. A humanized 
form of this the α4-integrin blocking antibody, designated Natalizumab (Tysabri), 
was developed based on its established effi cacy in treating EAE and is currently 
prescribed as second line of treatment for relapsing remitting MS (Engelhardt  2008 ; 
Banks and Erickson  2010 ).   

  Fig. 21.1    Proteolipid protein (PLP) staining of NAWM MS brain tissue ( left panels ). Substantial 
peri-vascular cellular infi ltrates are found (numerous purple nuclei, indicated by  arrows ). 
Leukocyte infi ltates surrounding the vasculature show enhanced expression of major histocompat-
ibility complex class II (MHCII;  right panels ). The blood vessel lumen is indicated by an  arrow-
head  in each panel. Stainings were performed as described (Kooij et al.  2011 ), magnifi cation 100×       
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21.2.2     Current Understanding of Transport Over the BBB 
Under Infl ammatory Conditions 

 The BBB is diminished during infl ammation in the brain (Neuwelt  2004 ). Not only 
can BBB disruption be disastrous to an organism, but drug delivery to the brain will 
also be altered (Abbott et al.  1999 ; de Boer et al.  2003 ). Changes in BBB function 
can be mediated through changes in both non-specifi c and specifi c transport path-
ways. This is exemplifi ed for paracellular (TJ-controlled) and transcellular transport 
routes like adsorptive-mediated endocytosis and receptor-mediated endocytosis. 
In addition, expression of adhesion molecules and regulation of drug effl ux trans-
porters are altered under infl ammatory disease conditions. Altogether, these changes 
may affect drug delivery into the brain. We highlight these different transport mech-
anisms in the next sections. 

21.2.2.1     Paracellular Transport 

 Infl ammatory conditions present in numerous neurological disorders lead to the 
production of cytokines that are known to result in TJ disruption. It is clear that 
some cytokines have effects on brain endothelial cells that could lead to either 
disruption or modulation of the restrictive aspects of the BBB. These effects include 
alterations of TJ protein expression (Erickson et al.  2012 ; Dohgu et al.  2004 ; Gloor 
et al.  2001 ; Alvarez et al.  2011 ) and cytoplasmic stress fi bre formation of actin (Deli 
et al.  1995 ; Youakim and Ahdieh  1999 ). occludin, zona occludens (ZO)-1 and ZO-2 
play crucial roles in TJ formation (Blasig and Haseloff  2011 ; Chiba et al.  2008 ). The 
use of in vitro and in vivo models has shown that an increase in BBB permeability 
can be induced by compounds that are released under infl ammatory conditions, 
such as TNF-α, interferon (IFN)-γ, interleukin (IL)6, IL17 and IL22 (Burke-Gaffney 
and Keenan  1993 ; Deli et al.  1995 ; Wojciak-Stothard et al.  1998 ; Utech et al.  2005 ). 
Co-stimulation of endothelial cells with IFN-γ and TNF-α is known to affect their 
permeability through an altered distribution of the junction proteins claudin-5 and 
cadherin-5 (Ozaki et al.  1999 ; Wong et al.  1999 ). Interestingly, IFN-γ induces inter-
nalization of TJ proteins (Bruewer et al.  2005 ) thereby reducing the restrictive func-
tions of the BBB, whereas removal of IFN-γ results in repositioning of TJ proteins 
in the cell membrane (Utech et al.  2010 ). IL-1β has been shown to destabilize the 
BBB via induction of matrix metalloproteinase-9 (MMP-9), a proteinase that has 
a.o. occludin, ZO-1 and claudin-5 as cleavable substrates (Bolton et al.  1998 ; 
Wachtel et al.  1999 ). Other studies show a direct effect of lipopolysaccharide (LPS) 
on BBB integrity, which has oftentimes been used to induce meningitis-like infl am-
mation in BBB models (Tunkel et al.  1991 ; Tunkel et al.  1992 ; Banks and Erickson 
 2010 ). Moreover, oxidative stress that commonly occurs during infl ammatory disease 
conditions results in a down-regulation of TJ expression (Abbott  2000 ; Krizbai 
et al.  2005 ; Lehner et al.  2011 ; Schreibelt et al.  2007 ; Fraser  2011 ). An important 
consequence of the TJ disruptions described above is elevated paracellular transport, 
which has consequences for drug delivery to and deposition in the diseased brain.  
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21.2.2.2    Adsorptive-Mediated Endocytosis 

 Cationic targeting moieties and cell penetrating peptides enter the brain via 
adsorptive- mediated endocytosis (Kumagai et al.  1987 ;    Pardridge et al.  1987a ,  b ; 
Kumar et al.  2007 ; Lossinsky and Shivers  2004 ; Drin et al.  2003 ). CNS endothelial 
cells have been shown to display increased adsorptive-mediated endocytosis in vitro 
after LPS, TNF-α or IL-6 treatment (Duchini et al.  1996 ; Banks et al.  1999 ). In addition, 
increased endocytotic activity has been observed in stroke models (Cipolla et al. 
 2004 ; Wong et al.  2012 ). Whether endocytosis is increased in humans during dis-
ease conditions is diffi cult to investigate and therefore incompletely understood, but 
given the generalized infl ammatory response that often accompanies CNS diseases, 
induction of endocytotic activity is plausible. Changes in endocytotic activity of 
diseased CNS endothelial affect not only adsorptive-mediated endocytosis but also 
the more specifi c process of receptor-mediated endocytosis.  

21.2.2.3    Receptor-Mediated Endocytosis 

 Another route by which macromolecular substances can pass the BBB and enter the 
brain is through receptor-mediated endo- and transcytosis. A wide variety of recep-
tors and transporters involved in receptor-mediated endo- and transcytosis have 
been described (Abbott et al.  2010 ; Chishty et al.  2001 ; Reichel et al.  2000 ; Rip 
et al.  2009 ). Internalizing receptors, such as the transferrin and insulin receptors, 
expressed on the blood side of brain endothelial cells are amongst the most promising 
targets for drug transfer to the CNS (Shin et al.  1995 ; Lee et al.  2000 ; Pardridge 
et al.  1987a ,  b ). Of note, transferrin receptor expression is often infl uenced by 
infl ammatory conditions and disease progression (Harel et al.  2011 ). In addition, 
brain endothelial expression of transcytoting molecule Heparin-Binding Epidermal 
Growth Factor (HB-EGF) is strongly up regulated under infl ammatory disease con-
ditions, providing an opportunity for drug targeting to the infl amed CNS (Gaillard 
and de Boer  2006 ; Gaillard et al.  2005 ; Wang et al.  2011 ). Interestingly, not only is 
HB-EGF expressed at the BBB, but it is also present on the surface of leukocytes, 
potentially providing additional opportunities to interfere with leukocyte transmi-
gration in infl ammatory disorders such as MS (Schenk et al.  2012 ). Several trans-
porters at the BBB are also altered or modulated by immune-related events (Banks 
and Erickson  2010 ; Begley  2004 ; Rip et al.  2009 ). The rate of receptor- mediated 
transport of TNF-α from blood to brain for instance is enhanced in mice with EAE, 
the animal model for MS. Despite disruption of the BBB, increased entry of TNF-α 
is caused by an enhancement of its transporter under infl ammatory conditions (Pan 
et al.  1996 ). In contrast, the transport of another cytokine, IL-15, is diminished in 
the brain mice with EAE (Hsuchou et al.  2009 ), indicating that under disease condi-
tions an altered transport of cytokines across the BBB determines the infl ammatory 
status of the CNS.  

G.J. Schenk et al.



581

21.2.2.4    Adhesion Molecule Expression 

 Cell adhesion molecules (CAMs) expressed on endothelial cells play a crucial role 
in transmigration of leukocytes across the BBB. Induction of CAMs is associated 
with disease states and the regulation of these molecules has been best described for 
stroke and even more so for MS (Rossi et al.  2011 ). BBB-leukocyte interaction is 
dependent upon expression of CAMs on the surface of BBB endothelial cells, such 
as intercellular CAM-1 (ICAM-1) and vascular CAM-1 (VCAM-1) on the one 
hand, and the expression of their ligands on leukocytes i.e. integrins αLβ2 and α4β1 
on the other hand. Before being able to cross the endothelium and eventually move 
into the brain parenchyma, leukocytes have to perform a series of orchestrated 
actions, collectively designated diapedesis (Rossi et al.  2011 ; Engelhardt  2006 ; 
Owens et al.  2008 ; Engelhardt  2008 ). Migration of leukocytes through the endothe-
lium increases BBB permeability, which facilitates future diapedesis (Biernacki 
et al.  2004 ; Prat et al.  2005 ; Seguin et al.  2003 ). Importantly, immune cells release 
infl ammatory cytokines, reactive oxygen species and proteases that also facilitate 
the diapedesis process (Larochelle et al.  2011 ; Persidsky et al.  1997 ). Consequently, 
this neuro-infl ammatory event indirectly affects drug transport to the brain via its 
infl uence on BBB permeability through altered TJ expression (Alvarez et al.  2011 ; 
Erickson et al.  2012 ; Gloor et al.  2001 ).  

21.2.2.5    ABC Transporters 

 Next to the presence of complex TJs, barrier properties of the BBB are instated by 
the presence of specifi c endothelial ABC-transporters, which actively remove 
unwanted compounds from the brain. The ABC transporter family consists of a 
variety of effl ux pumps (Loscher and Potschka  2005a ,  b ), of which a few are generally 
regarded as key BBB transporters, including P-gp, breast-cancer resistance protein 
(BCRP) and the multidrug resistance-associated proteins-1 and -2 (MRP-1, -2). In 
general, ABC transporters drive cellular exclusion of a variety of exogenous com-
pounds and drugs through the cell membrane against a concentration gradient at the 
cost of ATP hydrolysis (Loscher and Potschka  2005a ,  b ), thereby preventing CNS 
entry. Expression and function of these transporters can be regulated by a broad 
variety of endogenous and exogenous factors, including nuclear receptors like steroid 
and xenobiotic receptors (Loscher and Potschka  2005a ,  b ) or a variety of infl amma-
tory molecules (Miller  2010 ). ABC transporters have been implicated in various 
neurological disorders, including Alzheimer’s disease (Vogelgesang et al.  2002 ), 
Parkinson’s disease (Bartels et al.  2008 ), epilepsy (Sisodiya et al.  2002 ; Aronica 
et al.  2012 ) and MS (Kooij et al.  2009 ,  2010 ,  2012 ). Interestingly, the altered vascu-
lar expression pattern and function of a crucial ABC transporter, P-gp, seems to be 
a general phenomenon in these neurological disorders. Consequently, since a number 
of substrates for P-gp such as statins (Kivisto et al.  2004 ) and corticosteroids (Dilger 
et al.  2004 ) are currently used in the treatment of such brain diseases, loss of P-gp 
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at the BBB as observed in MS has the advantage to specifi cally deliver drugs to 
affected brain areas at the site of the lesions, thereby increasing their effectiveness. 
Conversely, these drugs in turn may directly affect ABC transporter expression and 
function (Iqbal et al.  2011 ), thereby restoring these specifi c barrier properties of the 
BBB and preventing brain entry at the diseased sites. Therefore, further research is 
warranted to develop specifi c anti-infl ammatory drugs that do not induce ABC 
transporter function, thereby allowing local delivery of therapeutic agents at the site 
of the diseased brain areas, preventing tissue damage.    

21.3     Conclusions and Future Directions 

 As outlined above, CNS diseases with an infl ammatory component affect BBB 
function. Consequentially, drug delivery to the brain will be altered and disposition 
of drugs in the brain during different disease states may limit effi cient treatment. 
Altered BBB permeability and function during CNS diseases may be mediated via 
changes in various transport pathways and receptor systems. Conversely, disease 
state of the CNS also provide opportunities for drug targeting to sites of affected 
brain regions, since drugs that normally are unable to traverse the BBB (either due 
to ABC transporter activity or presence of TJs) may now reach their target in the 
diseased brain. To accurately treat complex CNS disorders future research should 
therefore aim to gain more and detailed insight into the effects of neuro- infl ammation 
on different BBB properties. 

 Whether the described deregulation of transport and receptor systems are favour-
able or unfavourable for drug delivery across the BBB largely depends on the type 
of transport route or receptor involved, the regulation of its expression and specifi c 
localization of transporters or receptors in the brain. Thus, when relying on such 
mechanisms in delivery strategies, targeting effi ciency may be changed during CNS 
disease states, potentially increasing or decreasing the therapeutic effi cacy of drugs. 
In the past and also more recently, novel and specifi c drug delivery approaches have 
been developed to overcome the BBB (see Chaps.   17    . Blood-to-brain drug delivery 
using nanocarriers and   18    . Development of new protein vectors for the physiologic 
delivery of large therapeutic compounds to the CNS and (de Boer and Gaillard 
 2007 ; Gaillard and de Boer  2006 ; Gaillard et al.  2005 ; Wang et al.  2011 ; Erickson 
et al.  2012 )). Since most of these targeting approaches are dependent on specifi c or 
non-specifi c targeting and traffi cking mechanisms at the BBB, understanding the 
regulation of these mechanisms is of crucial importance. For proper selection of a 
suitable carrier or targeting moiety, the described deregulations of transport routes 
and potential target receptors during neuro-infl ammatory conditions must be taken 
into account. For instance, paracellular transport is often increased in MS due to 
decreased TJ expression, this then would potentially allow for more effi cient drug- 
targeting to affected brain regions. Likewise, the down-regulation of ABC- 
transporters during CNS diseases may lead to reduced effl ux of exogenous 
compounds, thereby increasing brain retention of therapeutics and rendering the 
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application of drugs that are ABC transporter substrates more effective. In contrast, 
application of drugs may themselves cause an increase in ABC transporter expression 
and function, thus hampering drug delivery to the brain. 

 Drug delivery strategies that depend upon the expression of a specifi c internal-
izing receptor are at risk of missing their target if its expression is markedly reduced 
during disease status. On the other hand, enhanced or de novo expression of specifi c 
BBB ligands under infl ammatory conditions holds promise for the development of 
new targeting strategies (van Rooy et al.  2012 ). Finally, it is of importance to realize 
that transport mechanisms and receptor expression may change during the course of 
the disease, complicating the selection of an effi cient strategy even more. All these 
issues have to be taken into account when deciding which targeting and delivery 
strategy is the most adequate given disease conditions and experimental approaches 
and therapies should be constructed accordingly.     
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    Abstract     For the pharmacotherapy of neurodegenerative diseases, drugs have to 
pass the blood–brain barrier (BBB). Many changes in BBB properties in neurode-
generation have been reported. Furthermore, the BBB seems to play an important 
role in the disease initiation and or progression. While information on unbound drug 
concentrations in plasma and brain are needed to decipher BBB transport properties 
and target site concentrations, and changes thereof in disease conditions, surpris-
ingly, only a very limited number of BBB transport studies in neurodegeneration 
have been performed on the basis of the unbound drug, and even fewer have taken 
into account disease conditions and/or measurements of an effect parameter. 
For better understanding and treatment, a much more integrative and translational 
pharmacometric research approach is needed, instead of studying neurodegenera-
tive components in isolation. As the human brain is not accessible for sampling, we 
have to rely on animal models and translational approaches.  

22.1         Introduction 

 Due to the aging population and perhaps also diet and lifestyle changes, we are facing 
a rapid increase in the prevalence of neurodegenerative diseases. Neurodegeneration 
can be defi ned as progressive loss of neuronal structure and function, fi nally culmi-
nating in neuronal cell death. Neurodegenerative diseases include Alzheimer’s 
disease, amyotrophic lateral sclerosis, pharmacoresistant epilepsy, Huntington's 
disease, multiple sclerosis, Parkinson’s disease, and traumatic brain injury (Kalaria 
 2010 ; Cholerton et al.  2011 ). Most neurodegenerative diseases start in mid-life 
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and can be characterized by motor and/or cognitive symptoms that progressively 
worsen with age and may reduce life expectancy. 

 The mechanisms of neurodegeneration are only partly understood and thus 
effective treatments for neurodegenerative diseases are lacking. Despite all efforts 
in research to develop new CNS drugs in the last few decennia, the results of clinical 
trials have been very disappointing. This indicates that we need to learn more about 
neurodegenerative processes and their interrelationships in order to develop better 
drug treatment approaches to combat, halt, or even reverse these processes. Adequate 
functioning of the blood–brain barrier (BBB) is essential for effi cient brain func-
tion. Structural and functional disturbances in both the neurovascular unit and CNS 
fl uid compartments may occur with advancing age or following epileptic seizures, 
traumatic brain injury, or stroke. These disturbances may include impairment in 
autoregulation and neurovascular coupling, BBB leakage, decreased cerebrospinal 
fl uid (CSF) volume, and reduced vascular tone. Such processes make the brain 
vulnerable and appear to be responsible for varying degrees of neurodegeneration 
(Kalaria  2010 ). 

 As BBB dysfunction often leads to infl ammatory changes such that immune 
cells and immune mediators get access to the brain and then contribute to the 
process of neurodegeneration, it seems that the BBB itself plays a key role in most 
(if not all) neurodegenerative disorders (Zlokovic  2008 ,  2010 ,  2011 ). Thus, for the 
development of drug treatment modalities for neurodegenerative conditions, we have 
to consider the complexity of the BBB and the brain together (Palmer  2011 ). 

 Despite all research efforts in this area, effective treatments for neurodegenerative 
diseases are still lacking. This is probably due to the fact that study designs thus 
far have not focused suffi ciently on the interplay between the processes involved. 
The data obtained so far often do not provide information on the sensitivity of the 
obtained parameter values to the context in which they have been measured. 
Importantly, information on unbound drug concentrations has been lacking, while 
especially unbound concentrations in plasma and brain sites are most valuable with 
regard to specifi c information on BBB drug transport, intrabrain distribution, and 
target exposure. Moreover, systematic studies of disease state (or stage) compared 
to a proper control condition are almost absent. 

 In order to unravel the connections between neurodegeneration and transport at the 
BBB, multiple measures in a single system combined translational pharmacometric 
research approaches are needed to complement studies that focus on individual pro-
cesses in isolation (see also Chap.   10    ). As the human brain is not accessible for in 
vivo sampling, a great deal of such studies must be performed in animal models 
(   De Lange  2013 ). 

 In this chapter, neurodegenerative processes and disorders will be discussed, 
followed by specifi c information about BBB dysfunction in neurodegeneration. 
Though it is thought that the BBB is compromised in neurodegenerative disorders 
and therefore would be expected to allow enhanced access of drugs to the brain, the 
few studies on BBB transport and delivery to brain target sites in neurodegenerative 
diseases indicate that this is not necessarily always the case. The chapter fi nalizes 
with conclusions, points for discussion, and suggestions for future directions.  

E.C.M. de Lange
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22.2     Neurodegenerative Processes and Disorders 

 Numerous disorders affl ict the nervous system. Among those, neurodegenerative 
diseases are characterized by a long-lasting course of neuronal death and progres-
sive nervous system dysfunction. The strongest risk factor for brain degeneration, 
whether it results from vascular or neurodegenerative mechanisms or both, is age. 
However, several modifi able risks such as cardiovascular disease, hypertension, 
dyslipidemia, diabetes, and obesity enhance the rate of cognitive decline and 
increase the risk of Alzheimer’s disease in particular. The ultimate accumulation of 
pathological CNS lesions may be modifi ed by genetic infl uences, such as the apoli-
poprotein E ε4 allele and the environment. Lifestyle measures that maintain or 
improve cardiovascular health, including consumption of healthy diets, moderate use 
of alcohol, and implementation of regular physical exercise are important factors for 
brain protection (Mulder et al.  2001 ; Kalaria  2010 ; Sagare et al.  2012 ). 

22.2.1     Neurodegenerative Processes 

 The neurodegenerative diseases have many processes in common, though these 
processes may be qualititatively, quantitatively, temporally, and spatially distinct. 
These include gene defects, intracellular calcium and oxidative stress, (toxic) protein 
misfolding, and accumulation that will affect different biological signaling pathways 
or molecular machineries to cause neuronal cell death by necrosis or apoptosis. 

  Gene defects  play a major role in the pathogenesis of neurodegenerative disor-
ders. Knowledge gained from genetic studies has provided insight into molecular 
mechanisms underlying the etiology and pathogenesis of many neurodegenerative 
disorders (Bertram et al. 2005). Many genetic determinants for human neurodegen-
eration have been identifi ed over the years, and many of these have been refl ected 
in animal models. In the presence of genetic defects, the course of a progressive 
neurodegenerative disorder can be greatly modifi ed by environmental elements 
(Coppedè et al.  2006 ). 

  Oxidative stress  is the result of disturbances in the normal redox state of cells 
that can cause toxic effects through the production of peroxides and free radicals 
(reactive oxygen species) that damage all components of the cell, including pro-
teins, lipids, and DNA. Furthermore, some reactive oxidative species act as cellular 
messengers in redox signaling. Thus, oxidative stress can cause disruptions in normal 
mechanisms of cellular signaling and seems to have a ubiquitous role in mecha-
nisms that induce cell death in neurodegenerative disease states (   Sayre et al.  2008 ; 
Navarro and Boveris  2010 ; Perez-Pinzon et al.  2012 ;    Arnold  2012 ). The role of iron 
seems particularly prominent in oxidative stress. The so-called iron-mediated oxi-
dative stress pathway includes a reduction in antioxidant enzymes (e.g., peroxire-
doxin, cytochrome c oxidase) and an induction of ferritin (   Berg and Youdim  2006 ). 
Potent neuroprotective compounds have often been found to reverse the effects of 
aging on the expression of various mitochondrial and key regulator genes involved 
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in neurodegeneration, cell survival, synaptogenesis, oxidation, and metabolism 
(Weinreb et al.  2007a ). 

  Protein misfolding and accumulation  can cause disease. Protein misfolding may 
happen spontaneously or it can result when a protein follows the wrong folding 
pathway. The change into a toxic confi guration is most likely to occur in proteins 
that have repetitive amino acid motifs, such as the polyglutamine expansion in the 
Huntingtin protein that is associated with as Huntington's disease. Remarkably, 
the toxic confi guration is often able to interact with other native copies of the same 
protein and catalyze their transition into a toxic state, known as an “infective con-
formation.” The newly made toxic proteins repeat the cycle in a self-sustaining 
loop, amplifying the toxicity and thus leading to a catastrophic effect that eventually 
kills the cell or impairs its function. A prime example of proteins that catalyze 
their own conformational change into the toxic form is that of the prion proteins 
(Soto  2008 ;    Jellinger  2012 ). Abnormal accumulations of proteins and organelles in 
neurodegenerative diseases will do further damage to the axon as part of the patho-
genic process and, in particular, compromise axonal transport. It is known that 
disruption of axonal transport is an early and perhaps causative event in many of 
these diseases (Stokin and Goldstein  2006 ; De Vos et al.  2008 ). 

 Finally,  cell death  occurs, as a result of necrosis and/or apoptosis. Necrosis is a 
form of traumatic cell death that results from acute cellular injury. In contrast, apop-
tosis generally confers advantages during an organism's life cycle, being instrumen-
tal in development and in homeostatic processes. Necrosis, as a passive process, 
does not require new protein synthesis, has only minimal energy requirements, and 
is not regulated by any homeostatic mechanism. Inappropriate death of cells in the 
nervous system is associated with multiple neurodegenerative disorders (Price et al. 
 1998 ;    Artal-Sanz and Tavernarakis  2005 ; Krantic et al.  2005 ; Bertram and Tanzi 
 2005 ; Lessing and Bonini  2009 ; Soto and Estrada  2008 ; Gorman  2008 ). Neuronal 
apoptosis, the programmed natural death of neurons, is triggered either by the acti-
vation of a death receptor upon binding of its ligand, recruitment of specifi c proteins 
at the “death domain,” downstream signaling through a cascade of protein–protein 
interactions (extrinsic pathway), or via mitochondria and the release of pro- apoptotic 
factors into the cytosol with subsequent activation of executioner caspases (intrinsic 
pathway). While apoptosis is an important process during neurogenesis and CNS 
maturation, premature apoptosis and/or an aberration in apoptosis regulation is 
implicated in the pathogenesis of neurodegeneration. Reactive oxygen species can 
initiate apoptosis via the mitochondrial and death receptor pathways (Okouchi 
et al.  2007 ). 

 Besides the many-shared mechanisms in neurodegeneration, certain characteris-
tic features are unique to particular diseases, such as the selective vulnerability of a 
neuronal population or brain structure involved in the lesion. The reasons for such 
specifi city as well as the mechanisms responsible for its selective nature are largely 
unknown. Here the main features of different neurodegenerative diseases are shortly 
described together with the processes that infl uence BBB function for consideration 
of drug transport into and within the brain.  
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22.2.2     Alzheimer’s Disease 

 Alzheimer’s disease is the most common neurodegenerative disease. It usually 
starts with declarative memory loss and confusion, which is initially diffi cult to 
distinguish from normal aging. With progression of the disease, increasing behavior 
and personality changes are accompanied by a further decline in cognitive abilities 
as well as worsening problems recognizing family and friends. Alzheimer’s disease 
ultimately leads to a severe loss of mental function. Alzheimer’s disease is specifi -
cally characterized by a loss of neurons and synapses in the cerebral cortex and 
certain subcortical regions. This loss results in gross atrophy of the affected regions, 
including degeneration in the temporal lobe and parietal lobe, and parts of the fron-
tal cortex and cingulate gyrus (Wenk  2003 ). 

 There are three major hallmarks in the brain that are associated with the disease 
processes of Alzheimer’s disease (Finder  2010 ). The  fi rst  is the presence of amyloid 
(senile) plaques. Alzheimer’s disease has been hypothesized to be a protein misfold-
ing disease caused by accumulation of abnormally folded small amyloid-beta (Aβ) 
peptides that can vary between 39 and 43 amino acids in length. Aβ is a fragment 
from a larger protein called the amyloid precursor protein (APP). APP is a trans-
membrane protein that penetrates through the neuron's membrane, and is critical to 
neuron growth, survival, and postinjury repair. In Alzheimer’s disease, an unknown 
process causes APP to be divided into smaller fragments by enzymes through pro-
teolysis. A toxic 42 amino acid form of Aβ (Aβ1-42) gives rise to fi brils that form 
the core of senile plaques. The  second  hallmark is the presence of neurofi brillary 
tangles in the intracellular space of neurons, with high content of the protein “tau.” 
Normal tau is required for healthy neurons. However, in Alzheimer’s disease, hyper-
phosphorylated tau aggregates as neurofi brillary tangles to cause neuronal dysfunc-
tion and eventual cell death. The  third  hallmark is brain atrophy and shrinkage. 
Neurons that lose their connection with other neurons will die; this occurs through-
out the Alzheimer’s disease brain, causing affected regions to atrophy and shrink. 
Current treatments of Alzheimer’s disease are symptomatic, i.e., they affect symp-
toms while not slowing the progression of the disease process. These treatments 
include drugs such as Donepezil (Aricept), rivastigmine (Exelon), galantamine 
(Razadyne), and Memantine (Namenda); they mostly help patients to carry out 
daily tasks by maintaining thinking, memory, and/or speaking skills. Treatment 
modalities interfering with neurodegenerative processes of Alzheimer's disease are 
still elusive. 

 Available evidence suggests that alteration of the BBB plays an important role in 
Alzheimer’s disease (Zlokovic  2011 ; Miyakawa  2010 ). The BBB plays a regulatory 
role in the deposition of brain Aβ. Active transport of Aβ seems to occur by putative 
Aβ receptors that control the level of the soluble isoform of Aβ in brain. Infl ux of 
circulating Aβ is achieved via a specifi c receptor for advanced glycation end products 
(RAGE) and by gp330/megalin (LRP-2)-mediated transcytosis (Chun et al.  1999 ). 
There are also indications of transcytosis by cellular prion protein (PrP(c)) that 
binds Aβ(1–40) (Pfl anzner et al.  2012 ). Aβ accumulation in the Alzheimer’s affected 
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brain is likely due to its faulty clearance from the brain (Zlokovic et al.  2000 ; Selkoe 
 2011 ; Tanzi et al.  2004 ; Holtzman and Zlokovic  2007 ). The BBB effl ux of brain-
derived Aβ into blood is accomplished by the low-density lipoprotein receptor-
related protein-1 (LRP1) and P-glycoprotein (P-gp, MDR1, ABCB1) (Kuhnke et al. 
 2007 ; Bell and Zlokovic  2009 ; Brenn et al.  2011 ; Sharma et al.  2012 ; Sagare et al. 
 2012 ;    Vogelgesang et al.  2011 ; Hartz et al.  2010 ). In plasma, a soluble form of 
LRP1 (sLRP1) is the major transport protein for peripheral Aβ. sLRP1 maintains a 
plasma “sink” activity for Aβ through binding of peripheral Aβ which in turn inhib-
its reentry of free plasma Aβ into the brain. LRP1 in the liver mediates systemic 
clearance of Aβ. In Alzheimer's disease, LRP1 expression at the BBB is reduced 
and Aβ binding to circulating sLRP1 is compromised by oxidation (Sagare et al. 
 2012 ). Signifi cantly reduced expression of P-gp, LRP1, and RAGE mRNA has been 
found in mice treated with Aβ(1–42), while breast cancer-resistance protein trans-
porter (BCRP, ABCG2) expression was not affected; notably, expression of the four 
proteins was unchanged in mice treated with Aβ1-40 or reverse-sequence peptides 
(Brenn et al.  2011 ). This indicates that, in addition to the age-related decrease of 
P-gp expression, Aβ1-42 itself downregulates the expression of P-gp and other 
Aβ-transporters, which could exacerbate the intracerebral accumulation of Aβ and 
thereby accelerate neurodegeneration in Alzheimer's disease and cerebral β-amyloid 
angiopathy. Furthermore, an increased BBB permeability in Alzheimer's disease is 
also likely since structural damage of brain endothelial cells is quite frequently 
observed. Defects in LRP-1- and P-gp-mediated Aβ clearance from the brain are 
thought be triggered by systemic infl ammation by lipopolysaccharide (LPS), lead-
ing to increased brain accumulation of Aβ (Erickson et al.  2012 ). This indicates that 
infl ammation could induce and promote the disease. In addition, there are indica-
tions that ischemic events may directly contribute to enhancement of the amyloido-
genic metabolism within the BBB, leading to intracellular deposition of Aβ(42), 
which may contribute to impaired Aβ clearance and related BBB dysfunction in 
Alzheimer’s disease (Bulbarelli et al.  2012 ). Moreover, Aβ damages its own LRP1- 
mediated transport by oxidating LRP1 (Owen et al.  2010 ). 

 Another contributor in risk for Alzheimer’s disease is reduced insulin effective-
ness. Insulin appears to play an important role in brain aging and cognitive decline 
that is associated with pathological brain aging (Cholerton et al.  2011 ). 

 For treatment of Alzheimer’s disease, it seems that cell surface LRP1 and circu-
lating sLRP1 represent druggable targets which can be therapeutically modifi ed 
to restore the physiological mechanisms of brain Aβ homeostasis. Enhancement of 
P-gp functionality might also be a novel therapeutic strategy to increase Aβ clear-
ance out of the brain (Hartz et al.  2010 ; Abuznait et al.  2011 ). In addition, lifestyle- 
related conditions such as insulin resistance are amenable to both pharmacologic 
and lifestyle interventions to reduce the deleterious impact on the aging brain 
(Cholerton et al.  2011 ). More information is needed on what processes result in 
impairment of the BBB functionality in Alzheimer’s disease as well as in “normal 
aging.” BBB leakage in temporal lobe cortex of human Alzheimer brain samples 
shows wide variation but overall signifi cantly increased leakage of the BBB with 
progression of Alzheimer-type pathology (Viggars et al.  2011 ). In a PET study 
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using 11C verapamil as a P-gp functionality ligand, no evidence was found for 
additional BBB dysfunction of P-gp in Alzheimer's disease patients with micro-
bleeds (van Assema et al.  2012 ). Thus, it is not entirely clear what mechanisms lead 
to BBB leakage in the aging brain (Viggars et al.  2011 ).  

22.2.3     Amyotrophic Lateral Sclerosis 

 Amyotrophic lateral sclerosis (ALS) is a rapidly progressive, invariably fatal 
disease. Brainstem and spinal cord neurons that are responsible for controlling 
voluntary muscles are damaged, with affected muscles subject to progressively 
increasing weakness and atrophy. First symptoms of compromised voluntary move-
ment include diffi culty in speaking and swallowing (if brainstem motor nuclei are 
fi rst affected) or muscle weakness in the limbs (if spinal cord motor nuclei are fi rst 
affected). Ultimately, when muscles in the diaphragm and chest wall fail to function 
properly, affected individuals cannot breathe without ventilatory support and ulti-
mately die. The cause of amyotrophic lateral sclerosis is not known and no cure has 
yet been found. 

 The drug riluzole prolongs life by an average of 2–3 months. Other ALS treat-
ments are designed to relieve symptoms and improve quality of life without signifi -
cantly extending survival. A promising lead to understanding the motoneuron 
degeneration of ALS came with the fi nding that missense mutations in the gene 
encoding the antioxidant enzyme Cu/Zn superoxide dismutase 1 (SOD1) are associ-
ated with ALS (Andersen et al.  2003 ). Unfortunately, the pathogenic mechanism 
underlying SOD1 mutant toxicity has yet to be resolved. 

 Recent reports suggest that functional or structural defects of the BBB are impli-
cated in ALS pathology. Damage to endothelia (PCAM-1), tight junctions (occlu-
din), and basement membranes (collagen IV), possibly resulting from activation of 
matrix metallopeptidase 9 (MMP-9), precede the sequential changes of the disease. 
This damage occurs prior to motor neuron degeneration and is accompanied by 
MMP-9 upregulation (Miyazaki et al.  2011 ). This suggests that the neurovascular 
unit is a potential target for therapeutic intervention in ALS. Another recent specifi c 
fi nding is that the blood–spinal cord barrier is damaged in ALS, with erythrocyte 
extravasation that may be secondary to pericyte loss (Winkler et al.  2013 ).  

22.2.4     Huntington’s Disease 

 Huntington’s disease is a familial disease, passed from parent to child through a 
mutation in the normal gene. The genetically programmed degeneration of neurons 
in certain areas of the brain results in uncontrolled, jerky movements (chorea), 
loss of intellectual faculties, and emotional disturbance. With the progression of 
the disease, concentration on intellectual tasks becomes increasingly diffi cult and 
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the patient may have diffi culty self-feeding and swallowing. The rate of disease 
progression and the age of onset vary from person to person. 

 Some drugs used to treat Huntington's disease help control emotional and move-
ment problems (antipsychotics, antidepressants, tranquilizers, mood-stabilizers, 
and Botulinum toxin), while Tetrabenazine (Xenazine, USA) is used to treat chorea 
associated with Huntington’s disease. At this time, there is no way to stop or reverse 
the course of Huntington’s disease. 

 Huntington's disease causes astrogliosis and loss of medium spiny neurons. 
Areas of the brain are affected according to their structure and the types of neurons 
they contain, reducing in size as cell loss increases. Degeneration occurs mainly in 
the striatum (with the caudate more affected than the putamen) but the frontal and 
temporal cortex is also affected (Bano et al.  2011 ). Striatal input to the external 
globus pallidus is reduced and, ultimately, inhibition of the subthalamic nuclei leads 
to decreased activity of the basal ganglia output nuclei (the internal globus pallidus 
and the substantia nigra pars reticulata). The basal ganglia output nuclei have inhibi-
tory connections to motor-related areas of the thalamus that contribute to initiating 
and modulating motion. The weaker signals from the subthalamic nuclei resulting 
in decreased basal ganglia output (with corresponding  increased  activity in motor- 
related thalamic areas) in Huntington’s disease therefore lead to the characteristic 
hyperkinetic, involuntary movements of the disorder. 

 Also in Huntington’s disease, protein misfolding occurs for the aggregate-prone 
protein named mutant huntingtin, encoded by the highly polymorphic CAG trinucleo-
tide repeat expansion in exon-1 of the huntingin gene. Normally, these proteins are 
retrogradely transported to the cell body for destruction by lysosomes. It seems that 
the mutant proteins aggregate and therewith compromise the retrograde transport of 
important cargo such as brain-derived neurotrophic factor (BDNF) by damaging 
molecular motors as well as microtubules (Bano et al.  2011 ); altered transport of 
growth factors (e.g., BDNF) provides a mechanism for affecting brain regions beyond 
simply those in which mutant huntingtin is expressed (   Van Raamsdonk et al.  2007 ). 

 Furthermore, in a 3-nitropropionic acid (3-NPA) animal model of Huntington’s 
disease, BBB disruption has been reported in injured areas of the striatum that result 
from application of this inhibitor of the mitochondrial citric acid cycle. 3-NPA was 
found to induce lesions with several BBB alterations, including an increase in 
permeability to both blood components and exogenous fl uorescent dyes, the degra-
dation of brain endothelial cells, and alterations in tight junction proteins and 
the basement membrane that suggest a role for MMP-9 in the BBB disruption 
(Duran- Vilaregut et al.  2011 ). 

 Aggregated polyglutamines, not inherently toxic as such, constitute a biomarker 
for mutant huntingtin, and may be useful for developing therapeutics (Chopra et al. 
 2007 ). The small molecule C2-8 inhibits polyglutamine aggregation in cell culture 
and brain slices and rescues degeneration of photoreceptors in a Drosophila model 
of Huntington’s disease. C2-8-treated mice also show improved motor performance 
and reduced neuronal atrophy with smaller huntingtin aggregates. 

 C2-8 may therefore help in the elucidation of neurodegeneration mechanisms in 
Huntington’s disease as well as represent a therapeutic lead for further optimization 
and development.  
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22.2.5     Multiple Sclerosis 

 Multiple sclerosis is considered to be an autoimmune CNS demyelinating disease 
that targets oligodendrocytes with sparing of axons until advanced stages of the 
disease. It can range from relatively benign to somewhat disabling to devastating, as 
communication between the brain and other parts of the body is disrupted. Symptoms 
may also vary with time. Many multiple sclerosis patients initially experience 
symptoms consisting of impaired vision, muscle weakness in their extremities, and/
or diffi culty with coordination and balance (McDonald et al.  2001 ). These symp-
toms may be severe enough to impair walking or even standing. In the worst cases, 
multiple sclerosis can produce partial or complete paralysis. Approximately half of 
all people with multiple sclerosis experience cognitive impairments such as diffi cul-
ties with concentration, attention, memory, and poor judgment, but such symptoms 
are usually mild and are frequently overlooked. Depression is another common fea-
ture of multiple sclerosis. 

 No cure is yet available for multiple sclerosis. Many patients do well with no 
therapy at all, especially since many medications have serious side effects and some 
carry signifi cant risks. Typical therapies include i the use of beta interferon, 
Copaxone, Novantrone, and dalfampridine. Steroids can be used to reduce the dura-
tion and severity of attacks in some patients. Spasticity is usually treated with mus-
cle relaxants and tranquilizers such as baclofen, tizanidine, diazepam, clonazepam, 
and dantrolene. Other drugs are used as well for other relatively minor symptoms. 

 Formation of multiple sclerosis focal lesions follows extravasation of activated 
leukocytes from blood through the BBB into the CNS. Once the activated leuko-
cytes enter the CNS environment, they propagate massive destruction to fi nally 
result in the loss of both myelin/oligodendrocyte complex and neurodegeneration. 
Multiple clinical and basic scientifi c observations support endothelial cell 'stress' 
and apoptosis as a characteristic hallmark of multiple sclerosis. The manipulation of 
endothelial cell biology, with the aim of blocking trans-endothelial migration of 
activated immune cells into the CNS, is a potent form of MS treatment, with the 
potential for signifi cant reductions in disease activity and new lesion formation 
(   Alon and Feigelson  2002 ; Minagar et al.  2012 ;    Holman et al.  2011 ). 

 Magnetic resonance imaging (MRI) studies have shown that focal lesions are not 
entirely responsible for the diffuse neurodegeneration in multiple sclerosis (Filippi and 
Rocca  2005 ). Relapse prevention with disease-modifying drugs does not markedly 
infl uence the onset of irreversible disability or the progression of cerebral atrophy. It is 
now thought that clinical progression and chronic diffuse neurodegeneration both 
play a key role, developing independently from relapses and focal lesions. If this is 
indeed the case, then successfully treating the acute focal infl ammation of MS will not 
be enough to forestall the progression to neurodegeneration. It will also be necessary to 
nullify the ongoing diffuse infl ammation within the brain, behind the BBB. 

 Multiple sclerosis is a typical infl ammatory disease, but axonal loss and neuro-
degeneration have been observed even in its earliest stages (Hendriks et al.  2005 ; 
Engelhardt and Ransohoff  2005 ; Minagar et al.  2012 ; Stangel  2012 ). Increasing 
evidence suggests that excessive glutamate is released at the site of demyelination 
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and axonal degeneration in multiple sclerosis plaques, and the most probable 
candidates for this cellular release are infi ltrating leukocytes and activated microg-
lia. These observations are no longer simply preclinical results obtained in the mul-
tiple sclerosis animal model (experimental allergic encephalomyelitis), but have 
already been partially confi rmed by postmortem studies and in vivo analysis in mul-
tiple sclerosis patients, thus raising the possibility that modulation of glutamate 
release and transport as well as receptor blockade might be relevant targets for the 
development of future therapeutic interventions (   Confavreux and Vukusic  2006 ; 
   Vigeveno et al.  2012 ; Frigo et al.  2012 ). Furthermore, P-gp functionality seems to 
be impaired in neuroinfl ammation and may play a role in immunomodulation 
(Kooij et al.  2009 ,  2010 ). Multiple sclerosis is discussed extensively in the previous 
chapter (Chap.   21    ).  

22.2.6     Parkinson’s Disease 

 Parkinson’s disease is a chronic, progressive neurological disorder lacking a cure. 
It belongs to the group of motor system disorders and results from a loss of 
dopamine- producing brain cells mostly in the substantia nigra, for which the cause 
is unknown. Parkinson's disease is the second most common neurodegenerative dis-
ease. Although Parkinson’s disease is most common for ages above 60 years, many 
people are diagnosed at ages younger than 40 years. The core symptoms are tremor, 
rigidity (stiffness), bradykinesia (slowness of movement), and postural instability 
(balance diffi culties). These symptoms become more pronounced with time. Patients 
may have diffi culty walking, talking, or completing other simple tasks. As the 
disease progresses, the shaking, or tremor, which affects the majority of Parkinson’s 
disease patients may begin to interfere with daily activities. Nonmotor aspects of 
Parkinson’s disease include depression and anxiety, cognitive impairment, sleep 
disturbances, sensation of inner restlessness, loss of smell (anosmia), and distur-
bances of autonomic function. In advanced Parkinson’s disease, intellectual and 
behavioral deterioration, aspiration pneumonia, and bedsores (due to immobility) 
are common. 

 Current drugs available for the treatment of Parkinson’s disease are  l -DOPA 
(usually combined with a peripheral decarboxylase inhibitor), synthetic dopamine 
receptor agonists, centrally acting antimuscarinic drugs, amantadine, monoamine 
oxidase-B inhibitors, and catechol-O-methyltransferase inhibitors. These drugs in 
essence only ameliorate the symptoms of the disease and therapeutic strategies 
aimed at stopping or modifying disease progression are still being sought (Deleu 
et al.  2002 ). Usually, patients are given levodopa ( l -DOPA) combined with carbi-
dopa.  l -DOPA helps in many cases of Parkinson’s disease, with bradykinesia and 
rigidity responding best, while tremor may be only marginally reduced. Problems 
with balance and other symptoms may not be alleviated at all. Anticholinergics may 
help control tremor and rigidity. Dopamine agonists such as bromocriptine, prami-
pexole, and ropinirole may offer some advantages over levodopa as they likely do 
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not require a transporter to cross the BBB (levodopa uses the large neutral amino 
acid transporter for this purpose) nor is enzymatic conversion necessary for their 
activation (levodopa must be converted to dopamine by DOPA decarboxylase once 
in the brain (Puiu et al. 2008). An antiviral drug, amantadine, also appears to reduce 
symptoms. Animal experimentation has provided many insights into the features of 
Parkinson’s disease. Indeed, the roles of oxidative stress, apoptosis, mitochondrial 
dysfunction, infl ammation, and impairment of the protein degradation pathways 
have been highlighted by work with animal models (Grünblatt et al.  2000 ;    Bové and 
Perier  2012 ). 

 The mechanism by which the brain cells in Parkinson’s disease are lost may 
consist of an abnormal accumulation of the protein alpha-synuclein bound to 
ubiquitin in the damaged cells. The alpha-synuclein-ubiquitin complex cannot be 
directed to the proteosome. This protein accumulation forms proteinaceous cyto-
plasmic inclusions called Lewy bodies, which are one of the hallmarks of Parkinson’s 
disease (De Vos et al.  2008 ). Impaired axonal transport of alpha-synuclein may 
contribute to its accumulation in the form of Lewy bodies, as reduced transport rates 
have been reported for both wild-type and two familial Parkinson’s disease- 
associated mutant alpha-synucleins in cultured neurons. In addition, membrane 
damage by alpha-synuclein could be another Parkinson’s disease mechanism 
(De Vos et al.  2008 ). 

 Infl ammation might be a risk factor by itself and not only a factor contributing 
to neurodegeneration. Hernández-Romero et al. ( 2012 ) investigated the impact of 
mild to moderate peripheral infl ammation by carrageenan on the degeneration 
of dopaminergic neurons by intranigral injection of lipopolysaccharide (LPS) in 
animals. Peripheral infl ammation increased the effect of intranigral LPS on the loss 
of dopaminergic neurons in the substantia nigra, in addition to increasing serum 
levels of the infl ammatory markers TNF-α, IL-1β, IL-6, and C-reactive protein. 
Peripheral infl ammation is also associated with damage to the BBB as well as the 
activation of microglia, loss of astrocytes, and the increased expression of proin-
fl ammatory cytokines, the adhesion molecule ICAM, and the enzyme iNOS. 

 The possible implications of BBB rupture for the increased loss of dopaminergic 
neurons has been studied using another Parkinson's disease animal model based on 
the intraperitoneal injection of rotenone. In this experiment, loss of dopaminergic 
neurons was also strengthened by carrageenan although this was achieved without 
obvious effects at the BBB (Hernández-Romero et al.  2012 ). Intracerebral injection of 
rotenone may provide a better model of Parkinson’s disease (Ravenstijn et al.  2008 ) 
although this model does not produce concomitant changes in BBB transport for 
fl uorescein and  l -DOPA (Ravenstijn et al.  2012 ). The transport of bromocriptine 
across the BBB has been investigated in mice with MPTP-induced dopaminergic 
degeneration (Vautier et al.  2009 ); transport of the small compounds [14C]-sucrose 
and [3H]-inulin across the BBB was unaffected while P-gp and BCRP functionality 
did not appear to change. Conversely, BCRP expression studied on brain capillaries 
from MPTP-treated mice was decreased (1.3-fold) and P-gp expression increased 
(1.4-fold). While MPTP intoxication did not seem to alter BBB permeability, bro-
mocriptine brain distribution was increased in MPTP mice, probably by interaction 
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with another transport mechanism. Overall, for Parkinson’s disease there is not really 
consensus about the changes in BBB functionality (Desai et al.  2007 ; Ravenstijn 
et al.  2008 ,  2012 ). 

 Although the etiology of Parkinson's disease has not been clarifi ed as yet, it is 
believed that aging, diet, diabetes, and adiposity play a role (   Lu and Hu  2012 ). 
Type 2 diabetes and lipid abnormalities share multiple common pathophysiological 
mechanisms with Parkinson’s disease, as does the gradual impairment of neurovas-
cular function with aging. Neurovascular impairment may include (focal) changes 
in the BBB that may result in the passage of harmful elements that would not 
normally be able to cross the BBB; for example, pro-infl ammatory factors, reactive 
oxygen species, and neurotoxins may infi ltrate into the brain and trigger neural 
injury (Reale et al.  2009 ). 

 Most recent studies suggest that both central and peripheral infl ammation may 
be dysregulated in Parkinson's disease, not only in animal models but also 
Parkinson’s disease patients. This strengthens and extends the idea that peripheral 
dysregulation in the cytokine network is associated with Parkinson’s disease. 
Therefore, therapeutic strategies aimed at modulating systemic infl ammatory reac-
tions or energy metabolism may facilitate neuroprotection in Parkinson’s disease 
(Reale et al.  2009 ; Lu and Hu  2012 ).  

22.2.7     Pharmacoresistant Epilepsy 

 Epilepsy is a common and diverse set of chronic neurological disorders characterized 
by recurrent seizures and/or induced brain alterations. The seizures happen when 
neurons, in clusters or individually, send out the wrong signals. Affected people 
may have strange sensations and emotions or behave strangely; with severe forms, 
they can exhibit violent muscle spasms and loss of consciousness. Anything that 
disturbs the normal pattern of neuron activity can lead to seizures, including illness, 
brain injury, and abnormal brain development. In many cases, however, the cause 
is unknown. Thus, epilepsy has many possible causes and there are several types of 
seizures. Epilepsy becomes more common as people age. Onset of new cases occurs 
most frequently in infants and the elderly. Underlying causes of of epilepsy may be 
related to brain trauma, stroke, and brain tumors. 

 Epilepsy is usually controlled, but not cured, with medication. For about 70 % of 
individuals with epilepsy, seizures can be controlled with drugs and/or surgery. Some 
drugs are more effective for specifi c types of seizures. Drugs include carbamazapine 
for partial seizures, ethosuximide for absence seizures without generalized tonic-clonic 
seizure, valproate for primary generalized epilepsies as well as partial seizures. 
Phenytoin is used in the control of various kinds of epilepsy and of seizures associated 
with neurosurgery. Newer anti-epileptic drugs are often used as add-on therapies and 
include lamotrigine, oxcarbazepine, topiramate, gabapentin, and levetiracetam.). 

 Despite the availability of numerous medications for epilepsy, ~30 % of patients 
have seizures that remain uncontrolled. This epileptic condition is called 
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pharmacoresistant, drug refractory, or intractable epilepsy. In pharmacoresistent 
epileptic patients, status epilepticus (serious, potentially life-threatening, neuro-
logic emergency characterized by prolonged seizure activity) is more common and 
ongoing, and uncontrolled seizure activity may result in brain damage and neurode-
generation, especially in young children (Bittigau et al.  2002 ). Seizures from 
(medial) Temporal Lobe Epilepsy are most commonly pharmacoresistant (Volk 
et al.  2006 ) and the underlying mechanisms are still elusive. There are two main 
hypotheses for the cause of (or major contribution to) pharmacoresistance in 
epilepsy (Volk et al.  2006 ; Bethmann et al.  2008 ):

    1.    The target hypothesis—anti-epileptic drug effi cacy is diminished due to reduced 
target sensitivity (e.g., GABA(A) receptor binding changes) (Volk et al.  2006 ).   

   2.    The transporter hypothesis—anti-epileptic drug effi cacy is diminished due to 
decreased brain levels resulting from localized overexpression of drug effl ux 
transporters (mainly P-gp) in epileptogenic brain tissue.    

  Network alterations in response to brain damage associated with epilepsy may 
also result in changes in anti-epileptic drug effi ciency (Bethmann et al.  2008 ; 
Ndode-Ekane et al.  2010 ). 

 Much research has implicated P-glycoprotein in epilepsy treatment ineffi ciency 
and in epileptogenesis (Marchi et al.  2004 ; Bankstahl et al.  2011 ; Löscher et al. 
 2011 ). Seizures may induce BBB transport changes (Padou et al.  1995 ; Sahin et al. 
 2003 ) and increased expression of P-gp at the BBB, as determined from both 
epileptogenic brain tissue of patients with pharmacoresistant epilepsy (Dombrowski 
et al.  2001 ) and in rodent models of temporal lobe epilepsy, including the pilocar-
pine model. In the latter, Bankstahl et al. ( 2008 ) found that seizure-induced gluta-
mate release seems to be involved in the regulation of P-gp expression, which can 
be blocked by dizocilpine (also known as MK-801), a noncompetitive antagonist of 
the  N -methyl-d-aspartate (NMDA) receptor. The fi nding that MK-801 counteracts 
both P-p overexpression and neuronal damage when administered after status 
epilepticus may offer a clinically useful therapeutic option in patients with drug 
resistant status epilepticus. 

 In normal brain tissue, MDR1/P-gp is expressed almost exclusively by the BBB, 
while in epileptic cortex it has been found that both brain endothelial cells and 
perivascular astrocytes express MDR1/P-gp. This change in P-gp may act as a sec-
ond line of defense that may have profound implications for the pharmacokinetic 
properties of antiepileptic drugs and their capacity to reach neuronal targets (Marroni 
et al.  2003 ; Lee and Bendayan  2004 ; Bendayan et al.  2006 ). Using (mdr1a) P-gp 
knockout mice and wild-type mice, Sills et al. ( 2002 ) investigated the brain-to-
serum concentration ratio for seven anti-epileptic drugs. Only topiramate yielded a 
higher brain-to-serum ratio in mdr1a(−/−) mice compared to that in wild- type 
controls at all time points investigated. No consistent effects were observed with 
any of the other anti-epileptic drugs studied. 

 In vitro studies by Luna-Tortos et al. ( 2009 ) have indicated that topiramate is a 
substrate for human P-gp.    Potschka et al. ( 2003a ,  b ) reported that brain microdialy-
sis concentrations of phenytoin in rats were increased by local application of the 
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MRP transporter inhibitor probenecid; similarly, brain microdialysis concentrations 
of phenytoin were signifi cantly higher in MRP2-defi cient TR—rats than in normal 
rats. In the kindling model of epilepsy, oadministration of probenecid signifi cantly 
increased the anticonvulsant activity of phenytoin, while in kindled MRP2-defi cient 
rats phenytoin exerted a markedly higher anticonvulsant activity than in normal rats. 
These microdialysis data indicate that MRP2 could substantially contribute to BBB 
function, and that phenytoin appears to be a MRP2 substrate. While Hoffmann et al. 
( 2006 ) did not fi nd MRP2 expression in the brain of normal rats, clear MRP2 
staining became visible in brain capillary endothelial cells and, less frequently, in 
perivascular astroglia and neurons after pilocarpine-induced convulsive status 
epilepticus (a model of temporal lobe epilepsy). 

 Baltes et al. ( 2007b ) found that phenytoin and levetiracetam were transported 
by mouse, but not human, P-gp, and that carbamazepine was not transported by any 
type of P-gp. These data indicated that substrate recognition or transport effi cacy by 
P-gp differs between human and mouse for certain anti-epileptic drugs. In vitro 
studies indicated that none of the common anti-epileptic drugs carbamazepine, 
valproate, levetiracetam, phenytoin, lamotrigine, and phenobarbital is transported 
by MRP1, MRP2, or MRP5, while valproate was transported by a yet unknown 
transporter which could be inhibited by MK571 and probenecid (Luna-Tortós et al. 
 2010 ). When specifi cally measuring P-gp-related BBB transport and intracerebral 
distribution, Syvänen et al. ( 2012 ) found in rats subjected to status epilepticus by 
kainate that by P-gp inhibition the intrabrain distribution of the strong and selective 
P-gp substrate quinidine was more affected than was BBB transport and extracel-
lular brain concentrations. The results of this study combined with those obtained 
by positron emission tomography (PET) study using the same animals suggest that 
P-gp function in epilepsy might be altered specifi cally at the brain parenchymal 
level (Syvänen et al.  2011 ,  2012 ). 

 While it is established that effl ux transporters are upregulated in drug-resistant 
epileptogenic brain tissue in humans and rodents, their role in removal of antiepilep-
tic drugs from the brain remains controversial (Anderson and Shen  2007 ; Löscher 
et al.  2011 ; van Vliet et al.  2007 ). Nevertheless, P-gp inhibition by verapamil, 
administered directly into rat cerebral cortex, has been reported to modestly increase 
(up to twofold) the brain ECF-to-plasma concentration ratios of phenobarbital, 
phenytoin, lamotrigine, felbamate, carbamazepine, or oxcarbazepine (   Clinckers 
et al.  2005a ,  b ; Potschka et al.  2001 ;    Potschka and Löscher  2001a ,  b ). Furthermore, 
in rats with induced seizures, cyclosporine and tariquidar can reverse resistance to 
several antiepileptic drugs and increased their brain-to-plasma concentration ratio 
without changing their plasma pharmacokinetics (Brandt et al.  2006 ; Clinckers 
et al.  2005a ,  b ;    Mazarati et al.  2002 ). 

 Apart from a transport restriction and changes in multidrug effl ux transporters, 
there might be a role for P450 metabolic enzymes in reducing brain concentrations of 
CNS therapeutics in drug-resistant pathologies such as refractory forms of epilepsy 
(Ghosh et al.  2011 ) and changes in cerebrovascular hemodynamic conditions can 
affect expression of P450 enzymes and multidrug transporter proteins. 
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 Focal epilepsies are often associated with BBB leakage. For example, BBB 
l eakage to albumin-bound Evans blue has been found in PTZ-induced epilepsy, 
with the location and pattern depending on the rat strain (Ates et al.  1999 ). Selective 
modulation of claudin expression in the brain by kindling epilepsy has also been 
found (Lamas et al.  2002 ). It has been observed during the process by which a nor-
mal brain develops epilepsy (epileptogenesis), immunoglobulin G (IgG) leakage 
and neuronal IgG uptake increase concomitantly with the occurrence of seizures 
and that IgG-positive neurons show signs of neurodegeneration, such as shrinkage 
and eosinophilia. This may suggest that IgG leakage is related to neuronal impair-
ment and may be a pathogenic mechanism in epileptogenesis and chronic epilepsy 
(Michalak et al.  2012 ; Ndode-Ekane et al.  2010 ). Other studies point to a profound 
role of seizure-induced neuronal cyclooxygenase-2 (COX-2) expression in neuro-
pathologies that accompany epileptogenesis (Serrano et al.  2011 ) and it is thought 
that epileptic seizures drive expression of the BBB effl ux transporter P-gp via a 
glutamate/COX-2-mediated signaling pathway. Targeting this pathway may repre-
sent an innovative approach to control P-gp expression in the epileptic brain and to 
enhance brain delivery of antiepileptic drugs (van Vliet et al.  2010 ). 

 Many studies indicate important links to activation of the immune system with 
epilepsy. Zattoni et al. ( 2011 ) found that BBB disruption and neurodegeneration 
in the kainate-lesioned hippocampus were accompanied by sustained intercellu-
lar adhesion molecule 1 (ICAM-1) upregulation, microglial cell activation, and 
infi ltration of cluster of differentiation 3 (+) T-cells (CD3(+) T-cells). Moreover, 
macrophage infi ltration was selectively observed in the hippocampal dentate 
gyrus, where prominent granule cell dispersion was evident. Neurodegeneration 
was aggravated in kainate-lesioned mice lacking T- and B-cells (RAG1-knock-
out) through delayed invasion by Gr-1(+) neutrophils. The fact that these mutant 
mice also exhibited early onset of spontaneous recurrent seizures emphasizes the 
strong role immune- mediated responses can play in network excitability (Deprez 
et al.  2011 ). 

 ApoE isoforms exhibit diverse effects on neurodegenerative and neuroinfl amma-
tory disorders. As with other neurodegenerative diseases (e.g., Alzheimer’s dis-
ease), apolipoprotein E (ApoE) genotype seems to play a signifi cant role in epilepsy 
(   Zhang et al.  2012 ). Overexpression of apoE4 has been shown to worsen KA-induced 
hippocampal neurodegeneration in C57BL/6 mice, possibly through an enhanced 
activation of microglia as compared to wildtype and apoE2 or apoE3 transgenic 
mice. New epilepsy treatments may utilize insulin-like growth factor-1(IGF-I) or 
vitamin E, particularly where standard therapies do not show effi cacy. Administration 
of IGF-I has been shown to decrease seizure severity, [increase?] hippocampal 
neurogenesis, protects against neurodegeneration and abolishes cognitive defi cits in 
an animal model of temporal lobe epilepsy (Miltiadous et al.  2011 ). Vitamin E 
(α-tocopherol, α-T) is of interest as it has been proposed to alleviate glia-mediated 
infl ammation in neurological diseases; indeed, α-T dietary supplementation was 
found to prevent the oxidative stress, neuroglial overactivation, and cell death that 
normally occurs after kainate-induced seizures (Betti et al.  2011 ).  
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22.2.8     Traumatic Brain Injury 

 Traumatic brain injury (TBI) occurs when head injury causes damage to the brain. 
The worst injuries can lead to permanent brain damage or death. Symptoms of a 
traumatic brain injury may not appear until days or weeks following the injury. 
Serious traumatic brain injuries need emergency treatment and their long-term 
outcome depends on both the severity of the injury and the effectiveness of treat-
ment. Traumatic brain injury can cause a wide range of changes affecting thinking, 
sensation, language, or emotions. It can also be associated with posttraumatic stress 
disorder. People with severe injuries usually need rehabilitation (Amenta et al. 
 2012 ; Shlosberg et al.  2010 ). One-third of patients, who have died of TBI, have Aβ 
plaques, which are pathological features of Alzheimer’s disease, indicating that 
traumatic brain injury acts as an important risk factor for Alzheimer’s disease 
(Sivanandam and Thakur  2012 ). TBI survivors also have a signifi cantly higher risk 
of developing epilepsy (Christensen  2012 ). 

 The pathophysiology of traumatic brain injury consists of two main phases, a 
primary (mechanical) phase of damage and a secondary (delayed) phase of damage. 
Primary damage occurs at the moment of insult and includes contusion and lacera-
tion, diffuse axonal injury, and intracranial hemorrhage. Secondary damage includes 
processes that are initiated at the time of insult, but do not appear clinically for 
hours or even days after injury. Such processes cause brain swelling, axonal injury 
and hypoxia, changes in cerebral blood fl ow, disruption of BBB function, increased 
infl ammatory responses, oxidative stress, neurodegeneration, and cognitive impair-
ment (   Pop and Badaut  2011 ; Sivanandam and Thakur  2012 ; Weber  2012 ). The cal-
cium ion contributes greatly to the delayed cell damage and death after traumatic 
brain injury. A large, sustained infl ux of calcium into cells can initiate cell death 
signaling cascades, through activation of several degradative enzymes, such as pro-
teases and endonucleases (Weber  2012 ). Potential infl uence on traumatic brain 
injury outcomes by polymorphisms in the BDNF gene, and genes involved in dopa-
minergic and serotonergic system functionality have been proposed to infl uence six 
specifi c cognitive and social functions: working memory, executive function, deci-
sion making, inhibition and impulsivity, aggression, and social and emotional func-
tion (Weaver et al.  2012 ). 

 While neurons have been the major focus of translational research in all types of 
brain injury, it has become clear that more attention is needed to treat neurovascular 
unit dysfunction because posttraumatic changes in the BBB are one of the major 
factors determining the progression of injury (Weber  2012 ). BBB changes observed 
after injury are implicated in neuronal loss, altered brain function (impaired con-
sciousness, memory loss, and motor impairment), and alterations in the response to 
therapy (Chodobski et al.  2011 ). The disruption of tight junctions and basement 
membrane integrity result in increased paracellular permeability. Injury causes 
oxidative stress, and the increased production of proinfl ammatory mediators. 
Upregulation of expression of cell adhesion molecules on the surface of the BBB 
promote the infl ux of infl ammatory cells into the traumatized brain parenchyma. 
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There is also evidence suggesting that brain injury can change the expression and/or 
activity of BBB-associated monocarboxylate transporter 2 (MCT2) transporters 
(Prins and Giza  2006 ). These fi ndings suggest that BBB breakdown and functional-
ity changes might be useful as biomarkers in the clinic and in drug trials (Shlosberg 
et al.  2010 ; Pop and Badaut  2011 ). 

 Acute-phase treatment of traumatic brain injury has improved substantially, but 
prevention and management of long-term complications remains diffi cult (Rosenfeld 
et al.  2012 ; Shlosberg et al.  2010 ). Recently, lithium has been investigated for its 
medium-phase effect on traumatic brain injury-induced neuronal death, microglial 
activation, and cyclooxygenase-2 induction in mice; all of these factors were attenu-
ated by lithium treatment, which also decreased matrix metalloproteinase-9 expres-
sion and preserved BBB integrity (   Yu et al.  2012 ). As for behavioral outcomes, 
lithium treatment reduced anxiety-like behavior and improved short- and long-term 
motor coordination. Another recent preclinical fi nding is that zinc seems to play a role 
in resilience to traumatic brain injury, making it potentially useful in populations at 
risk for injury (Cope et al.  2012 ).  

22.2.9     Potential Strategies and Targets for Treatment 
of Neurodegenerative Diseases 

 When it comes to drug treatment of the neurodegenerative diseases, there are many 
potential targets to modulate and treatment strategies that have been suggested 
(Lindsay et al.  1993 ; Hefti  1994 ; McIntosh et al.  1998 ; Chun et al.  2000 ; Grünblatt 
et al.  2000 ; Contestabile  2001 ; Sánchez-Pérez et al.  2003 ; Lee and bendayan  2004 ; 
Youdim and Buccafusco  2005 ; Alexander et al.  2006 ; Confavreux and Vukusic 
 2006 ; Van der Schyf et al.  2006 ); however, very few successful treatment strategies 
have emerged while the number of new concepts and proposed therapeutic targets 
have risen dramatically (Ohtsuki and Terasaki  2007 ; Allain et al.  2008 ;    Schneider 
and Mandelkow  2008 ; Abuznait et al.  2011 ;    Luessi et al.  2012 ; Lu et al. 2011; 
Pop and Badaut  2011 ; Freeman et al. 2012; Gaillard et al.  2012 ; Grunblatt et al. 
2012; Minagar et al.  2012 ; Perez-Simon et al. 2012; Ronaldson and Davis  2012 ). 

 In how far BBB functionality could play a role in future success of brain delivery 
of therapeutics to the proposed targets remains to be determined.   

22.3     Dysfunction of the BBB in Neurodegenerative Diseases 

 The BBB is the regulated interface between the peripheral circulation and the CNS. 
The anatomical substrate of the BBB is the cerebral microvascular endothelium. 
Together with astrocytes, pericytes, neurons, and the extracellular matrix, it consti-
tutes a “neurovascular unit” that is essential for the health and function of the CNS 
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(Hawkins and Davis  2005 ). Dysfunction of the neurovascular unit is associated with 
both acute and chronic neurologic disorders (Sandoval and Witt  2008 ; Zlokovic 
 2008 ,  2010 ) and pathogenesis associated with BBB breakdown (   Abbott et al.  2002 ; 
Zlokovic  2008 ,  2010 ,  2011 ; Freeman and Keller  2012 ; Al Ahmad et al.  2012 ). 

  Tight junctions  regulate paracellular fl ux and contribute to the maintenance 
of homeostasis. Tight junctions are composed of transmembrane proteins such as 
occludin, claudin 5, claudin-8, claudin 12, and junctional adhesion molecules. Each 
of these transmembrane proteins is anchored into the endothelial cells by another 
protein complex that includes zonula occludens proteins (ZO-1, ZO-2, and ZO-3) 
(Aijaz et al.  2006 ). The components and function of tight junctions are both affected 
by neurodegenerative processes (Zlokovic  2011 ). 

  Occludin  is vulnerable to attack by matrix metalloproteinases (MMPs) 
(Rosenberg and Yang  2007 ; Yang and Rosenberg  2011 ), which may be activated in 
ischemic conditions. Accumulation of occludin in neurons, astrocytes, and microg-
lia has also been reported in the brain tissue of Alzheimer’s patients (Romanitan 
et al.  2007 ), suggesting a role for occludin in Alzheimer’s disease pathogenesis.. 
Furthermore, dephosphorylation of occludin in a multiple sclerosis mouse model 
precedes visible signs of disease, before changes in the BBB permeability were 
observed. Occludin could therefore regulate the response of the BBB to the infl am-
matory environment as seen in multiple sclerosis (Morgan et al.  2007 ). 

  Claudin-5  is degraded by MMP-2 and MMP-9 after an ischemic insult and clau-
din- 5 has been found in surrounding astrocytes, but not in the brain endothelium, 
after ischemia-related BBB disruption (Yang et al. 2007). Selective downregulation 
of  claudin-8  by kindling epilepsy (Lamas et al.  2002 ) suggests that selective modu-
lation of claudin expression in response to abnormal neuronal synchronization may 
lead to BBB breakdown and brain edema. Signifi cant differences in the incidences 
of tight junction abnormalities related to reduced ZO-1 expression have been 
observed between different types of lesions in multiple sclerosis and between 
multiple sclerosis and control white matter (Kirk et al.  2003 ). 

  Actin  is important in the cytoskeleton for establishing and maintaining the BBB 
(Nico et al.  2003 ). Tau-induced neurotoxicity in Alzheimer’s disease might be 
related to a direct interaction between tau and actin (Tudor et al.  2007 ). 

 The  basal lamina  that surrounds brain endothelial cells consists of laminin, 
fi bronectin, tenascin, collagens, and proteoglycan (Paulsson  1992 ; Erickson and 
Couchman  2000 ; Merker  1994 ) and provides mechanical support for cell attach-
ment. It also serves as a substratum for cell migration, separates surrounding tissue, 
and restricts the passage of macromolecules. Cell adhesion to the basal lamina 
involves integrins (   Hynes and Lander  1992 ). The composition of the extracellular 
matrix is altered upon BBB disruption and directly affects the progression of brain 
diseases (Baeten and Akassoglou  2011 ). For example, MMPs can be activated to 
degrade basal lamina proteins such as fi bronectin, laminin, and heparan sulfate after 
an ischemic insult, a process, which may contribute to BBB breakdown (Cheng 
et al.  2006 ; Zlokovic  2006 ; Zlokovic  2011 ). 

 The specialized foot-processes of  perivascular astrocytes  have specialized func-
tions in inducing and regulating BBB properties. Neuronal infl uence may also be of 
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importance in BBB regulation (   Banerjee and Bhat  2007 ;    Wolburg et al.  2009 ; 
   Cohen-Kashi et al.  2009 ; Girouard et al.  2010 ). Astrocytes properties may be 
affected upon development of amyloid deposits (Yang et al.  2011 ; Zlokovic  2011 ). 
Abnormal astrocytic activity coupled to vascular instability has been observed in 
Alzheimer’s disease models (Takano et al.  2007 ). 

 The impact of  pericytes  on BBB functionality has become more appreciated 
with time (   Balabanov and Dore-Duffy  1998 ; Krueger and Bechmann  2010 ). In 
addition to providing mechanical stability, pericytes predominantly infl uence ves-
sel stability by matrix deposition and by the release and activation of signals that 
promote brain endothelial cell differentiation and quiescence (   Armulik et al. 
 2011a ,  b ). Pericytes furthermore play a regulatory role in brain angiogenesis, cere-
bral endothelial cell tight junction formation, BBB differentiation, and contribute 
to microvascular structural stability. Pericytes cover 30–70 % of the abluminal 
endothelial cell surface of brain capillaries (von Tell et al.  2006 ). Pericytes might 
have a role in the development of neuropathology in Alzheimer’s disease, and mul-
tiple sclerosis, (Wyss-Coray et al.  2000 ; Allt and Lawrenson  2001 ; von Tell et al. 
 2006 ; Zlokovic  2011 ). Loss of pericytes may damage the BBB due to an associ-
ated decrease in cerebral capillary perfusion, blood fl ow, and blood fl ow responses 
to brain activation. This will lead to more chronic perfusion problems like hypoxia, 
while BBB breakdown may further lead to brain accumulation of blood proteins 
and several macromolecules with toxic effects on the vasculature and brain paren-
chyma, ultimately leading to secondary neuronal degeneration (Bell et al.  2010 ; 
Zlokovic  2011 ). 

 While it is well appreciated that APOE4 homozygosity is associated with an 
increased risk of sporadic Alzheimer’s disease, its effects on the brain microvascu-
lature and BBB have been less appreciated. Interestingly, APOE(4,4) is associated 
with thinning of the microvascular basement membrane in Alzheimer’s disease 
(Bell et al.  2012 ). In APOE4 transgenic mice, a high fat diet-induced deleterious 
effects on BBB permeability (Mulder et al.  2001 ). A recent study by Bell et al. 
( 2012 ) suggested that CypA is a key target for treating APOE4-mediated neurovas-
cular injury and the resulting neuronal dysfunction and degeneration; indeed, acti-
vating a proinfl ammatory CypA-nuclear factor-κB-matrix-metalloproteinase-9 
pathway in pericytes is associated with increased susceptibility of the BBB to injury 
in APOE4 conditions. 

 The BBB is rich in mitochondria and contains many  metabolic enzymes  that may 
contribute to its barrier function. These enzymes include ATP-ase, nicotinamide 
adenine dinucleotide, monoamine oxidase, acid and alkaline phosphatases, various 
dehydrogenases,  l -DOPA decarboxylase and gamma glutamyl transpeptidase, cyto-
chrome P450 haemoproteins, cytochrome P450-dependent mono-oxygenases, 
NADPH-cytochrome P450 reductase, epoxide hydrolase, and also conjugating 
enzymes such as UDP-glucuronosyltransferase and α-class glutathion S-transferase 
(Maxwell et al.  1987 ; Williams et al.  1980 ; Fukushima et al.  1990 ; Kerr et al.  1984 ; 
Tayarani et al.  1989 ; Volk et al.  1991 ; Dutheil et al.  2010 ; Zlokovic  2011 ). Apart 
from metabolizing compounds coming from the blood, they also help to elimi-
nate degradation products of neurotransmitters (Baranczyk-Kuzma et al.  1989 ). 
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BBB enzymes also recognize and rapidly degrade most peptides, including naturally 
occurring neuropeptides (   Brownless and Williams  1993 ; Witt et al.  2001 ). 

 Specifi c  facilitative and active transport systems  exist to transport nutrients such as 
hexoses, neutral, basic, and acidic amino acids, monocarboxylic acids, nucleosides, 
purines, amines, and vitamins, mostly towards the brain (Hawkins et al. 2006; 
Simpson et al.  2007 ; Ohtsuki and Terasaki  2007 ; Deeken and Loscher  2007 ; Spector 
and Johanson  2007 ; Spector  2009 ). It has been suggested that glutamate excitotox-
icity is implicated in the neurodegenerative processes in Alzheimer’s disease 
(Lipton  2005 ), amyotrophic lateral sclerosis (Van Damme et al.  2005 ), epilepsy 
(Alexander and Godwin  2006 ), Huntington’s disease (HD) (Cowan and Raymond 
 2006 ;    Fan et al.  2009 ), and multiple sclerosis (Vallejo-Illarramendi et al.  2006 ). 
Glutamate transporters (EAAT1, EAAT2, and EAAT3) at the BBB determine the 
levels of brain extracellular glutamate and are essential to prevent excitotoxicity 
(Lipton  2005 ), prompting the question whether changes in these transporters may 
contribute to glutamate excess and excitotoxicity. 

 Facilitative glucose transport is mediated by one or more members of the closely 
related glucose transporter (GLUT) family. GLUT1 is the primary transporter of 
glucose across the BBB. Its distribution and expression in brain is affected in different 
pathophysiological conditions including Alzheimer’s disease, epilepsy, ischemia, 
and traumatic brain injury. Recent investigations show that GLUT1 mediates BBB 
transport of some neuroactive drugs, such as glycosylated neuropeptides, low 
molecular weight heparin, and  d -glucose derivatives (Guo et al.  2005 ). Protein 
expression of the glucose transporter GLUT1 is reduced in brain capillaries in 
Alzheimer’s disease, without changes in GLUT1 mRNA structure (Mooradian et al. 
 1997 ) or levels of GLUT1 mRNA transcripts (Wu et al.  2005 ). Further, a reduction 
in CNS energy metabolites has been seen in several PET scanning studies of 
Alzhiemer’s patients using FDG (Samuraki et al.  2007 ;    Mosconi et al.  2006 ,  2008 ), 
likely because the surface area at the BBB available for glucose transport is substan-
tially reduced in Alzheimer’s disease (Bailey et al.  2004 ; Wu et al.  2005 ) 

 Active effl ux transporters such as the ATP-binding cassette (ABC) transporters 
rapidly remove ingested toxic lipophilic metabolites and many structurally unre-
lated, often amphipathic cationic drugs from the brain or prevent their entry 
(Schinkel et al.  1994 ; Loscher and Potschka  2005 ; Hermann and Bassetti  2007 ; 
Dutheil et al.  2010 ). Arguably, the most important effl ux transporter is P-gp. P-gp is 
expressed at the luminal and seems also to be expressed at the abluminal membrane 
of brain endothelial cells, as well as in pericytes and astrocytes (Bendayan et al. 
 2006 ). Subcellularly, P-gp is distributed along the nuclear envelope, in caveolae, 
cytoplasmic vesicles, the Golgi complex, and the rough endoplasmic reticulum 
(Bendayan et al.  2006 ). The possible role of the ABC transporters in the pathogen-
esis and treatment of neurodegenerative diseases is increasingly recognized. A posi-
tive association between the polymorphism in the MDR1 gene encoding P-gp 
(/ABCB1) and pharmacoresistant epilepsy has been reported in a subset of epilepsy 
patients (Siddiqui et al.  2003 ). However, the follow-up association genetics studies 
did not support a major role for this polymorphism, as recently reviewed (Tate and 
Sisodiya  2007 ; Sisodiya and Mefford  2011 ). Then, reports also suggest that 
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P-gp- mediated elimination of Aβ from the brain in Alzheimer’s disease may be 
impaired (Hartz et al. 2007) 

 Although the brain was once considered to be an immune privileged site, today 
it is appreciated that (a) the brain is not isolated from the immune system, (b) com-
plex immune responses do occur within the CNS, and (c) brain microglia provide 
important CNS immune surveillance along with macrophages and monocytes 
derived from the blood and bone marrow (Prinz et al.  2011 ). Mononuclear phago-
cytes from blood are also recruited to cross the BBB and enter the CNS in multiple 
sclerosis and other neurodegenerative diseases like Alzheimer’s disease. Chemokines 
in the brain can recruit immune cells from the blood or from within the brain 
(Britschgi and Wyss-Coray  2007 ) to secrete MMP-2 and MMP-9 that increase BBB 
permeability (Feng et al.  2011 ). Inhibition of this process is linked to more rapid 
disease progression (Dimitrijevic et al.  2007 ). 

 Finally,  cerebral blood fl ow  (CBF) plays a role. Reduction of resting CBF or 
altered responses to brain activation may occur in different CNS regions in 
Alzheimer’ s disease, Parkinson’s disease, multiple sclerosis, and other CNS dis-
eases (Lo et al.  2003 ;    Iadecola  2010 ; Drake and Iadecola  2007 ; Lok et al.  2007 ). 
Even modest 20 % reductions in CBF, as seen in the aging brain, are associated 
with diminished cerebral protein synthesis (Hossmann  1994 ). Moderate regional 
reductions in CBF, as seen in chronic neurodegenerative disorders, lead to shifts in 
intracellular pH and water, and accummulation of glutamate and lactate in brain 
ISF (Drake and Iadecola  2007 ), while severe reductions in CBF (>80 %), such as 
that which occur in ischemic stroke, lead to electrolyte dysbalance and ischemic 
neuronal death. 

 It can be concluded that changes in the BBB and its surrounding cells (the 
neurovascular unit), degeneration of brain capillariesand reductions in resting CBF 
all may contribute to neurodegenerative processes.  

22.4     Brain Target Site Drug Delivery in Neurodegenerative 
Diseases 

 Lots of investigations have dealt with processes involved in neurodegenerative con-
ditions of which only a small portion has been described above. With regard to drug 
treatment of such diseases, a proper CNS effect can only result from having the drug 
in the CNS “at the right place, at the right time, and at the right concentration” (see 
Chap.   10    ). To that end, it is of importance to take into consideration the factors that 
play a role in producing CNS effects, e.g., drug properties, drug concentrations in 
plasma, multiple BBB transport mechanisms, drug concentrations in brain and 
intrabrain drug distribution, target interaction, and signal transduction processes. 
Information on unbound drug concentrations are by far the most valuable as these 
provide specifi c information on BBB drug transport and intrabrain distribution, 
for which total concentrations may be misleading, while also being the driving 
force in eliciting CNS drug effects. 
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 In relation to neurodegenerative diseases, only a few quantitative pharmacological 
studies on small molecules have been performed on unbound drug concentrations in 
brain, without/with inclusion of disease conditions and/or concomitant measures of 
the effects. 

22.4.1     Unbound Plasma and Brain Pharmacokinetics 

 Most of the research presented here has been performed with regard to anti-epileptic 
drugs. As discussed above, pharmacoresistance in epilepsy is thought to be caused 
by restricted BBB transport and/or unfavorable brain distribution. It is therefore 
important to learn about BBB transport mechanisms of antiepileptic drugs. 

 Luer ( 1999 ) studied whether the fraction of gabapentin crossing the BBB is lin-
ear over a broad range of doses, using the microdialysis technique for measuring 
gabapentin concentrations in the brain ECF, combined with plasma sampling. 
Although higher AUC brain ECF values were obtained with higher AUC plasma 
values, changes in AUC brain ECF were less than proportional to observed changes 
in AUC plasma. It seemed that BBB transport of gabapentin was saturable. 

 Christensen et al. ( 2001 ) investigated plasma and cerebrospinal fl uid (CSF) sam-
ples from epileptic adults on topiramate and lamotrigin. CSF/plasma ratios of topi-
ramate were around 0.85, based on total concentrations of topiramate in plasma and 
CSF (with protein binding fractions of 84 % in plasma and 97 % in CSF). Lamotrigine 
concentrations were also measured, for which free concentrations in CSF were 
about 50 % of those in plasma. The authors concluded that for topiramate unbound 
plasma concentrations are most relevant for therapeutic drug monitoring. The effect 
of brain ECF–parenchymal exchange has been clearly demonstrated by a study of 
valproate in rabbits by Scism et al. ( 2000 ). It was shown that the unfavorable brain-
to- plasma gradient was the result of coupled effl ux transport processes at both the 
parenchymal cells and the BBB. BBB transport and brain distribution of valproic 
acid were investigated in the absence and presence of probenecid, using microdialy-
sis and total tissue sampling during steady-state iv infusion of valproic acid. In 
control conditions, the intracellular brain concentration (ICC) was about 2.8 times 
higher than the corresponding ECF concentrations. Co-infusion of probenecid ele-
vated the ratio of ICC over ECF concentrations to 4.2 (Table  22.1 ). This indicated 
the presence of a probenecid-sensitive effl ux transporter on brain parenchymal 
cell membranes. The ECF to unbound plasma concentration ratio was about 0.2, 
and was not signifi cantly infl uenced by probenecid. This study’s fi ndings therefore 
suggested the presence of distinctly different organic anion transporters for the 
effl ux of valproic acid at the parenchymal cells and capillary endothelium.

   Potschka et al. ( 2001 ) used in vivo microdialysis in rats to study whether the 
concentration of carbamazepine in brain ECF could be enhanced through P-gp inhi-
bition by verapamil or MRP inhibition by probenecid. Local perfusion of verapamil 
or probenecid via the microdialysis probe increased the microdialysate concentra-
tion of carbamazepine, and the authors concluded that both P-gp (verapamil) and 
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MRP (probenecid) participate in the regulation of brain ECF concentrations of 
carbamazepine. A similar study was performed for phenytoin (Potschka and Löscher 
 2001a ,  b ) in which local perfusion of probenecid via the microdialysis probe signifi -
cantly enhanced the microdialysate concentrations of phenytoin. The same group 
later studied the infl uence of P-gp inhibition by verapamil on BBB transport of 
phenobarbital, lamotrigine, and felbamate again using in vivo microdialysis 
(Potschka et al. ( 2002 ). Verapamil was found to increase the concentration of all 
three antiepileptic drugs in the cortical brain ECF. Importantly, these studies indi-
cated that overexpression of P-gp and/or MRP in epileptic tissue might limit brain 
access of many antiepileptic drugs. 

 For levitiracetam, a new antiepileptic drug, the expectations were quite high as it 
seemed to be an effective and well-tolerated drug in many patients with otherwise 
pharmacoresistant epilepsy. Potschka et al. ( 2004 ) therefore investigated whether 
the concentration of levitiracetam in the cortical brain ECF could be modulated 
by inhibition of P-gp or MRPs, using the P-gp inhibitor verapamil and the MRP1/2 
inhibitor probenecid. Local perfusion with verapamil or probenecid via the micro-
dialysis probe did not increase the brain ECF concentration of levitiracetam, providing 
strong evidence that brain uptake of levitiracetam is not affected by P-gp or MRP1/2. 
This could explain levitiracetam’s antiepileptic effi cacy in patients whose seizures 
are poorly controlled by other antiepileptic drugs. While the above microdialysis 
studies elegantly suggest the importance of transporters in determining drug 

   Table 22.1    Results of microdialysis studies in rabbits   

 Valproate  Control ( n  = 5)  +Probenecid ( n  = 5) 

 ECF (ug/ml)  1.72 ± 0.16  2.78 ± 0.36 
 ICC (ug/ml)  4.69 ± 0.27  11.6 ± 1.62 
 Brain: total plasma  0.069 ± 0.002  0.16 ± 0.024 
 Brain: free plasma  0.41 ± 0.052  0.70 ± 0.087 
 Brain: ECF  2.48 ± 0.23  3.66 ± 0.36 
 ECF: total plasma  0.029 ± 0.003  0.044 ± 0.005 
 ECF: free plasma  0.17 ± 0.034  0.19 ± 0.015 
 ICC: ECF  2.81 ± 0.28  4.24 ± 0.44 
 ICC: free plasma  0.46 ± 0.068  0.81 ± 0.10 

  Valproic acid concentrations were determined in brain extracellular fl uid (ECF) of the cerebral 
cortex during steady-state i.v. infusion with valproic acid alone or with valproic acid plus proben-
ecid. Probenecid co-infusion elevated VPA concentration in the brain tissue surrounding the tip of 
the microdialysis probe to a greater extent than in the ECF (230 % versus 47 %). Brain intracellular 
compartment (ICC) concentration was estimated. In control rabbits, the ICC concentration was 
2.8 ± 0.28 times higher than the ECF concentration. Probenecid co-infusion elevated the ICC-to-
ECF concentration ratio to 4.2 ± 0.44, which confi rms the existence of an effl ux transport system in 
brain parenchymal cells. The ECF-to- unbound plasma concentration ratio was well below unity 
(0.029), indicating an uphill effl ux transport of VPA across the BBB. Co-infusion of probenecid 
did not have a signifi cant effect on valproic acid effl ux at the BBB as evidenced by a minimal 
change in the ECF-to-unbound plasma concentration ratio. This study suggests the presence of 
distinctly different organic anion transporters for the effl ux of valproic acid at the parenchymal 
cells and capillary endothelium in the brain (Scism et al.  2000 )  
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effi cacy and which drugs may have potential in treating pharmacoresistant epilepsy, 
some caution is warranted. It remains theoretically possible that other nonspecifi c 
changes, e.g., changing osmolarity, may contribute to observed results when a drug 
(inhibitor) is locally perfused into the brain using in vivo microdialysis. More work 
is clearly necessary in this area.  

22.4.2     Unbound Brain PKPD 

 Feng et al. ( 2001 ) have studied the BBB infl ux and effl ux of pregabalin with micro-
dialysis. BBB infl ux (CLin) and effl ux (CLout) permeability for pregabalin were ~5 
and 37 μL/min/g brain, respectively, following intravenous infusion. The results 
indicate that pregabalin is able to enter the brain. Interestingly, a signifi cant delay in 
anticonvulsant action of pregabalin was found relative to the estimated ECF drug con-
centrations. Using a PKPD link model, the counter-clockwise delay in the relationship 
between pregabalin brain ECF concentration and the anticonvulsant effect showed 
that the concentration in the hypothetical effect compartment (Ce) versus effect (PD) 
profi le exhibits a sigmoidal curve and the calculated EC50 and Keo values were 
95 ng/ml and 0.0092 min −1 , respectively. The small value for the Keo indicates that the 
effect is not directly proportional to the amount of pregabalin in the ECF compartment 
possibly due to inherent delay at steps other than BBB transport. 

 It has also been investigated whether ABCC2 (/MRP2) is functionally involved 
in transport of carbamazepine, lamotrigine and felbamate across the BBB. The dis-
tribution of these drugs into the brain was determined using ABCC2-defi cient 
TR-rats. The microdialysis results gave no evidence that ABCC2 function modulates 
entry of carbamazepine, lamotrigine, or felbamate into the CNS. However, ABCC2 
defi ciency was associated with an increased anticonvulsant response of carbamaze-
pine in the amygdala-kindling model of epilepsy (Potschka et al.  2003a ,  b ).  

22.4.3     Unbound Plasma and Brain Pharmacokinetics 
in Disease 

 Clinckers et al. ( 2008 ) examined unbound concentrations of 10,11-dihydro-10- 
hydroxy-carbamazepine (MHD) in plasma and in the hippocampus to study the 
impact of acute seizures and effl ux transport mechanisms on MHD brain distribu-
tion. An integrated PK model describing simultaneously the PK of MHD in plasma 
and brain was developed. A compartmental model with combined zero- and fi rst- 
order absorption, including lag time and biophase distribution best described the PK 
of MHD. A distribution process appeared to underlie the increased brain MHD 
concentrations observed following seizure activity and effl ux transport inhibition, 
as refl ected by changes in the volume of distribution of the biophase compartment. 
In contrast, no changes were observed in plasma PK. 

E.C.M. de Lange



615

 To study potential changes in brain P-gp functionality after induction of status 
epilepticus (SE), Syvänen et al. ( 2012 ) used a quinidine microdialysis assay in 
kainate- treated rats to reveal differences in brain distribution upon changes in P-gp 
functionality by preadministration of tariquidar, a P-gp inhibitor. In control animals, 
total brain quinidine concentration increased ~40-fold while quinidine ECF concen-
tration increased ~sevenfold following tariquidar pretreatment. After kainate treat-
ment alone, however, no difference in quinidine transport across the BBB was found 
compared to saline-treated (control) animals, but kainate-treated rats tended to have 
a lower total brain concentration but a higher brain ECF concentration of quinidine 
than control rats. This could be concluded on the basis of a newly developed math-
ematical population pharmacokinetic model that includes statistical approaches to 
identify sources of variability in quinidine kinetics within the whole datset 
(Fig.  22.1a, b ). Notably, this study did not provide evidence for the hypothesis that 
P-gp function at the BBB is altered at 1 week after status epilepticus induction, but 
rather suggests that P-gp function might be altered at the brain parenchymal level.

22.4.4        Unbound Brain PKPD in Disease 

 As already discussed above, by using local perfusion of the MRP inhibitor proben-
ecid via a microdialysis probe, Potschka and colleagues ( 2003a ,  b ) have shown an 
increase in brain microdialysate levels of phenytoin in rats (refl ecting, but not nec-
cessarlity equals, unbound brain concentrations of phenytoin in brain). This seems 
to indicate that phenytoin is a substrate of MRP2 at the BBB. This was also 
concluded from studies in MRP2-defi cient TR-rats, in which brain microdialysate 
levels of phenytoin were signifi cantly higher than in normal background strain rats 
(Then, in the kindling model of epilepsy, coadministration of probenecid signifi -
cantly increased the anticonvulsant activity of phenytoin, while in kindled MRP2- 
defi cient rats phenytoin exerted a markedly higher anticonvulsant activity than in 
normal rats. Altogether this supports the hypothesis that MRP2 may contribute to 
BBB function. 

 The relation between brain ECF concentrations following systemic administra-
tion of oxcarbazepine and its effects on local ECF levels of dopamine and serotonin 
was investigated by Clinckers et al. ( 2005a ), including modulation of oxcarbazepine 
BBB transport. The intrahippocampal perfusion of verapamil, a P-gp inhibitor, and 
probenecid, a MRP inhibitor, on the BBB passage of oxcarbazepine was investi-
gated. Simultaneously, the effects on hippocampal monoamines were studied as 
pharmacodynamic markers for oxcarbazepine anticonvulsant activity in the focal 
pilocarpine model for limbic seizures. Systemic oxcarbazepine administration alone 
did not prevent the rats from developing seizures; however, coadministration of 
verapamil or probenecid with oxcarbazepine yielded complete protection along 
with signifi cant increases in hippocampal ECF levels of dopamine and serotonin. 
These fi ndings indicate that oxcarbazepine is a substrate for multidrug transporters 
at the BBB and that coadministration of multidrug transporter inhibitors 
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  Fig. 22.1    ( a ) Pharmacokinetics of the P-gp substrate quinidine, in plasma (total concentrations) 
and brain (unbound concentrations) following an intravenous short infusion of 10 mg/kg in rats, 
for the naïve, naïve + Tariquidar (TQD), kainite treated, kaniate treated + Tarqiquidar (TQD) groups 
(Syvänen et al.  2012 ) ( b ) Pharmacokinetic model of quinidine distribution into the brain, including 
infl uences as determined by the so called covariate analysis, for P-gp inhibition by tariquidar 
(TQD) and of 1 week after kainate treatment induced Status Epilepticus (kainate).  V c,  V p, and 
 V free are the volumes of distribution in central plasma, peripheral tissue and unbound brain, 
respectively. CL,  Q ,  Q in, and  Q out are the clearances from plasma, clearance between the two 
plasma compartments, and clearances into the brain and out from the brain, respectively. The dis-
tribution from the free brain compartment to the deeper brain compartment was described with a 
fraction, f, so that total brain concentration =  f . unbound concentration in brain. The covariate 
analysis showed that kainate treatment decreased the systemic clearance, the volume of distribu-
tion in peripheral tissue and brain, while tariquidar coadministration decreased the systemic clear-
ance, increased the quinidine clearance into the brain, decreased the clearance out from the brain 
and increased the distribution from the unbound brain compartment to the deeper brain compartment 
(Syvänen et al.  2012 )       
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signifi cantly potentiates oxcarbazepine anticonvulsant activity, highlighting the 
impact of BBB transport for the CNS effects of this antiepileptic drug. 

 Clinckers et al. ( 2005b ) conducted an in vivo microdialysis study to investigate 
the impact of the transport kinetics of oxcarbazepine across the BBB on the observed 
treatment refractoriness. Also, the infl uence of intrahippocampal perfusion of vera-
pamil, a P-gp inhibitor, and probenecid, a MPR inhibitor, on the BBB transport and 
anticonvulsant properties of oxcarbazepine were investigated, using the focal pilo-
carpine model for limbic seizures. Simultaneously, the effects on hippocampal 
monoamines were studied as pharmacodynamic markers for the anticonvulsant 
activity. Although systemic oxcarbazepine administration alone failed in preventing 
the animals from developing seizures, coadministration with verapamil or proben-
ecid offered complete protection. Concomitantly, signifi cant increases in extracel-
lular hippocampal dopamine and serotonin levels were observed within our 
previously defi ned anticonvulsant monoamine range. The present data indicate that 
oxcarbazepine is a substrate for multidrug transporters at the blood–brain barrier. 
Coadministration with multidrug transporter inhibitors signifi cantly potentiates the 
anticonvulsant activity of oxcarbazepine and offers opportunities for treatment of 
pharmacoresistant epilepsy. 

 To investigate potential changes in BBB transport of  l -DOPA in conjunction 
with its intra-brain conversion in Parkinson’s disease, Ravenstijn et al. ( 2012 ) used 
the unilateral rat rotenone model of Parkinson’s disease (Ravenstijn et al. 2007). 
Microdialysis measurements were performed simultaneously in the control 
(untreated) and in the rotenone-treated cerebral hemisphere while  l -DOPA was 
administered intravenously (10, 25 or 50 mg/kg). Serial blood samples and brain 
striatal microdialysates were analyzed for  l -DOPA and dopamine metabolites 
(DOPAC and HVA). Ex-vivo brain tissue was analyzed for changes in tyrosine 
hydroxylase staining as a biomarker for disease model severity. An advanced math-
ematical model (Fig.  22.2a, b ) was developed to evaluate BBB transport of  l -DOPA 
along with the conversion of  l -DOPA into DOPAC and HVA, and the results were 
compared between the control and rotenone-treated diseased cerebral hemispheres. 
As previously found for fl uorescein (Ravenstijn et al. 2007), no difference in 
 l -DOPA BBB transport was found in the rotenone-treated diseased hemisphere as 
compared to the untreated hemisphere. However, basal microdialysate levels of 
DOPAC and HVA were substantially lower in the rotenone-treated diseased hemi-
sphere. Upon  l -DOPA administration these elimination rates were higher at the 
rotenone-treated hemisphere. The higher elimination rate constant as found for 
DOPAC and HVA would be possible if dopamine concentrations were lower in the 
rotenone-treated diseased hemisphere such that metabolite formation rate- dependent 
elimination occurs. This is also called “fl ip-fl op kinetics,” i.e. [metabolite formation 
rate constant × amount of metabolite remaining to be formed] is about equal to 
the [metabolite elimination rate constant × amount of metabolite remaining to be 
eliminated]). Reduced dopamine concentrations in the rotenone-treated diseased 
hemisphere are indeed plausible with a diminished amount of dopaminergic neu-
rons as indicated by substantially decreased TH staining. These studies show that it 
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is necessary to take into account both  l -DOPA transport and conversion in order 
to appreciate whether or not specifi c changes in BBB transport may signifi cantly 
infl uence  l -DOPA PKPD in rodent models of Parkinson’s disease.

22.5         Conclusions 

 The references presented in this chapter are by no means complete, as there is an 
extreme amount of publications in the area of neurodegeneration. Considerations of 
drug treatment have also been limited to small drugs with no information presented 
on biologics. 

 Most studies have focused exclusively on the processes underlying neurodegen-
eration when examining neurodegenerative diseases in human beings or animal 
models. However, it has become clear that the BBB/neurovascular unit may play an 
important role in neurodegenerative diseases by a number of different mechanisms, 
e.g., the exacerbation of neuroinfl ammation with increased entry of blood-borne 
immune cells into the diseased brain across the BBB. 

 There is a general consensus that delivery of drugs into the brain is among the 
most challenging problems in the treatment of neurodegeneration and that treat-
ments should focus on increased BBB transport (   Liu et al.  2012 ). However, the 
number of studies devoted to quantitative measurement of BBB transport of drugs, 
separate from intrabrain distribution, is surprisingly low. The few studies that have 
examined BBB transport and intrabrain distribution simultaneously (with the ability 
to separate the two factors) have shown a complex relationship between neurode-
generative disease states and BBB drug transport (Leroy et al.  2003 ; Cheng et al.  2010 ; 
Ravenstijn et al. 2007; Syvänen et al.  2012 ) (Potschka et al.  2003a ,  b ; Clinckers 
et al.  2005a ,  b ,  2008 ). 

 Moreover, many aspects of neurodegenerative processes have been studied more 
or less in isolation, so that information on interplay between these processes, as well 
as their time and context dependencies, has not been addressed. If we are to develop 
successful drug treatment modalities, we fi rst need to have such information in 
hand, and we must aim to take more integrative research approaches combined with 
advanced mathematical modeling techniques. Otherwise, we risk missing out on 
critical information that would allow us to judge “what is wrong” on the causal path 
between drug dosing and effect (Chap.   9    ). It is possible that many drugs have more 
potential for treating neurodegeneration than currently appreciated, simply because 
they have not been studied thoroughly and quantitatively enough to reveal the 
right dosing, timing, and site of administration. Study designs too often suffer from 
a compromising superfi ciality (small sample sizes, variable practices in sample 
collection, variable contexts in sample collection, limiting numbers of parameters 
measured in conjunction), ultimately yielding inconsistent biomarker-related data 
and disparate outcome measures. New research approaches should bring us further 
and allow the kind of data collection necessary to better develop drug regimens for 
the treatment of neurodegenerative diseases. 
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 Research on potential treatment strategies for neurodegenerative diseases is not 
an easy task. On the one hand, there are a large number of processes involved in 
neurodegenerative diseases with associated complexity. On the other hand, we have 
to work around the relative inaccessibility of the human brain to commonly used 
research tools. This means that we have to largely rely on animal models of neuro-
degenerative diseases, knowing that such animal models may only partly refl ect the 
human conditions.  

22.6     Points for Discussion 

•     How can studies be best designed to have the most valuable data collected?  
•   Why don’t more studies aim to obtain quantitative and connected data?  
•   What biomarkers can be assessed in humans and in animals?  
•   What drug concentrations may be assessed in biological compartments, and, of 

these, which is best to predict CNS target site concentrations?  
•   How do animal models of disease provide valuable insights into human neurode-

generative processes and what are their limitations?  
•   How is the timescale of disease progression in animal models different from the 

human conditions?  
•   Given that neurodegeneration is highly heterogeneous, how can we address 

sources of variability between drug response in human populations to aim at 
personalized CNS medicine?   

•      What are the advantages of a “multitarget” drug treatment (/systems or network 
approach) compared to the more traditional “single target” drug treatment, given 
that neurodegenerative diseases are multifactorial?     

22.7     Future Directions 

 Data on neurodegeneration so far has provided us with bits and pieces of information 
with valuable insights to a certain level, but much of this data is disconnected in the 
sense that different biological systems have been used, with disease conditions 
being induced by variable means. It is suggested that future studies should be 
designed to have a more structured and integrative nature, allowing us to learn about 
the interplay between processes and their sensitivity to the context in which they 
have been measured. The importance and challenge of performing integrative studies 
has already been addressed (Chap.   10    ) and also apply here. The following goals 
may facilitate future progress:

•    To convert qualitative data (pictures, photographs, “increase” of parameter x, 
“decrease” of parameter y) into quantitative data.  

•   To include genomics, proteomics, and metabolomics data along with traditional 
measures of plasma and brain fl uids.  

E.C.M. de Lange

http://dx.doi.org/10.1007/978-1-4614-9105-7_10


621

•   To increase the use of neuroimaging.  
•   To further include the outcomes of epidemiological studies on polymorphisms.  
•   To search for biomarkers of (early) disease processes and CNS drug effects.  
•   To include measurements of unbound drug concentrations as it is the unbound 

drug concentration that drives transport processes (BBB transport, intrabrain 
distribution, unbound brain concentrations) and target interactions that lead to 
drug effects.  

•   To include time-dependencies for drug kinetics, drug effects, and disease stage 
(progression).  

•   To obtain information on multiple parameters in parallel in a particular context 
(i.e., as much as possible; to obtain “connected data” (Paweletz et al.  2010 ) and 
vary the context in a systematic manner to learn about parameter sensitivity for 
the context (e.g., specifi c inhibition of processes). For example, it has been found 
that even in the same strain from two breeding locations, there are differences in 
seizure susceptibility, pharmacological response, and basal neurochemistry(Portelli 
et al.  2009 ).  

•   To obtain such “connected data” in animals by the use of both more- and less- 
invasive methods as well as noninvasive (imaging) techniques, the latter should 
also be applied in human studies (Greenhalgh et al.  2011 ).  

•   To include the use of advanced mathematical modeling to integrate all data, and 
by statistical approaches obtain insight into sources of variability (covariate), 
as this will improve interspecies extrapolation of pharmacokinetics to investigate 
the use of multiple drugs (a multitarget approach).        
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    Abstract     Stroke and traumatic brain injury (TBI) cause marked changes in blood–
brain barrier (BBB) function. These changes result in increased barrier permeability, 
vasogenic edema, and an infl ux of leukocytes into brain. As such, they are a thera-
peutic target. In addition, changes at the BBB can affect the entry of therapeutics 
into the brain. This chapter describes the changes in BBB function that occur after 
brain injury, the impact on drug delivery for stroke and TBI and potential ways of 
circumventing the BBB for therapy.  

  Abbreviations 

   ABC transporters    ATP-binding cassette transporters   
  BBB    Blood–brain barrier   
  BDNF    Brain-derived neurotrophic factor   
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  bFGF    Basic fi broblast growth factor   
  CSF    Cerebrospinal fl uid   
  ICH    Intracerebral hemorrhage   
  IVH    Intraventricular hemorrhage   
  KO    Knockout   
  SAH    Subarachnoid hemorrhage   
  SVCT2    Na-dependent Vitamin C Transporter 2   
  TBI    Traumatic brain injury   
  TJ    Tight junction   
  tPA    Tissue plasminogen activator   

23.1           Introduction 

 Stroke and traumatic brain injury (TBI) result in profound changes in blood–brain 
barrier (BBB) function. These changes have a role in brain injury (e.g., edema 
formation and leukocyte infi ltration), but also impact drug delivery of potential 
therapeutics. The aim of this chapter is to (a) describe the changes that occur in 
BBB function during stroke and TBI, (b) the impact of those changes on the delivery 
of current and some potential therapeutics, and (c) potential methods of circumvent-
ing the BBB in stroke and TBI. While prior chapters have described the effects of 
the normal BBB on drug delivery and methods that are being used to enhance such 
delivery, this chapter focuses specifi cally on brain injury. 

 In cerebral ischemia, there is a reduction in blood fl ow to an area of brain that 
causes neural dysfunction. Reductions in fl ow are caused by thrombosis within a 
cerebral vessel, the lodging of emboli generated by a distant site, or temporary heart 
failure. The fi rst two events cause focal cerebral ischemia, while the latter causes 
global cerebral ischemia. Focal ischemic events occur with and without restoration 
of blood fl ow (transient and permanent ischemia). Cerebral ischemia accounts for 
most strokes, but ~15% of strokes in the USA and 20–30% in Asia are hemorrhagic 
(Adeoye and Broderick  2010 ; Roger et al.  2012 ). Although the initial symptoms in 
hemorrhagic stroke are similar to cerebral ischemia, the underlying cause, a ruptured 
cerebral blood vessel, is different. Hemorrhages are defi ned by locations: intracere-
bral, subarachnoid, intraventricular, and subdural. There are differences in the mech-
anisms underlying brain injury in hemorrhagic and ischemic stroke (Xi et al.  2006 ). 
The components of brain injury after trauma are heterogeneous with physical 
damage to neural components, cerebral ischemia, and cerebral hemorrhage, and they 
vary with closed and penetrating brain injury (Maas et al.  2008 ). 

 Each year in the USA there are about 800,000 strokes (Roger et al.  2012 ) and 
1.4 million cases of TBI (Shlosberg et al.  2010 ). It has also been estimated that there 
are ~9 million new silent ischemic strokes and ~2 million silent cerebral hemor-
rhages per year (Leary and Saver  2003 ). The impact of these asymptomatic strokes 
is the subject of current debate (Cordonnier and van der Flier  2011 ). 

 As described below, cerebral ischemia, cerebral hemorrhage, and TBI all cause BBB 
dysfunction (Hawkins and Davis  2005 ; Keep et al.  2008 ; Shlosberg et al.  2010 ). 
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That dysfunction contributes to the disease state and is, as such, a therapeutic 
target. Those changes also, though, impact the distribution of potential therapeutics 
into brain parenchyma.  

23.2     The Blood–Brain Barrier During Stroke and Trauma 

 Cerebral ischemia, cerebral hemorrhage, and TBI all have major impacts on BBB 
function (Table  23.1 ). This is evinced by marked increases in permeability 
(for example to proteins, Fig.  23.1 ), edema formation, and leukocyte infi ltration 

   Table 23.1    Changes in the blood–brain barrier after stroke and traumatic brain injury   

 Mechanism affected  Change  Consequence 

 Cerebral blood fl ow  Reduction a   Reduced uptake of highly permeable 
(fl ow dependent) compounds 

 Potential reduction in endothelial ATP 
 Tight junction integrity  Disruption  Enhanced BBB permeability to small 

and large molecules 
 Endocytosis/transcytosis  Increase  Enhanced BBB permeability, particularly 

to large molecules 
 Leukocyte adhesion and transmigration  Increase  Infl ammation and BBB disruption 
 Progenitor cell transmigration  Increase  Possible angiogenesis, reduced injury 
 ABC transporters  Increase  Reduced uptake of substrates into brain 
 Other transporters  Mixed  Altered uptake of substrates into brain 

   a In ischemic stroke, the reductions in blood fl ow are marked. In traumatic brain injury and 
subarachnoid hemorrhage, the reductions vary in magnitude between patients. In intracerebral 
hemorrhage, the reductions are limited  

  Fig. 23.1    Distribution of Evan’s blue into brain after 2 h of focal middle cerebral artery occlusion 
with 2 h of reperfusion (transient focal ischemia) in an acutely hyperglycemic rat. Hyperglycemia 
exacerbates ischemia-induced BBB damage. Evan’s blue binds to albumin within the bloodstream 
and the  blue color  in the ipsilateral hemisphere refl ects increased BBB permeability to protein in 
the middle cerebral artery territory       
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into brain (Hawkins and Davis  2005 ; Keep et al.  2008 ; Shlosberg et al.  2010 ). 
These changes usually gradually resolve within 2–4 weeks (Menzies et al.  1993 ), 
although there is evidence of prolonged low level BBB leakiness after stroke 
(Topakian et al.  2010 ).

    There can also be changes at the blood-CSF barrier (at the choroid plexuses) in 
cerebral ischemia and in TBI in relation to permeability and leukocyte infi ltration 
(Ennis and Keep  2006 ; Johanson et al.  2000 ; Szmydynger-Chodobska et al.  2009 ; 
Szmydynger-Chodobska et al.  2012 ). However, this has been much less studied than 
effects on the BBB and this chapter focuses on that barrier. 

23.2.1     Blood Supply 

 In cerebral ischemia, the extent and duration of reductions in blood fl ow depend on 
the underlying cause. In a heart attack, cerebral blood fl ow falls to zero and will 
result in death unless the heart resumes beating. In focal ischemia, the extent to 
which blood fl ow is reduced depends upon the blood vessel blocked and the degree of 
collateral blood fl ow (e.g., if the middle cerebral artery is blocked, how much fl ow 
will be supplied to a region by the anterior cerebral artery). In general, prolonged 
reductions in blood fl ow to less than ~20 ml/100g/min results in permanent brain 
damage (Jones et al.  1981 ). 

 Reduced blood fl ow (with reduced oxygen and glucose supply) is the underlying 
cause of ischemic brain injury. For some potential therapeutics reduced fl ow may 
also directly impact brain uptake. The BBB permeability of caffeine (~0.7 ml/g/
min; (Tanaka and Mizojiri  1999 )) is of the magnitude of cerebral blood fl ow, indi-
cating that the uptake of caffeine into brain is fl ow limited as the concentration of 
caffeine will markedly decrease as it passes through the cerebrovasculature. 
Caffeine, in combination with ethanol (caffeinol), has undergone clinical trials for 
stroke (Piriyawat et al.  2003 ) and it should be noted that caffeine uptake into brain 
will be decreased by the reductions in blood fl ow in stroke. 

 The extent of blood fl ow reductions in other forms of stroke and TBI varies. 
In intracerebral hemorrhage (ICH), most evidence indicates that there are not pro-
nounced reductions in fl ow (except probably for very large hemorrhages) (Xi et al. 
 2006 ). In subarachnoid hemorrhage (SAH), early and delayed cerebral ischemia is 
a large part of the injury (Etminan et al.  2011 ; Schubert and Thome  2008 ). In TBI, 
the extent of ischemia varies between different injuries and it can be widespread or 
perilesional (Maas et al.  2008 ).  

23.2.2     Tight Junctions 

 Most potential therapeutics have much lower BBB permeabilities and brain uptake 
is not fl ow limited. There are though other changes that may impact uptake, 
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including changes in tight junction (TJ) structure. The TJs that link cerebral 
endothelial cells are comprised of transmembrane proteins (claudin 5, occludin, and 
junctional adhesion molecules (JAMs)), that are involved in occluding the paracel-
lular space, and cytoplasmic plaque proteins (e.g., zonula occludens (ZO)-1), that 
are involved in stabilizing and regulating the TJ. Many studies have shown altera-
tions in BBB TJ structure after cerebral ischemia (Dimitrijevic et al.  2006 ; Jiao et al. 
 2011 ; Rosenberg and Yang  2007 ) and TBI (Higashida et al.  2011 ; Walker et al.  2010 ) 
(Fig.  23.2 ). Changes in TJ structure can involve the loss of TJ proteins, the phos-
phorylation of particular proteins (which effects protein:protein interaction) and/or 
the relocation of proteins from their normal site at the plasma membrane (Dimitrijevic 
et al.  2006 ; Kago et al.  2006 ; Stamatovic et al.  2009 ; Yang et al.  2007 ). The role of 
each type of change varies dependent upon the type and duration of injury.

   A number of factors are implicated in inducing changes in TJ structure. These 
include oxidative stress, cytokines, chemokines, and matrix metalloproteinases 
(Pun et al.  2009 ; Stamatovic et al.  2008 ; Yang et al.  2007 ). The latter can degrade 
occludin and claudin-5 (Yang et al.  2007 ). While the TJs of the cerebral endothe-
lium limit paracellular permeability, other adjacent cells, astrocytes, and pericytes 
(cells of the neurovascular unit), can regulate that permeability. Recently, there has 
been considerable interest in the role of pericytes and those cells may protect 
the BBB during ischemia and pericyte movement away from the endothelium may 
contribute to ischemia-induced BBB disruption (Kamouchi et al.  2012 ). 

 The result of these TJ changes is an increase in paracellular permeability that 
allows entry of large compounds (e.g., plasma albumin; (Menzies et al.  1993 )) 

  Fig. 23.2    Distribution of a tight junction protein, claudin-5, in mouse brain microvascular endo-
thelial cells (mBMEC) in culture as determined by immunofl uorescence. mBMEC were cocul-
tured with astrocytes and then either exposed to normal culture conditions (control) or exposed to 
5 h of oxygen glucose deprivation (OGD; a model of in vitro ischemia) and then returned to normal 
oxygen and glucose for 6 h (“ischemia/reperfusion”, I/R). (A) Under control conditions, claudin-5 is 
located at the cell membrane between adjacent endothelial cells. (B) After OGD with reperfusion, 
claudin-5 is lost from the cell membrane (fragmented staining) and this is associated with increased 
permeability of the endothelial cell monolayers (Dimitrijevic et al.  2006 ). Scale bar = 50 μm       
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into brain. It also enhances the permeability of low molecular weight polar compounds 
that normally have a low brain uptake across the BBB (e.g., sucrose, (Preston and 
Webster  2002 )). Thus, these changes in TJ structure have the potential to alter the 
uptake of a wide range of therapeutics. The effects are dependent on the size of 
the molecule and the evolution of the injury (Nagaraja et al.  2007 ; Preston and 
Webster  2002 ).  

23.2.3     Endocytosis/Transcytosis 

 Under normal conditions, the number of vesicles in the cerebral endothelium is low 
compared to other endothelia (Abbott et al.  2010 ). Vesicular traffi cking plays multiple 
roles in cells, including the cerebral endothelium. At the BBB some traffi cking 
is involved in the movement of compounds across the endothelium, i.e., transcytosis 
(Herve et al.  2008 ; Jones and Shusta  2007 ). Transcytosis plays an important role in 
the transport of compounds such as transferrin, LDL-receptor-related protein 1 
(LRP1), and insulin between blood and brain (Abbott et al.  2010 ). 

 Under conditions of injury and other disease states there can be marked increases 
in the number of vesicles in the cerebral endothelium and evidence of increased 
transcytosis (Dietrich et al.  1988 ; Westergaard et al.  1976 ). Drug targeting to vesicu-
lar pathways during brain injury is, therefore, a method of potentially delivering 
those agents to the brain endothelial or brain parenchyma. Examples of this approach 
are the conjugation of brain-derived neurotrophic factor (BDNF) and basic fi bro-
blast growth factor (bFGF) to an antibody recognizing the transferrin receptor 
which undergoes endocytosis. While BDNF and bFGF alone were not protective in 
a rat model of cerebral ischemia, their conjugates were (Song et al.  2002 ; Zhang and 
Pardridge  2001 ). With this type of approach, it is uncertain how big a role the 
increased vesicular traffi c during injury has in the conjugate-induced protection 
(i.e., might the conjugated drugs be neuroprotective even without an increase in 
traffi cking).  

23.2.4     Cell Traffi cking 

 Ischemic and hemorrhagic stroke and TBI all cause an infl ux of leukocytes into 
brain. That infl ux involves a coordinated action of adhesion molecules, cytokines, 
and chemokines, where the cerebral endothelium plays a central role (del Zoppo, 
 2010 ; Iadecola and Anrather  2011 ; Rhodes  2011 ; Wang  2010 ). There is consider-
able debate as to the mechanism by which leukocytes traverse the cerebral endothe-
lium in different disease states, between or through the endothelial cells or both 
(Vestweber  2007 ; von Wedel-Parlow et al.  2011 ). In preclinical stroke and TBI 
models, inhibiting infl ammation and leukocyte traffi cking into brain reduces brain 
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and cerebrovascular injury (del Zoppo  2010 ; Rhodes  2011 ). As yet, though, there 
have been no successful clinical trials with that approach. 

 After stroke or brain injury, there is a migration of endogenous progenitor cells 
within the brain (e.g., from the subventricular zone) to the site of injury (Kernie and 
Parent  2010 ). In addition, though, progenitor cells within the bloodstream also tar-
get the injured brain (Borlongan et al.  2011 ). Those cells can integrate into the 
cerebrovasculature (participating in angiogenesis, (Borlongan et al.  2011 )) and can 
migrate into brain parenchyma (Borlongan et al.  2011 ; Burns et al.  2009 ; Heile and 
Brinker  2011 ; Li and Chopp,  2009 ; van Velthoven et al.  2009 ). Such brain or blood-
stream endogenous progenitors do not signifi cantly integrate into the brain long term 
and, indeed, there may be aberrant integration (Kernie and Parent  2010 ). Exogenously 
derived progenitor cells are, though, being examined as a way of treating brain injury 
and, after transfection, as a way of delivering cells to the brain that will express 
potential therapeutics (Borlongan et al.  2011 ; Burns et al.  2009 ; Heile and Brinker 
 2011 ; Jenny et al.  2009 ; Li and Chopp  2009 ; van Velthoven et al.  2009 ).  

23.2.5     Transport 

 The effects of brain injury on BBB transport have received relatively little attention. 
There is some evidence of upregulation of one of the ATP-binding cassette (ABC) 
transporters, p-glycoprotein (ABCB-1), at the mRNA and functional level after 
transient cerebral ischemia which may limit the access of potential therapeutics into 
brain (Patak and Hermann  2011 ). There is also evidence for upregulated Na/K/Cl 
cotransport (Wallace et al.  2011 ), increased Na-dependent Vitamin C Transporter 2 
(SVCT2) mRNA and activity (Gess et al.  2011 ), and increased Na-dependent glu-
cose transport (Vemula et al.  2009 ). In contrast, blood to brain transport of gluta-
mine, taurine, and myo-inositol is reduced by cerebral ischemia (Kawai et al.  1999 ; 
Stummer et al.  1995 ) (Fig.  23.3 ). The changes in Na/K/Cl cotransport and 
Na-dependent glucose transport are important in the development of stroke-induced 
brain injury (Vemula et al.  2009 ; Wallace et al.  2011 ), but it has also been suggested 
that the increase in SVCT2 activity might be used to enhance drug delivery to the 
ischemic brain (Gess et al.  2011 ).

   Reduced oxygen and glucose supply during cerebral ischemia depletes brain 
ATP levels causing failure of energy-dependent transport in parenchymal cells. As 
a result, there are marked changes in cellular ion gradients with an increase in intra-
cellular Na and a decrease in K. This in turn may impact transporters that rely on 
those ion gradients (e.g., Na-dependent transporters). The extent to which cerebral 
ischemia impacts endothelial energy metabolism is uncertain. However, if endothe-
lial ATP levels are depleted, this would impact ATP-dependent transporters, such as 
p-glycoprotein. It would also impact Na-dependent transport, and this has been sug-
gested as the cause in the decline in BBB glutamine and taurine transport during 
permanent focal cerebral ischemia (Kawai et al.  1999 ; Stummer et al.  1995 ).  
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23.2.6     Metabolic Barrier 

 The BBB and the BCSFB possess a variety of enzymes that metabolize neuroactive 
compounds (el-Bacha and Minn  1999 ; Ghersi-Egea et al.  2006 ). These contribute to 
barrier function by degrading the compounds before they can enter the brain or by 
converting the compounds so they become substrates for brain effl ux transporters. 
The effect of stroke and TBI on these enzymes has not received attention.  

23.2.7     Modifi ers of BBB Injury 

 As for brain injury as a whole, a number of conditions modify BBB damage after 
stroke and TBI. Thus, for example, hyperglycemia has a profound detrimental effect 
on the BBB damage induced by transient focal cerebral ischemia, indeed hypergly-
cemic animals are prone to hemorrhagic transformation (Ennis and Keep  2007 ; 
Kawai et al.  1997 ). Other factors that generally exacerbate BBB damage after stroke 
include hyperthermia (Noor et al.  2005 ), systemic infl ammation (Denes et al.  2011 ), 
and smoking (Bradford et al.  2011 ). 

  Fig. 23.3    Changes in the brain uptake (infl ux rate constant; K i ) of [ 14 C]glutamine, [ 3 H]taurine, and 
[3H]myo-inositol after 4 h of permanent focal cerebral ischemia (middle cerebral artery occlusion) 
in the rat (Kawai et al.  1999 ; Stummer et al.  1995 ). Note, in the core of the middle cerebral artery 
territory in the ipsilateral hemisphere to the occlusion, there was a marked decline in transport 
compared to the contralateral hemisphere. Reductions in transport during ischemia are reversed 
during reperfusion, suggesting that the changes in transport during ischemia may have been due to 
reduced endothelial ATP levels (glutamine, taurine, and myo-inositol transport at the BBB are 
Na-dependent and thus indirectly reliant on ATP; secondary active transport)       
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 Another potential modifi er of BBB injury is age. Thus, Fernandez-Lopez et al. 
found much less BBB disruption after focal ischemia in neonatal compared to adult 
rats (Fernandez-Lopez et al.  2012 ). This was associated with less changes in tight 
junction proteins.   

23.3     Impact of BBB Changes on the Delivery of Current 
Therapeutics in Stroke and Trauma 

 Most attention to the BBB in terms of drug delivery has focused on the effects of the 
BBB on the entry of neuroprotectants into the brain parenchyma. However, it should 
be noted that stroke is a cerebrovascular disease and, therefore, the target for some 
current and potential therapies is the cerebrovasculature itself. Thus, a therapeutic 
may not be required to cross the BBB and enter the brain parenchyma. It may act 
intravascularly or on endothelial cells. However, as indicated below, even for those 
therapies with intravascular targets, the BBB may have important effects. 

23.3.1     Tissue Plasminogen Activator (tPA) 

 This agent is currently the only Food and Drug Administration (FDA) approved 
therapy for ischemic stroke. It acts to restore cerebral blood fl ow by lysing the intra-
vascular clot. A major concern over the use of this drug is the potential for symp-
tomatic ICH if blood fl ow is restored to a damaged blood vessel (Anonymous  1995 ). 
Initially, tPA could only be administered up to 3 h after the stroke, although this has 
more recently been extended to 4.5 h. 

 As the effects of tPA are intravascular, it does not need to cross the BBB to be 
effective. However, there has been interest in using vascular protectants in combina-
tion with tPA to reduce the incidence of ICH (Yamashita et al.  2009 ). There are also 
concerns over the potential effects of tPA if it crosses the BBB after a stroke. 
Although there is debate, there is substantial evidence that extravascular tPA 
increases brain damage (Zhang et al.  2002 ). Ways of limiting either the extravascular 
actions of tPA or the movement across the BBB after stroke while not affecting 
thrombolytic activity may be benefi cial.  

23.3.2     Ultrasound and Mechanical Thrombolysis 

 These alternate methods of inducing reperfusion after ischemic stroke have and are 
under clinical investigation (Alexandrov  2010 ; Bor-Seng-Shu et al.  2012 ). While 
mechanical thrombolysis may adversely affect the large diameter blood vessel con-
taining the clot to be removed, which may cause hemorrhage and affect re- occlusion, 
the effects on the BBB are likely to be limited to those caused by any emboli that 
are shed during clot removal. 

23 Drug Delivery in the Context of Stroke and Brain Trauma



644

 For ultrasound induced clot lysis (sonothrombolysis) in conjunction with tPA has 
been examined in a number of clinical studies (Bor-Seng-Shu et al.  2012 ). There is 
evidence that this combination increases reperfusion but there is still no evidence 
that it improves outcome (Alexandrov  2010 ; Bor-Seng-Shu et al.  2012 ). There was 
concern that it may cause hemorrhage but that hasn’t been borne out by later clinical 
trials (Alexandrov  2010 ; Bor-Seng-Shu et al.  2012 ). There is also a concern that 
ultrasound may cause BBB disruption (Reinhard et al.  2006 ). Indeed, experimen-
tally, ultrasound in combination with microbubbles has been used as a way of 
increasing BBB permeability in cerebral ischemia for drug delivery (McDannold 
et al.  2005 ).  

23.3.3     Nimodipine 

 The calcium channel antagonist, nimodipdine, is approved for use in SAH in the 
USA (Bederson et al.  2009 ). Whether it acts as a vascular (e.g., preventing large 
vessel or microvessel-related ischemia) or a neuronal protectant is not certain 
(Bederson et al.  2009 ). Nimodipine has a relatively high BBB permeability (although 
it has signifi cant protein binding) (Zlokovic et al.  1993 ) and does interact with 
 p -glycoprotein (Hollt et al.  1992 ; Liu et al.  2003 ).  

23.3.4     Glucocorticoids 

 This type of steroid, and particularly dexamethasone, is used to treat brain edema 
in tumor patients. They probably act via reducing capillary permeability, although 
glucorticoids also have profound anti-infl ammatory effects. These steroids have 
been extensively examined in patients with cerebral ischemia, cerebral hemor-
rhage, and TBI with no evidence of benefi t. However, there is some evidence of 
benefi t of very high dose methylprednisolone (another glucocorticoid) in spinal 
cord injury, although this is controversial (Gomes et al.  2005 ). Methylprednisolone 
has a small but signifi cant permeability at the uninjured BBB (Zlokovic et al. 
 1993 ). 

 There have been a number of studies examining brain uptake of dexamethasone. 
These have shown increased brain penetration in the Mdr-1 (p-glycoprotein) KO 
mouse (Meijer et al.  1998 ; Schinkel et al.  1995 ; Uchida et al.  2011 ). In addition, 
dexamethasone induces  p -glycoprotein expression at the BBB (Bauer et al.  2004 ). 
This suggests that adequate brain dosing may be a problem in stroke and TBI, and 
whether this is the case has not been examined. An alternate explanation is suggested 
by the work of Kleinschnitz et al. ( 2011 ) who found that the endothelial glucocorti-
coid receptor becomes degraded under hypoxic conditions and that a proteasome 
inhibitor can restore that sensitivity (Kleinschnitz et al.  2011 ).  
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23.3.5     Hypothermia 

 In preclinical models, induced hypothermia has a profound effect on ischemic brain 
damage and TBI (Finkelstein and Alam  2010 ; MacLellan et al.  2009 ). The effects 
of hypothermia on ICH-induced brain injury are not as robust (MacLellan et al. 
 2009 ), probably refl ecting a relative lack of ischemia. These preclinical effects on 
ischemia and TBI have led to multiple clinical trials and hypothermia has been 
accepted for use in cardiac arrest and neonatal hypoxic-ischemic encephalopathy 
(Finkelstein and Alam  2010 ). However, other trials on ischemic stroke and TBI 
have, as yet, been confl icting and disappointing, and induced hypothermia can result 
in signifi cant complications (Finkelstein and Alam  2010 ). 

 There is evidence that one component of the effects of hypothermia during 
ischemic stroke and TBI is to protect the BBB (Smith and Hall,  1996 ; Yenari and 
Han,  2012 ). It should be noted that this may impact the delivery of other agents to 
the brain. Hypothermia may also affect the pharmacokinetics of drugs (e.g., metab-
olism; (Finkelstein and Alam  2010 )).   

23.4     Impact of BBB Changes on the Delivery 
of Potential Therapeutics in Stroke and Trauma 

23.4.1     Proteins 

 Changes in TJ structure and/or changes in transcytosis during stroke and TBI 
increase the uptake of plasma proteins and protein therapeutics from blood to brain. 
In terms of drug delivery, this raises several questions, the answers to which are 
often uncertain:

    (A)    Does a protein therapeutic reach a high enough concentration to be neuropro-
tective? This depends on their pharmacokinetics, the distribution into the 
injured brain and the concentration required for neuroprotection. It also 
depends upon potential systemic toxicity. 

 The penetration of bFGF at the normal BBB is very low and this is enhanced 
after ischemic stroke where there is evidence of some neuroprotection (Fisher 
et al.  1995 ; Liu et al.  2006 ). However, Song et al. ( 2002 ) found that increasing 
BBB delivery using the conjugate to an antibody recognizing the transferrin 
receptor increased protection, suggesting that delivery of bFGF alone across 
the BBB after stroke may not the optimal (Fig.  23.4 ).

       (B)    Are the increased concentrations at the “correct” location? In ischemic stroke, 
there is an ischemic core with very low blood fl ows and a penumbra with higher 
blood fl ows. Little can be done to preserve the core, apart from a prompt resto-
ration in blood fl ow, while the penumbra is regarded as potentially salvageable 
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with different therapeutics. However, the extent of BBB dysfunction also varies 
with location, with generally greater disruption and protein delivery in the core 
compared to the penumbra (Menzies et al.  1993 ).   

   (C)    What is the relative importance of transcytosis vs. paracellular pathways in the 
uptake of specifi c proteins after a particular brain injury (cerebral ischemia, 
cerebral hemorrhage, TBI)? For proteins undergoing transcytosis, what are the 
relative roles of receptor-mediated and absorptive-mediated transcytosis, and 
how are these specifi c types of transcytosis affected by the brain injury type? 
Understanding the answers to these questions will give insight into the poten-
tial effects of a particular type of injury on the delivery of specifi c protein 
therapeutics.   

   (D)    Do changes in the brain extracellular space affect drug delivery once the BBB 
is traversed? After cerebral ischemia, parenchymal cell swelling, particularly 
in astrocytes, affects diffusion through the brain extracellular space (Hrabetova 
et al.  2003 ; Sykova,  1997 ) which may impede the access of protein therapeutics 
to specifi c cell targets.      
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  Fig. 23.4    Some alternative approaches to enhancing protein therapeutic delivery after stroke or 
brain injury. ( A ) Noninjury condition, where the therapeutic does not cross the BBB. ( B ) Injury 
condition where there is increased BBB permeability to proteins, with increased tight junction 
disruption and transcytosis. These changes will enhance the permeability of the protein therapeutic 
but this may not be suffi cient to reach the brain concentrations necessary for effi cacy. ( C ) 
Modifying the therapeutic to increase transcytosis, for example by conjugation to an antibody 
recognizing the transferrin receptor. By increasing the size of the molecule this may limit paracel-
lular diffusion through the tight junction. ( D ) Transduction of progenitor cells so they express the 
protein therapeutic. The migration of those progenitor cells to the site of brain injury then results 
in local production of the therapeutic       
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23.4.2     Small Molecular Weight Compounds 

 As for large proteins, there is an increased movement of many small molecular 
weight compounds across the BBB after stroke and TBI refl ecting TJ disruption/
transcytosis. Whether such changes are of relevance to the delivery of a therapeutic 
depends again on the answer to several questions some of which also applied to 
proteins therapeutics:

    (A)    Do the changes in movement through the TJ and transcytosis signifi cantly 
impact the entry of the compound into brain? For lipophilic compounds the 
impact of changes in these pathways may be minor compared to the diffusional 
fl ux through the endothelial cell membrane.   

   (B)    The impact of changes in TJ structure on brain uptake depends on the molecu-
lar weight of the compound. The absolute increases in uptake are larger for 
small molecular weight compounds, but the % increases are greater for large 
compounds (Preston and Foster  1997 ; Preston and Webster  2002 ).   

   (C)    Is the uptake of the drug in the correct location? The greatest changes in BBB 
permeability are generally in the core of the injury (Menzies et al.  1993 ). 
This is the brain area that is most diffi cult to salvage. The penumbra is more 
amenable to treatment but in that region, the BBB changes may be smaller.   

   (D)    Is the movement of the drug impeded by changes in the size of the brain extra-
cellular space? The proximity of neurons to the cerebrovasculature is a great 
advantage of systemic delivery of therapeutics. Thus, all neurons within the 
brain are within about 50 μm of a capillary (Mabuchi et al.  2005 ) and this 
greatly limits the distance that a therapeutic agent has to penetrate through the 
brain. However, it should be noted that in cerebral ischemia there is marked 
swelling of the perivascular astrocyte endfeet (Kwon et al.  2009 ) and this, 
along with a reduction in the brain extracellular space, may impact diffusion of 
the therapeutic agent away from the vasculature.   

   (E)    Is there an impact of changes in effl ux transporter activity? Thus, do changes 
in ABC transporter expression at the BBB after injury result in greater effl ux 
from brain to blood? This particularly applies to lipophilic drugs as these, as a 
whole, have greater affi nity for the ABC transporter. Spudich et al. have found 
that inhibition of  p -glycoprotein can enhance the delivery of a number of 
neuroprotectants in stroke (Spudich et al.  2006 ) implying that changes in 
 p - glycoprotein  activity after stroke will impact brain uptake of those agents. 
It should be noted that the affi nity of drugs for ABC transporters may differ 
between humans and animals. The recent fi nding that humans pluripotent stem 
cells can be used to produce endothelial cells with BBB properties (Lippmann 
et al.  2012 ) should help facilitate examination of such differences and the 
impact of ischemia on transporter function.   

   (F)    Is there an impact of changes in infl ux transporter activity? As described 
above, brain injury may also affect infl ux transporter activity (either down- or 
upregulation). However, most pharmaceutical compounds are unlikely to be a 
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substrate for such transporters. Levodopa (L-DOPA) is one of the few current 
therapeutics that utilizes a BBB transporter (system-L amino acid transport 
(Kageyama et al.  2000 )).      

23.4.3     Cell-Based Therapies 

 Cell-based therapies for treatment of stroke and TBI have used neural, mesenchymal, 
hematopoietic, and endothelial progenitor cells (Borlongan et al.  2011 ; van 
Velthoven et al.  2009 ). In preclinical models, progenitor cells have shown neuropro-
tection after transplantation directly into the brain or after administration into the 
bloodstream (Borlongan et al.  2011 ; Richardson et al.  2010 ; van Velthoven et al. 
 2009 ). It appears that this protection is via the secretion of pro-survival factors (e.g., 
growth factors) rather than cell replacement (e.g., production of new neurons) as 
few progenitor cells that migrate to the site of injury survive long term (Kernie and 
Parent  2010 ; Zhang and Chopp  2009 ). There are, though, efforts being made to 
increase survival. Given that progenitor cells given into the bloodstream can target 
the brain, there has also been interest in using these cells as a method for delivery of 
therapeutics to the brain, e.g., using gene transduction to induce overexpression of 
potentially protective proteins (van Velthoven et al.  2009 ). These approaches raise 
several questions in relation to the BBB and drug delivery:

    (A)    Can progenitors be used to repair the BBB? It is thought that low level of sur-
vival of endogenous and exogenous progenitors within an area of damaged 
brain is linked to adverse effects of the microenvironment within that area. It is 
possible that long-term effects on the cerebrovasculature may be more feasible. 
There is evidence that endothelial progenitors participate in angiogenesis after 
ischemia (Borlongan et al.  2011 ), but there has been less study of whether they 
form a fully mature BBB.   

   (B)    Can the integration of endothelial progenitors into the cerebral endothelium be 
enhanced? There may be potential adverse effects either in terms of an imma-
ture BBB with increased leakiness or the production of cancerous growth 
(hemangiomas).   

   (C)    Can the BBB be modulated to enhance the delivery of progenitor cells to the 
brain parenchyma? Most attention has focused on reducing cell (leukocyte) 
infl ux during brain injury. For progenitor cells, it may be advantageous to 
enhance infl ux. Potential overlaps in mechanism may make the latter diffi cult 
without altering leukocyte infl ux.   

   (D)    How does the delivery of proteins via transduced progenitors compare to 
systemic delivery of those proteins? Although the approach using transduced 
 progenitors is feasible, quantitatively how does that delivery compare to pro-
tein delivery from the bloodstream into the injured brain? It should be noted 
that because progenitors target the injury site, there may be higher local 
concentrations and there may be less risk of systemic toxicity.    
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23.5        Alternate (Nonvascular) Delivery Strategies 

 Although most studies have focused on delivering potential neuroprotectants from 
the bloodstream across the BBB, there are alternate strategies to avoid the BBB. 

23.5.1     Intranasal 

 Intranasal administration avoids the BBB by allowing entry into brain across the 
olfactory epithelium along the olfactory and trigeminal neural pathways (Hanson 
and Frey  2008 ). In animal models of cerebral ischemia, intranasal administration of 
neuroprotectants such as caspase inhibitors and insulin-like growth factor has 
resulted in reduced ischemic brain damage (Akpan et al.  2011 ; Liu et al.  2001 ). 
A potential caveat to the use of intranasal delivery in human stroke/TBI trials relate 
to whether drug delivery will be homogeneous within the area affected by the brain 
injury. Thus, some potential therapeutics have a fairly narrow therapeutic range and 
may even be detrimental at high concentrations. There is, therefore, the potential for 
some areas of the brain to have subtherapeutic or harmful drug delivery. This may 
be particularly important in TBI where areas of brain may be affected that are 
distant from the initial injury site. Another potential caveat is whether the injury 
will signifi cantly affect the drug delivery to the injured tissue (e.g., by affecting the 
extracellular space/CSF fl ow).  

23.5.2     Direct Brain Administration 

 Direct intraparenchymal injections of therapeutics avoids the BBB, allows injection 
of large molecules, such as proteins, they can be administered to local regions and 
they limit potential systemic toxicity. However, in general, such direct administra-
tion raises concerns because of the need for surgery. In addition, single injections 
or slow release capsules that rely on diffusion for drug transport may only result in 
limited penetration into nearby parenchyma (1–2 mm; (Vogelbaum and Iannotti 
 2012 )). To increase dispersion of agents, convection-enhanced delivery has been 
proposed where there is a prolonged infusion of the agent and bulk fl uid fl ow 
serves to carry the drug away from the site of administration (Bobo et al.  1994 ; 
Vogelbaum and Iannotti  2012 ). The potential use of convection-enhanced delivery 
has been examined in cerebral ischemia with Gd-DPTA (Haar et al.  2010 ). 
They found that the Gd-DPTA distributed into a larger volume of brain at lower 
concentrations following ischemia compared to normal conditions. These changes 
probably refl ect the effects of cellular edema which results in a shrinkage of the 
extracellular space.  
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23.5.3     CSF Administration 

 Intraventricular catheters are commonly placed in patients for CSF drainage. This 
makes this a more attractive route than direct parenchymal injection. The ependyma 
cells that line the cerebral ventricles are not linked by tight junctions permitting 
penetration of agents from CSF to brain parenchyma. However, the extent of that 
penetration may be limited without continuous drug administration (Smith et al. 
 2011 ), and this is likely to be exacerbated in the large human brain. Even with 
continuous infusion, there may be marked differences in drug concentration between 
the ependymal surface and brain areas distant from the ventricles (Milhorat et al. 
 1971 ). Confounding factors include fl uid production in the brain parenchyma which 
fl ows towards the CSF system and the clearance of agents by brain parenchymal 
cells and the BBB. 

 Intraventricular administration has been used for administration of thrombolytics 
for intraventricular hemorrhage (IVH) in animal models and clinical trials. 
Intraventricular administration of tPA speeds the clearance of IVH and the potential 
benefi t of this treatment on clinical outcome is currently being examined (CLEAR IVH 
trial (Webb et al.  2012 )).  

23.5.4     Extracranial Administration 

 It should be noted that some potential therapies may be administered extracranially. 
Thus, hypothermia can be administered to the head as well as by whole body cooling. 
Ultrasound for intravascular or intracerebral clot lysis is also administered through 
the skull.   

23.6     Conclusion 

 Stroke and TBI cause marked changes in BBB properties and can result in marked 
increases in the brain uptake of compounds from the bloodstream. Understanding 
those changes and how they impact specifi c therapeutics may provide opportunities 
to enhance effi cacy. However, broad statements about the BBB being disrupted after 
stroke and TBI and, therefore, drugs should have access to the brain, are a vast over 
simplifi cation. Indeed the impact of stroke and TBI on drug delivery likely varies 
from patient to patient, changes between different impacted brain areas and evolves 
temporally within a single patient. The impact of such changes in delivery on past 
(failed) clinical trials for stroke and TBI, and future trials need to be addressed.     
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    Abstract     Despite advances in anticancer drug discovery and development, there 
has been little improvement in the prognosis and outcome of malignant brain 
tumors. Often and repeatedly it has been found that promising experimental agents 
for brain tumors have had little impact on the disease in clinical trials. These disap-
pointing results can be partially explained by the inability to deliver therapeutic 
agents to the CNS across the physiological barriers (the blood–brain, blood–tumor, 
and blood–CSF barriers). The impediment posed by these barriers leads to failure of 
the delivered drug to reach the desired target in adequate concentrations. This chap-
ter shortly reviews the leading strategies that try to improve drug delivery to brain 
tumors in view of their likelihood to change clinical practice. Strategies that use 
systemic delivery and those that utilize local delivery are critically reviewed. 
In addition challenges posed for drug delivery by the combined treatment with anti- 
angiogenic therapy are outlined. For future development all new drugs or delivery 
systems must adhere to basic clinical expectations. These include besides an anti- 
tumor effect, a verifi ed favorable toxicity profi le, an easy introduction into clinical 
practice, feasibility of repeated or continuous administration and compatibility of 
the drug or strategy for any tumor size and brain location. Adherence to these essen-
tials will enable a change in clinical practice  

    Abbreviation

AUC    Area under the curve   
  BBB    Blood–brain barrier   
  CED    Convection-enhanced delivery   
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  CNS    Central nervous system   
  CSF    Cerebrospinal fl uid   
  ECF    Extracellular fl uid   
  EGF    Epidermal growth factor   
  HD-CTx    High-dose chemotherapy   
  MTX    Methotrexate   
  P-gp    P-glycoprotein   
  PEG    Polyethylene glycol   
  RES    Reticuloendothelial system   
  SAE    Severe adverse effects   
  VEGF    Vascular endothelial growth factor   

24.1           Introduction 

 Despite advances in anticancer drug discovery and development, there has been 
little improvement in the prognosis and outcome of malignant brain tumors. Often 
and repeatedly it has been found that promising experimental agents for brain 
tumors have had little impact on the disease in clinical trials. These disappointing 
results can be partially explained by the inability to deliver therapeutic agents to the 
CNS across the blood–brain barrier (BBB) and failure of the delivered drug to reach 
the desired target in adequate concentration (Muldoon et al.  2007 ). This chapter 
shortly reviews the leading strategies that try to improve drug delivery to brain 
tumors in view of their likelihood to change clinical practice. The evaluation and 
judgments expressed in this chapter are based on perspective obtained from clinical 
experience. The content of this chapter does not relate to viral and DNA-based 
therapy or to immunotherapy although some extrapolations may be relevant particu-
larly for the fi rst two therapies.  

24.2     Malignant Brain Tumors and Physiological 
Blood–Brain Barrier Function 

 Systemic chemotherapy for treatment of malignant brain tumors consists of tradi-
tional drugs that mostly belong to DNA alkylating agents which intervene in the cell 
cycle. Recently newer drugs that target cell surface receptors and associated path-
ways are being intensively investigated in clinical trials (Stewart  2002 ; Stupp et al. 
 2007 ). The ineffectiveness of drug therapy in the management of malignant brain 
tumors has been attributed to the physiological barriers namely, the BBB, blood–
CSF barrier, and blood–tumor barrier (Muldoon et al.  2007 ). The BBB is a signifi -
cant impediment to the transvascular extravasation of drugs into the extracellular 
compartment of brain tissue. However, the barrier is often porous in malignant brain 
tumors and this is demonstrated by the transvascular extravasation of contrast agents 
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that produce the contrast enhancement effect during imaging of brain tumors 
(Fig.  24.1a ) (Essig et al.  2006 ; Schneider et al.  2001 ). The contrast agent leaks into 
the extravascular extracellular compartment of the tumor tissue and therefore it has 
been argued that the BBB might not be a limiting factor for extravasation of small 
molecular weight drugs (Groothuis and Vick  1982 ; Vick et al.  1977 ). However, poor 
drug delivery to brain tumor is an outcome of multiple contributing factors such as 
low plasma concentration of the drug at tumor site, irregular vasculature of the tumor, 
increased interstitial pressure, and intratumoral hypoxia (Jain  1994 ,  2005 ; Netti et al. 
 1995 ). Still, a functioning physiological blood-barrier at the tumor site (Fig.  24.1b, c ) 
may severely limit drug access into the extracellular space of the tumor.

   When planning drug therapy for malignant brain tumor it is essential to fi gure 
out whether tumors actually reside behind intact BBB. Magnetic resonance imaging 
(MRI) often suggests that tumor infi ltrates far beyond its enhancing part (Fig.  24.1c ). 
With the advent of advanced neurosurgical techniques, contemporary imaging and 
precise localization of tissue sampling, it has become clear that signifi cant portions 
of high-grade tumors reside behind intact barrier function. In fact, it has been 
demonstrated that glioblastomas, the most malignant brain tumors, contain hetero-
geneous cell populations with growth patterns which are characterized as either 
angiogenic or nonangiogenic, albeit similar proliferation rates (Naumov et al.  2006 ). 

  Fig. 24.1    Brain tumors and blood–brain barrier function. ( a ) Contrast enhancement of glioblas-
toma ( arrow ). The blood–tumor barrier is often porous in malignant brain tumors and this is dem-
onstrated by the transvascular extravasation of the contrast agent that produces the 
contrast-enhancement effect on MRI study (T 1  weighted image with Gadolinium). ( b ) A MRI 
image of glioblastoma that demonstrates a mass effect on the left lateral ventricle with scanty areas 
of contrast enhancement (T 1  weighted image with Gadolinium). ( c ) The fl uid attenuation reversion 
recovery (FLAIR) sequence of the MRI study of the tumor shown in ( b ). It demonstrates a large 
and extensive tumor (observed as hyperintensity) that involves the left hemisphere and produces 
the mass effect on the left lateral ventricle (the  double head arrow  delineates the longest diameter 
of the left hemispheric tumor). The tumor also crosses the splenium of the corpus callosum and 
involves the posterior aspect of the right hemisphere ( arrows ). Judged by the extent of the tumor 
on this FLAIR sequence most of the tumor mass is located behind an intact physiological barrier 
(no extravasation of the injected contrast agent on ( b ))       
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Recent experience with antiangiogenic treatment proved that glioblastoma can 
continue and grow and even increase cell invasion without a need for a second wave 
of angiogenesis (di Tomaso et al.  2011 ; Keunen et al.  2011 ). All these indicate that 
brain tumors proliferate behind an intact BBB function and this barricade has to be 
crossed by any drug aimed to affect tumor growth.  

24.3      Requirements from a Drug Therapy and Practical 
Issues That Have to Be Faced 

 Many aspects and multiple components are involved in the ability of a certain drug 
to induce its anti-neoplastic effect. The fi rst steps of drug development and evalua-
tion engage the in vitro and subcutaneous xenografts proof that the agent in hand 
effectively kills tumor cells or enhances their killing by other modalities (e.g. radia-
tion therapy). Once in vivo and human studies are involved other aspects have to be 
considered. These include the basic requirement that the drug should reach every 
brain tumor cell. For that to be possible the drug should fi rst get to the desired target 
(the brain tumor) in adequate concentration and then maintain this concentration in 
the tumor’s extracellular space for an adequate period of time in order to be effective 
(Blakeley and Portnow  2010 ). These prerequisites are major obstacles that are 
directly related to the method of drug delivery that should be carefully contem-
plated. In principle, the choices are between systemic deliveries versus local admin-
istration. Systemic delivery should face the impediment posed by the BBB. It relies 
on the existing vascular bed to serve as the delivery vehicle that will bring the drug 
to the desired site but, the drug has to cross the vascular wall to the abluminal side. 
On the other hand, local delivery is circumventing this impediment but has to con-
front with the limited ability to reach distant infi ltrating tumor cells. Almost all 
recent drug developments in neuro-oncology either try to improve the technique of 
drug delivery or otherwise fail on this account (Bidros and Vogelbaum  2009 ; 
Laquintana et al.  2009 ; Soni et al.  2010 ). 

 Apart from the delivery method other relevant features for drug therapy includes 
the drug wash out from the extracellular space and the sink effect of the CSF which 
becomes major issues once local delivery is selected. Additional factors are the drug 
uptake by tumor cells and cellular targets, and the metabolic fate of the drug within 
tumor cells, features that are usually investigated in preclinical models but are 
largely not addressed in human studies. 

 Any drugs that fi nally reach the level of human study can be evaluated for its 
prospects to change clinical practice based on a set of fi ve basic elements that 
include clinical expectations from a drug therapy. The expectations from drug ther-
apy cannot be separated from issues related to the strategy which is used for the 
delivery of the agent to the brain. Those consist of the followings:

•    Effectiveness  
•   Favorable adverse effects profi le (including systemic toxicity and neurotoxicity)  
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•   Easy introduction (assimilation) into clinical practice  
•   Repeated or continuous administration should be feasible (no agent is expected 

to cure a tumor by a single exposure to the drug)  
•   The agent and delivery strategy should be useful for any tumor size and every 

CNS location.    

 In the last three decades only one agent, temozolomide, did change clinical prac-
tice for malignant brain tumors. If we evaluate this agent by the above set of fi ve 
expectations it becomes clear that temozolomide fulfi lls all of them. Temozolomide 
proved to signifi cantly prolong both progression free survival and overall survival of 
patients with newly diagnosed glioblastoma (Stupp et al.  2005 ). The treatment is 
well tolerated with a favorable adverse effect profi le and the regimen was easily 
assembled into clinical practice and became the standard therapy practiced in every 
clinic around the world. Repeated and continuous administration is feasible and 
constitutes part of the regimen, and fi nally it is probably useful for any tumor size at 
any CNS location.  

24.4     Systemic Delivery of Drugs to Brain Tumors 
and Methods to Improve Drug Transport 

 Once systemic delivery of drugs is used to treat brain tumors an optimal effect 
depends on the ability to maintain drug concentration at the target site for suffi cient 
duration while avoiding systemic toxicity. These basic elements are hardly ever 
achieved by standard chemotherapeutic agents used to treat brain tumors. For 
example, most small molecular weight drugs, like nitrosoureas, are rapidly elimi-
nated by hepatic metabolism and renal excretion and due to the short blood half life 
only limited fraction of the drug gets to the target site of the brain tumor (Laquintana 
et al.  2009 ; Soni et al.  2010 ; Patel et al.  2009 ). The portion of the drug that does not 
get to the target site can be toxic to off-target organs and induce systemic toxicity. 
So the fraction of the drug that reaches the tumor, or the plasma concentration at 
the target area, is an elementary factor that determines the prospects to achieve 
adequate extracellular drug concentration at the tumor site. Once adequate plasma 
drug concentrations are achieved drugs still have to cross the physiological barriers 
in order to get to the extracellular space of the tumor and the surrounding brain. 
Basically there are two major types of transport mechanisms of drugs across the 
BBB: the passive diffusion mechanism which is concentration gradient dependent 
and the endogenous carrier mediated transport. These topics have been reviewed 
recently in relation to brain tumor drug therapy (Laquintana et al.  2009 ; Soni et al. 
 2010 ; Patel et al.  2009 ). An additional element that has to be faced is the active 
effl ux transporters mechanisms that limit the ability to achieve effective drug 
concentration either at the extracellular space or within tumor cells due to active 
pumping of the drug away from its target (Haga et al.  2001 ; Rittierodt and Harada 
 2003 ; Becker et al.  1991 ). 
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24.4.1     Strategies to Improve Passive Drug Transport 
Across the BBB 

 Many strategies have been designed to overcome the poor transport of drugs across 
the barriers, and many are still under development. Those strategies that rely on 
systemic delivery of drugs are either trying to improve the passive drug transport 
across the barrier, or are exploiting the endogenous carrier transporters mechanism 
to carry the agents across the vascular wall. Improvement in passive drug transport 
may be achieved by manipulation of the drug, or by increasing the plasma concen-
tration of the drug, or by transient opening of the BBB. An alternative approach is 
to block the active effl ux transporters mechanism and thus maintain the drug in the 
abluminal side of the BBB. 

  Manipulation of the drug  may include chemical modifi cations that improve the 
chances of the drug to passively cross the barrier namely, its lipophilicity may be 
increased (by lipidization), protein binding may be reduced or alternatively its 
plasma half life may be prolonged. For example, a sustained drug-release formulation 
can improve the plasma steady state concentration. Another approach is to formu-
late a prodrug that crosses the BBB. The most successful example is the case 
of temozolomide (Friedman et al.  2000 ) that converts under physiological pH to 
5-(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC) which is the active 
metabolite of dacarbazine (DTIC), a drug that has been in use for many years to 
treat systemic malignancy but is unable to cross the BBB. 

24.4.1.1      Strategies That Increase Plasma Drug Concentration 

 Plasma concentration at the tumor site is an important factor in a mechanism which 
is dependent on concentration gradient as is the passive transport system of the 
BBB. Therefore, multiple approaches have tried to increase the fraction of the drug 
that reaches the brain. Those include the use of high-dose chemotherapy, bolus drug 
injection, and intra-arterial drug administration. High-dose chemotherapy increases 
plasma concentration of the drug at the cost of augmented systemic toxicity and 
therefore it requires systemic rescue maneuvers such as the use of folinic acid in the 
case of methotrexate (MTX), or granulocytic colony-stimulating factors with or 
without autologous bone marrow stem cell support when other agents are used. 

 An alternative method to increase plasma concentration with no need to modify 
the drug dose is to use bolus drug injection. Its effect on drug penetration into the 
extracellular space of a brain tumor model was demonstrated by the use of an 
osmotic pump device implanted within the tumor mass. This device enables dynamic 
in vivo evaluation of tumor’s extracellular drug concentrations and at the same time 
plasma levels are measured as well (Dukic et al.  1999 ,  2000 ). These samplings 
demonstrated that a bolus injection of MTX (which is a water soluble drug) 
produced signifi cantly higher pick drug concentrations in both plasma and tumor’s 
extracellular fl uid. The calculated ratio of the area under the curve of the tumor’s 
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extracellular fl uid/plasma (AUC ECF /AUC plasma ) was signifi cantly higher than the 
ratio that was obtained following continuous drug infusion. This ratio expresses 
drug penetration across the barrier and into the extracellular space of the tumor, and 
therefore the increased ratio indicates that the bolus injection augmented drug 
penetration. Similarly, a clinical study in patients with CNS lymphoma compared 
results of rapid versus slow infusion of MTX. The study showed higher CSF drug level 
and a trend toward improved outcome in patients treated with rapid MTX infusion 
(Hiraga et al.  1999 ). Of note is another human study that used implanted osmotic 
pumps in patients with malignant Gliomas for evaluation of MTX concentration in 
the extracellular space of the tumors. MTX was delivered by rapid infusion and the 
study demonstrated the profound effect of BBB permeability on drug concentration 
in the extracellular space of the tumor. The calculated AUC ECF /AUC plasma  ratio was 
considerably greater in the region of contrast enhancing tumor (that contains leaky 
vasculature) than in the non-enhancing tissue (demonstrating intact barrier function) 
as can be expected for a passive transport of a small molecular weight water soluble 
drug such as MTX (Blakeley et al.  2009 ). 

 Intra-arterial drug administration has been used in various protocols in an attempt 
to increase plasma drug concentration and improve outcome (Gelman et al.  1999 ; 
Osztie et al.  2001 ; Tfayli et al.  1999 ; Angelov et al.  2009 ). The chemotherapy in this 
case is injected into the artery that supplies blood to the tumor and the surrounding 
brain. The advantage is that the perfused tissue receives higher plasma concentra-
tion during the fi rst passage of the drug through the circulation, and the short dura-
tion of injection (5–15 min) is producing high plasma concentration (Cmax) due to 
the bolus injection. The disadvantages include the fact that this is an invasive proce-
dure that induces only transient and short elevation of plasma concentration at the 
tumor area. Still, a study that evaluated cisplatin concentration in resected brain 
metastases showed signifi cantly higher cisplatin tumor levels following pre-surgery 
intra-arterial infusion of the drug as compared to conventional intravenous cisplatin 
administration (Nakagawa et al.  1993 ).  

24.4.1.2     Strategies That Induce Transient Disruption of the BBB 

 Strategies that try to induce transient disruption of the BBB in order to enhance the 
passive drug transport across the barrier include osmotic BBB disruption (BBBD) 
(Angelov et al.  2009 ), biochemical disruption (Borlongan and Emerich  2003 ) and 
ultrasound mediated BBBD (Chen et al.  2010 ; Liu et al.  2010 ; Deng  2010 ). 

  Osmotic disruption  of the BBB is the only technique that is practiced by some 
centers for treatment of brain tumors as part of experimental treatment protocols. 
It entails transfemoral catheterization of the desired arterial territory and transient 
opening of the BBB which is induced by rapid intra-arterial infusion of hyperosmo-
lar mannitol. Immediately after mannitol infusion intra-arterial and intravenous 
chemotherapy is given. The procedure is performed on two consecutive days under 
general anesthesia with assisted mechanical ventilation, requires a multidisciplinary 
expert team approach, and is repeated monthly as per protocol. Human studies 
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demonstrated that normalization of the BBB function following the osmotic disruption 
is a prolonged process that takes 6 h or more (Siegal et al.  2000 ), a period during 
which there is an increased risk for neurotoxic effects. Another study demonstrated 
a linear relationship between the semi-quantitative measurement of the degree of 
barrier disruption on post procedure imaging and MTX concentrations that were 
evaluated in the ventricular CSF of humans (Zylber-Katz et al.  2000 ). These fi nd-
ings fi t the model of a water soluble drug, such as MTX, that penetrates the CNS by 
passive transport. That means that high degree of disruption will allow more drug 
penetration into the CNS. Yet, intense disruption is often associated with increased 
risk for complications including seizures or even fatal brain edema (Angelov et al. 
 2009 ; Marchi et al.  2007 ) and therefore the procedure is usually adjusted for moder-
ate and safer degree of disruption. The available data from previous human studies 
(Siegal et al.  2000 ; Zylber-Katz et al.  2000 ) and a recent rabbit model (Joshi et al. 
 2011 ; Ergin et al.  2012 ) suggest that there are signifi cant variations in the degree 
and duration of BBBD induced with intra-arterial mannitol. The inconsistency of 
the degree of BBBD has a profound effect on the passive drug delivery across the 
vascular wall (Zylber-Katz et al.  2000 ; Joshi et al.  2011 ) and on the reliability of this 
procedure for that effect. The largest published experience with the use of BBBD in 
conjunction with chemotherapy has been obtained from a multicenter study that 
treated patients with primary CNS lymphoma (Angelov et al.  2009 ). Unfortunately this 
study did not clearly demonstrated results which are superior to treatment outcome 
obtained with conventional administration of chemotherapy in this disease. 

  Biochemical disruption  of the BBB relies on mediators of the infl ammatory 
response. These mediators which include leukotrienes, histamine, and vasoactive 
peptides, can cause transient vascular leakage and increased permeability of blood 
vessels (Cloughesy and Black  1995 ). Bradykinin, a peripheral vasodilator, increases 
the tight junction permeability by activating B2 receptors of the endothelial cells 
(Bartus et al.  1996 ). The bradykinin agonist, RMP-7, transiently permeabilizes the 
BBB to hydrophilic compounds with greater impact in regions of the blood–tumor 
barrier as compared to nontumor BBB (Borlongan and Emerich  2003 ). Human 
studies showed that sequential intra-arterial injection of RMP-7 and the anticancer 
agent carboplatin were needed to enhance drug penetration into the tumor, which 
means that the method requires an invasive procedure. In a multinational clinical 
trial, intra-arterial RMP-7 was evaluated in combination with carboplatin for the 
treatment of malignant brain tumors (Ford et al.  1998 ) but due to high level of toxic-
ity the trial was discontinued. 

  Ultrasound mediated BBBD  (Chen et al.  2010 ; Liu et al.  2010 ; Deng  2010 ) is a 
new approach to focal CNS drug delivery. It produces consistent vascular leak with-
out tissue damage in animal models. This effect is achieved by localizing cavitation- 
generated mechanical stresses to blood vessel walls by intravenous injection of 
preformed gas bubbles just before pulsed ultrasound treatment (Deng  2010 ; 
Hynynen et al.  2001 ). The focal opening of the BBB is reversible and does not last 
beyond 24 h. Animal studies showed that signifi cantly higher liposomal doxorubi-
cin concentrations were found in the brain regions exposed to the focused ultra-
sound effect (Treat et al.  2007 ). Clinical devices for magnetic resonance guided 

T. Siegal



665

focus ultrasound are available now but their use as a non invasive technique to treat 
brain disease is still under development. Future directions include further technology 
development for controlled and effi cient drug transmission into the brain and dem-
onstration of therapeutic effi cacy. In addition, safety issues of cumulative effects of 
repeated procedures are important for eventual brain tumor therapy. The main 
drawback seems to be related to the limited focal disruption of the barrier defi ned to 
small areas. Therefore, the recently reported positive effects in small animal malig-
nant Glioma models (Chen et al.  2010 ; Liu et al.  2010 ; Ting et al.  2012 ) might not be 
duplicated in large animals or in humans. Focal and limited volume of therapeutic 
exposure to drugs means that the technique may be applicable only for tumors of 
very limited size and that tumor cells that infi ltrated away from the treated focus will 
escape the desired effect of enhanced exposure to chemotherapy.  

24.4.1.3     Strategies That Block the Active Effl ux Transporters 
Mechanisms 

 Active effl ux of anticancer drugs contributes to drug resistance of brain tumors 
(Demeule et al.  2002 ; Ito et al.  2005 ). There are various effl ux transporter systems 
that include the P-glycoprotein (P-gp) which is the most widely researched (Demeule 
et al.  2002 ), the breast cancer-resistance protein (BCRP) (Ito et al.  2005 ) and the 
multidrug-resistance-associated protein (MRP) family(Kruh and Belinsky  2003 ). 
Coadministration of chemotherapy with inhibitors of the active effl ux transporters 
may increase drug concentration in the extracellular space. Preclinical and clinical 
studies have been performed to explore the potential of P-gp inhibition to improve 
CNS penetration of anticancer drugs. However, disappointing results were obtained 
in clinical trials using fi rst generation P-gp inhibitors (e.g. verapamil, cyclosporin 
A) due to toxicity issues (Sikic et al.  1997 ). Novel P-gp inhibitors (e.g. valspodar, 
elacridar, zosuquidar) have an improved affi nity profi le and may prove to have a 
reduced clinical toxicity (Kemper et al.  2004 ). So far evidence is lacking to support 
routine use of these inhibitors.  

24.4.1.4     Impact on Clinical Practice of Strategies Designed to Improve 
Passive Drug Transport Across the BBB (Tables  24.1  and  24.2 ) 

     The expected clinical impact of strategies that try to improve the passive drug 
transport across the BBB are discussed on the basis of the set of fi ve expectations 
from drug therapy specifi ed in Sect.  24.3 . 

  Strategies that increase the plasma drug concentration  namely, high-dose 
chemotherapy (HD-CTx) with systemic rescue maneuvers, bolus drug injection, 
and intra-arterial drug administration have had some impact on clinical practice 
(Table  24.1 ). HD-CTx is actually practiced routinely to treat both systemic malig-
nancies and CNS tumors but its effectiveness regarding CNS involvement has been 
proved only in lymphoproliferative malignancies. In Burkitt’s lymphoma and adult 
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lymphoblastic lymphoma it has been shown that the use of HD-CTx signifi cantly 
reduced the rate of CNS relapse (Hoelzer et al.  1996 ). Although it is widely used in 
other systemic lymphomas its effect on CNS involvement has not been established 
(Siegal and Goldschmidt  2012 ). Yet, systemic HD-CTx based on high- dose MTX is 
considered as standard therapy for primary CNS lymphoma (DeAngelis et al.  2002 ; 
Ferreri et al.  2009 ) although there is no consensus which regimen is the best. 
Table  24.1  shows that HD-CTx fulfi lls almost all expectations from drug therapy for 
those indications where effectiveness has been proved, and therefore it is not sur-
prising that it gained wide acceptance in clinical practice. 

 The use of bolus drug injection can augment drug penetration into the extracel-
lular space of brain tumors in animal studies (Dukic et al.  1999 ,  2000 ) as specifi ed 
in Sect.  24.4.1.1 . However, its clinical value has been suggested by a single small 
scale study that evaluated patients with CNS lymphoma (Hiraga et al.  1999 ). 
Nonetheless, the strategy gained irrefutable popularity in the clinic which is easily 
understandable once we view the favorable profi le of all the other clinical expecta-
tions in Table  24.1 . The situation is different for intra-arterial drug injection. Here 
Table  24.1  reveals that for four of the fi ve clinical expectations the strategy’s profi le 
is disadvantageous and therefore it is not surprising that its clinical utility is limited 
to experimental regimens which are being practiced in a small number of centers. 

  Strategies that induce transient BBBD  (Table  24.2 ): Despite the intriguing ability 
to facilitate the passive drug transport across the barrier these strategies have not 
gained wide clinical acceptance. This is not surprising once we evaluate the proce-
dures by the set of clinical expectations as presented in Table  24.2 . It is clear that all 
the procedures are either invasive or associated with severe adverse events. This 
limits the ability to use the strategy repeatedly and effectively. In addition, the supe-
riority of these strategies over standard, less invasive, and safer therapies has not 
been proved. Finally, all these procedures are limited by their applicability to treat 
any tumor size at any CNS location. All together it is quite obvious that by the cur-
rent status of these techniques none of them is expected to change clinical practice 
or become a standard therapy for primary brain tumors. 

 Finally,  strategies that block the active effl ux transporters mechanisms  may have 
a theoretical chance to facilitated drug accumulation in the extracellular space of the 
tumor and the surrounding brain. However, more information is needed to predict 
the likelihood that it may change clinical practice (Table  24.3 ).

24.4.2         Strategies That Use Drug Carriers for Drug 
Delivery to Brain Tumors 

 Recent advances in nanotechnology have created exciting opportunities to improve 
the effi ciency of drug delivery to the CNS (Laquintana et al.  2009 ; Soni et al.  2010 ; 
Sarin  2009 ; Wong et al.  2011 ; Invernici et al.  2011 ; Rajadhyaksha et al.  2011 ). 
In principle, a drug which is poorly distributed to the brain can be loaded on a nano-
carrier system which interacts with the microvascular endothelium at the BBB. 

T. Siegal



669

Eventually this may produce higher drug concentrations in brain parenchyma. 
These nanocarriers can be further modifi ed for enhanced CNS selectivity and per-
meability with targeting moieties that will preferentially bind to putative receptors 
or transporters expressed at the BBB. In addition, this system can exploit the physi-
ological barrier mechanisms for “drug traffi cking” across the barrier structure 
making use, for example, of the endogenous carrier mediated transporters processes. 
At this stage no “ideal” nanocarrier can be identifi ed but several classes of nanocarrier 
systems have been developed in the past decade and many are still undergoing inten-
sive investigation. A detailed description of these systems is beyond the scope of this 
chapter but several recent reviews summarize the topic (Laquintana et al.  2009 ; Wong 
et al.  2011 ; Invernici et al.  2011 ; Rajadhyaksha et al.  2011 ). Shortly, the nanocarrier 
systems can be divided into two major categories: nanoparticles (or nanospheres) and 
a variety of other nanocarrier types. In principle nanoparticles are colloidal systems 
with compact structure where the therapeutic agent is either entrapped within the 
colloid matrix or coated on the particle surface by conjugation or adsorption. 
Nanoparticles include polymeric or solid lipid nanoparticles, lipid or albumin nano-
capsule, liposomes, and micelles. The second group includes novel nanocarriers 
such as dendrimer, nanogel, nano-emulsion, and nano-suspension. 

 Only nanoparticles which are smaller than 12 nm in diameter, but not larger, can 
passively extravasate across the porous blood–tumor barrier microvasculature 

     Table 24.3    Strategies that use alternative methods to improve drug delivery: Clinical impact 
based on expectations from drug therapy (for references please see text)   

 Strategy 

 Effectiveness 
for CNS 
malignancy 

 Toxicity/
adverse effects 
profi le 

 Introduction 
into clinical 
practice 

 Repeated/
continuous 
administration 

 Tumor size 
and CNS 
location 

 Effl ux transport 
inhibition 
without/with 
nanocarriers 

 No studies  High toxicity 
for fi rst 
generation 
compounds. 

 No data for new 
generation 
compounds 

 No data. 
 Potentially 

simple 

 No data. 
 Potentially 

possible 

 No data 
 No limitation 

expected 

 Systemic 
administration 
of drug 
nanocarriers 
without/with 
targeting 
molecules 

 Not established 
(few phase 
II studies) 

 Varies by carrier 
and 
compound. 
Require 
further 
investigation 

 Potentially 
simple 

 Potentially 
possible 

 No data 
 No limitation 

expected 

 Systemic 
administration 
of CNS 
targeted drug 
carrier 
exosomes 

 No studies  Safe by 
preliminary 
in vivo 
animal 
studies 

 Potentially 
simple 

 Potentially 
possible 

 No data 
 No limitation 

expected 

   CNS  central nervous system  
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(Sarin et al.  2008 ,  2009 ). In fact a subset of nanoparticles with diameter smaller than 
10 nm was shown to maintain peak blood concentration for several hours and 
thus they accumulate over time to an effective concentration within the tumor extra-
cellular space. This passive targeting is known as the enhanced permeability and 
retention effect. Although prolonged circulation time is an important requirement 
for an effective drug transport to the brain, it exposes the nanocarriers to interaction 
with the reticular endothelial system (RES) that removes particles depending on 
their size, charge, and surface properties. For most nanoparticles this is a major 
drawback and therefore attachment of polymers such as polyethylene glycol (PEG) 
is often necessary in order to “mask” the particles from the host’s immune system 
(Jain and Jain  2008 ). However, PEGylated carriers are not easily transported through 
the barriers and their crossing via receptor-mediated trancytosis is often ineffi cient. 
Therefore, targeting strategies are frequently used to improve CNS delivery, exploiting 
“targeting molecules” that are conjugated to their surface (Wong et al.  2011 ). 
Targeting molecules may include monoclonal antibodies to transferin receptor 
(Huwyler et al.  1996 ; Pang et al.  2008 ), to insulin receptor (Zhang et al.  2002 ; Wu 
et al.  1997 ) or to EGF receptor (Mamot et al.  2005 ). Other targeting strategies may 
use coating of nanoparticles with cell penetrating peptides (Schwarze et al.  1999 ; 
Liu et al.  2008 ) or alternatively conjugate the carriers with endogenous molecules 
such as apolipoproteins (e.g. Apo A, B or E) (Goppert and Muller  2005 ; Kreuter 
et al.  2003 ; Michaelis et al.  2006 ). 

 Nanocarriers may be considered as good candidates for drug delivery across the 
BBB if they fulfi ll the following requirements: the particle diameter should be less 
than 100 nm, they should be nontoxic, biodegradable, and biocompatible, should be 
stable in blood, BBB-targeted with no activation of RES and be noninfl ammatory. 
They should not induce platelets aggregation, have prolonged circulation time, be ame-
nable to small molecules, peptides, or nucleic acids and should exhibit controlled drug 
release profi le (Invernici et al.  2011 ). Once nanocarriers will accomplish these multiple 
requirements and when human effi cacy and toxicity studies will reveal favorable 
outcome, then nanotechnology for drug delivery will change clinical practice for brain 
tumor therapy (Table  24.3 ). However, this fi eld is still in its infancy and many issues 
should be resolved before CNS nanomedicine becomes useful in clinical setting. 

24.4.2.1     Exosomes Nanovesicles for Drug Delivery Across Biological 
Barriers 

 Exosomes are naturally occurring, membranous nanovesicles of 40–100 nm in 
diameter. They arise from the endocytic cellular pathway through inward budding 
of the limiting late endosomal membrane, giving rise to multivesicular bodies, 
which then fuse with the plasma membrane to release their vesicular content 
(exosome) (Lakhal and Wood  2011 ). Exosomes are natural carriers of protein and 
nucleic acids, including mRNA and microRNA (Valadi et al.  2007 ). Exosomes have 
pleiotropic biological functions while operating as natural vectors of intercellular 
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signaling within a given tissue or between different tissues. They appear to play an 
important role in many disease processes, most notably infl ammation and cancer, 
where their effi cient functional delivery of biological cargo seems to contribute to 
the disease progress (van Dommelen et al.  2011 ). Recent in vivo studies showed 
that systemic administration of ex-vivo derived exosomes could be used to deliver 
exogenous cargo to a targeted tissue type (van Dommelen et al.  2011 ; Alvarez- 
Erviti et al.  2011 ). The fi rst proof of concept has been published recently. It demon-
strated that by using a novel targeting strategy the systemically administered 
exosomes specifi cally targeted the brain, delivered their cargo, and induced a bio-
logical effect (Alvarez-Erviti et al.  2011 ). 

 The future utilization of the full potential of exosomes in the fi eld of drug deliv-
ery hinges on the development of scalable approaches for the production of exo-
somes, as well as the refi nement of targeting and loading methods. An important 
factor will be the establishment of a scalable source of well characterized exosomes. 
For that purpose induced pluripotent stem cells that can be derived from the patient’s 
skin fi broblasts hold great promise as it also will eliminate immunogenicity(Aasen 
and Izpisua Belmonte  2010 ). In addition, neural stem cells-derived exosomes are 
likely to display intrinsic neurotropic behavior and enhanced brain specifi city. 
Currently clinical translation is hindered by poor understanding of exosome 
traffi cking across biological barriers, and the absence of exosome-tailored nano-
technologies for purifi cation, characterization, and loading (Lakhal and Wood 
 2011 ). If technological advances permit, exosomes may revolutionize the fi eld of 
drug delivery by enabling safe and effective tissue targeted drug delivery across 
impermeable biological barrier (Table  24.3 ).    

24.5     Local Delivery of Drugs to Brain Tumors 

 Methods that deliver drugs directly to brain parenchyma (Buonerba et al.  2011 ) try 
to augment extracellular brain drug concentration by completely circumventing the 
physiological barriers. The main purpose is to achieve high local or interstitial drug 
concentration with low systemic exposure to the drug. All the available techniques 
require invasive brain procedures (Muldoon et al.  2007 ; Bidros and Vogelbaum  2009 ; 
Laquintana et al.  2009 ; Buonerba et al.  2011 ). Approaches to local drug delivery 
include the use of implantable controlled release polymer systems (Westphal et al. 
 2006 ; Brem et al.  1991 ), various catheters devices for intracavitary drug delivery 
(Zalutsky et al.  2008 ; Boiardi et al.  2005 ), and convection-enhanced delivery (CED) 
(Lidar et al.  2004 ; Kunwar et al.  2007 ; Sampson et al.  2008 ). The major limitation 
of these techniques is their failure to reach distant infi ltrating tumor cells, a major 
requirement for therapy that aims to achieve a durable effect. Due to the invasive 
nature of these techniques and the restricted boundaries of drug distribution it is not 
surprising that these procedures largely remain experimental or that they already 
failed clinical trials (Table  24.4 ).
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24.5.1       Implanted Polymers 

 The underlying concept is that a drug impregnated wafers that has a controlled, 
sustained release rate will provide a continuous local drug delivery. The biodegradable 
polymers release the drug by a combination of diffusion and hydrolytic polymer 
degradation. The only Food and Drug-approved form of local chemotherapy is car-
mustine wafers (Gliadel ® ) that has been studied in phase III clinical trials (Westphal 
et al.  2006 ; Brem et al.  1991 ). The carmustine wafers are implanted into the resec-
tion cavity of the tumor and therefore, a priori the therapy is limited to the subclass 
of resectable tumors with presumably small amount of residual neoplasm. It also 
means that the drug has to penetrate away from the resection cavity and affect the 
infiltrating tumor cells that invade the proximal and distal brain parenchyma. 
In addition, when the resection cavity is connected with the CSF pathways much of 
the released drug leak into the CSF rather than diffusing into the surrounding brain. 

 The fl ux of drug from the implant to the surrounding tissue is proportional to the 
concentration gradient. As the concentration at the implant site should deliberately 
be limited by the need to avoid toxicity to normal brain tissue, there is also an upper 
bound on the driving force for drug transport from the implant into surrounding 
tissue. Consequently, the concentration decreases rapidly as distance from the 
implant site increases. It has been found that drug diffusion delivers detectable con-
centrations for less than 0.5 mm from the implant site (Fung et al.  1996 ; Krewson 
et al.  1995 ) and by using a three-dimensional computerized model, it was con-
cluded that the drug could not diffuse more that 1–2 cm away from the implantation 
site (Engelhard  2000 ). This by itself may explain why it has not resulted in improve-
ment in patient outcome. But there are additional factors that contribute to ineffective 
delivery. As the drug diffuses, it is degraded, taken up into the vasculature, internal-
ized by cells, and bind to extracellular matrix and so the transport is further hin-
dered. In addition, the brain extracellular space is tortuous and the volume available 
for diffusion and fl uid transport is low. Despite clinical ineffectiveness adverse 
effects have been recorded. These include mainly poor wound healing and increased 
risk of infections that may sometimes add signifi cant morbidity.  

24.5.2     Convection-Enhanced Delivery 

 CED relies on pressure-driven bulk fl ow of infusate as a means to deliver the desired 
agent to the extracellular space of the CNS. The bulk fl ow mechanism is created by 
a small pressure gradient from a pump that pushes solute through a catheter targeted 
within the CNS (Rajadhyaksha et al.  2011 ; Raghavan et al.  2006 ). The pressure- 
driven spreading of infused solutes through the interstitium does not depend on their 
intrinsic diffusivity and continues throughout the time CED is performed, to end 
abruptly when the procedure terminates (Allard et al.  2009 ). Because CED bypasses 
the BBB it can be used to infuse therapeutic agents with large or small molecular 
weight such as paclitaxel (Lidar et al.  2004 ; Tanner et al.  2007 ), or high molecular 
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weight targeted toxins (Kunwar et al.  2007 ; Sampson et al.  2008 ; Weber et al.  2003 ; 
Weaver and Laske  2003 ; Laske et al.  1997 ) as well as various types of nanocarriers 
loaded with different agents (Allard et al.  2009 ). Many factors affect the fi nal distribu-
tion of the infused agent. Some of the investigated factors include the volume of infu-
sion and infusion rate, catheter location and cannula size and shape and back fl ow 
along catheter track and air bubbles (Buonerba et al.  2011 ; Chen et al.  1999 ). Other 
determinants are infusate features (size, interstitial affi nity, and octanol water coeffi -
cient), interstitial tissue properties (binding proteins, receptor uptake or binding, and 
tissue isotropy). Factors that affect effl ux of the agent are diffusion or loss into capillar-
ies and rate of metabolism. All the latter reduce the concentration over time and 
distance (Bidros and Vogelbaum  2009 ; Allard et al.  2009 ; Stukel and Caplan  2009 ). 

 Several clinical trials have been completed using CED including phase III tri-
als—all have failed (Lidar et al.  2004 ; Sampson et al.  2008 ,  2010 ; Tanner et al. 
 2007 ; Weber et al.  2003 ; Weaver and Laske  2003 ; Kunwar et al.  2010 ; Bogdahn 
et al.  2011 ). Table  24.4  shows that if we assess the technique by the set of clinical 
expectations for drug delivery it discloses an unfavorable profi le for each parameter. 
The technique is invasive, and entails placement of several catheters into the tumor 
bed and brain tissue. Adverse effects include surgical complications as well as sig-
nifi cant neurological deterioration that were reported in about 13 % of patients 
(Shahar et al.  2012 ). Some of the agents also proved to be neurotoxic or caused 
aseptic meningitis when the infusate leaked to the CSF pathways (Lidar et al.  2004 ; 
Tanner et al.  2007 ). The technique is highly complex and as such often results with 
ineffective delivery and failure to get a therapeutic dose to the target (Buonerba 
et al.  2011 ; Shahar et al.  2012 ; Ding et al.  2010 ). Repeated and continuous admin-
istration is limited and associated with high rate of infections (Bogdahn et al.  2011 ). 
The method is also limited to a certain range of tumor size and does not fi t all CNS 
location. Proximity to CSF pathways is an exclusion criterion because the infusate 
will leak into the CSF. It has been observed that adherence to catheter placement 
guidelines are hindered by lesion site, proximity to eloquent cortical areas, tissue 
density that interferes with trajectory, and technical limitations of stereotactic 
instruments (Shahar et al.  2012 ). Taken together, the current failure to prove clinical 
effi cacy is expected and it is unlikely that in the near future the technique will 
change clinical practice for brain tumors.  

24.5.3     Intracavitary Drug Delivery 

 Intracavitary drug delivery may entail simple manual drug injection into the resected 
tumor bed via an implanted reservoir device that can be accessed percutaneously. 
Alternatively, the injection may be performed by a motor pump that will provide 
prolonged and controlled intracerebral delivery of the therapeutic agent (Buonerba 
et al.  2011 ). 

 Intracavitary delivery has been exploited recently for delivery of radioactive 
ligands attached to monoclonal antibodies such as anti-tenascin antibodies 
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(for review see Buonerba et al.  2011 ). Tenascin is a glycoproteic antigen ubiqui-
tously present in malignant Gliomas, but not in normal brain tissues. In Phase II 
clinical trials different types of radioactive monoclonal antibodies preparations 
were used and the experimental agents were injected into an implanted reservoir 
that has been left in the cavity after gross total resection of the tumor. Some of the 
humanized chimeric preparations were associated with hematologic toxicity and 
others with reversible or irreversible neurotoxicity (Buonerba et al.  2011 ). 

 Unfortunately the technique suffers from all the limitations associated with local 
drug delivery. As summarized in Table  24.4  it is unlikely that it will change clinical 
practice. Although, if refi ned, it may become applicable to a subclass of small 
resectable tumors once the effi cacy will be established in phase III clinical trials.   

24.6     Challenges for Drug Delivery Posed by Antiangiogeneic 
Therapy 

 Malignant brain tumors exhibit marked and aberrant blood vessel formation indicating 
angiogenic endothelial cells as potential target for brain tumor treatment. Yet, the 
tumor vasculature is often characterized by low vascularity, poor organization, and 
abnormal morphology, which result in ineffi cient transport of oxygen and therapeu-
tic agents. In addition, the newly formed abnormal vascular network is highly per-
meable and consequently it is associated with propagation of surrounding brain 
edema and with high interstitial pressure within the tumor mass. The growth and 
expansion of the abnormal vasculature of the tumor is stimulated by vascular endo-
thelial growth factor (VEGF), which is a validated therapeutic target for cancer 
treatment (Hurwitz et al.  2004 ; Sandler et al.  2006 ). One rational behind the use of 
anti-VEGF therapy for primary CNS malignancy is based upon the concept that 
normalization of tumor vasculature with a decrease in tumor interstitial pressure 
will improve drug delivery as well as oxygen supply which is essential for effective 
radiotherapy (Thompson et al.  2011 ; Ma et al.  2011 ). So far, it is unclear how anti-
angiogenic therapy affects tumor uptake of chemotherapeutic agents and what is the 
expected antitumor activity of combination therapies. 

 Several recent publications discuss the paradoxical effect of antiangiogenic ther-
apy in the management of cancer and brain tumors (Thompson et al.  2011 ; Ma et al. 
 2011 ; Wurdinger and Tannous  2009 ). On one hand the induced morphological nor-
malization of tumor vasculature can increase the transport effi ciency of nutrients 
and drugs. But the total number of surviving blood vessels decreases and as a result 
tumor hypoxia is increasing. This affect tumor uptake of small molecules as has 
been demonstrated in experimental models (Ma et al.  2011 ; Ma and Waxman  2008 ). 
In brain tumors the restored BBB function is associated with decrease in tumor 
interstitial pressure, which is thought to improve delivery of chemotherapy to tumor 
cells (Ferrara  2005 ). But, the restored barrier function impedes the passive diffusion 
of drugs into the interstitial space of the tumor and to the surrounding brain paren-
chyma. Still, with the reduction in tumor interstitial pressure the rapid drug leakage 
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away from the tumor bulk into the surrounding brain or CSF pathways is decreased. 
As a result an increase in drug retention is observed (Ma et al.  2011 ). In an experi-
mental glioma model it has been suggested that the observed complex effects on 
drug exposure can be exploited to improve outcome if a prodrug is used concomi-
tantly with the antiangiogenic therapy. In that model systemic administration of a 
prodrug which is activated intratumorally served for that purpose. The study showed 
that the decrease in tumor drug uptake following antiangiogenic therapy could be 
fully reversed by the tumor drug retention effect induced by the same antiangiogen-
esis treatment (Ma et al.  2011 ). The increase in drug retention enhances the intratu-
moral activation of the prodrug and retains the active compounds longer thus 
escalating the anti-neoplastic effect of treatment. 

 Despite the remarkable effect of anti-VEGF therapy observed in recurrent glio-
blastoma (Nghiemphu et al.  2009 ) clinical and histological evidence suggest that 
tumor may adapt to antiangiogenic agents with increased tumor invasiveness and 
vessel cooption (Narayana et al.  2012 ; de Groot et al.  2010 ). Both clinical and ani-
mal studies show that the favorable effect of antiangiogenic therapy is short lasting 
and therefore coupling of this therapy with other anti-neoplasting agents is probably 
essential. However, a better understanding of the intricate issues related to drug 
delivery in face of antiangiogenic therapy is required for future rational integration 
of therapeutic modalities.  

24.7     Conclusions and Future Directions 

 Despite tremendous efforts that were invested in development of drugs and deliv-
ery systems for the treatment of brain tumors the results are disappointing. 
Nonetheless, research into sophisticated, science-driven solutions is continuing. 
During the past decade, conceptual and practical advancements have been made 
in the design and implementation of various vectors that demonstrate desirable 
characteristics. Although optimal systems have not yet been developed, progress 
has been noticeable and expectations related to therapeutic effi cacy have increased. 
The search in the fi eld is now focused in the development of noninvasive therapies 
since all invasive methods to deliver drugs failed clinical expectations as delin-
eated in this chapter. In order to achieve effi cacious treatment, issues relevant to 
drug delivery need to be resolved. It seems plausible that nanomedicine approaches 
will improve the delivery of conventional drugs, targeted agents, and probably 
DNA-based therapy as well. All new drugs or delivery systems development must 
adhere to basic clinical expectations that include beside an anti-tumor effect a 
proof for favorable adverse effect profi le, an easy introduction into clinical prac-
tice, feasibility of repeated or continuous administration and compatibility for any 
tumor size and brain location. Adherence to these essentials will enable a change in 
clinical practice once the antineoplastic effect is demonstrated in well-controlled 
clinical studies.     
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   Appendix 
Primer on Central Nervous System Structure/
Function and the Vasculature, Ventricular 
System, and Fluids of the Brain  

Robert    G.    Thorne

  Abstract   Detailed understanding of the various approaches for drug delivery to the 
brain necessitates some knowledge of central nervous system (CNS) anatomy and 
blood supply. The brain is different than other organs of the body in that it may not 
accurately be considered as a single compartment; its complex, heterogeneous 
structure is responsible for a multitude of functions with many different potential 
target sites for drug therapy. The cerebrovasculature is critically important from a 
drug delivery perspective because drugs will in many cases fi rst reach the brain from 
the bloodstream. Additionally, stroke and other complications affecting the brain’s 
blood vessels are a major cause of morbidity and mortality. The cerebrospinal fl uid 
(CSF) of the brain is contained within the ventricles and the subarachnoid spaces 
and often assumes importance for drug delivery or as a sampling compartment. 
However, the CSF and the brain’s interstitial fl uids are in somewhat limited contact 
and may not always be assumed equivalent, particularly in the context of drug deliv-
ery. This chapter reviews the basic organization, function, blood supply, and fl uids 
of the brain and spinal cord.   

  [We] ought to know that from the brain, and from the brain only, arise our pleasures, joys, 
laughter and jests as well as our sorrows, pains, griefs and tears. Through it, in particular, 
we think, see, hear, and distinguish the ugly from the beautiful, the bad from the good, the 
pleasant from the unpleasant. 

 —Attributed to Hippocrates, circa Fifth Century,  bc  
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   Among the various parts of an animated Body, which are subject to anatomical disposition, 
none is presumed to be easier or better known than the Brain; yet in the mean time, there is 
none less or more imperfectly understood. 

 —Thomas Willis, 1681 

   A great deal remains to be learned about the brain and spinal cord, a task that will take 
centuries, not years, to complete. 

 —Santiago Ramón y Cajal  1909  

      A.1 Introduction to Neuroanatomy 

 Human brains weigh about 400 g at birth, nearly tripling in size during the fi rst 
3 years of life (due to the growth of neuronal processes and glia). The vast majority 
of human central nervous system (CNS) tissue is accounted for by the brain, which 
ranges from 1,050 to 1,800 g in normal young adults; by contrast, the spinal cord 
weighs only about 35 g. On average, the adult human male brain weighs 1,350 g and 
the adult human female brain weighs 1,250 g. This discrepancy may be explained 
by the observation that brain weight positively correlates with body size both within 
and across most species, e.g., an elephant weighing many thousand kilograms has a 
brain that weighs approximately 5 kg (although, interestingly, human brains tend to 
be smaller than expected relative to body size when compared to dolphins, rodents, 
and certain fi sh and primate species). Human cognition likely is shaped by our 
capacity for higher level processing. Indeed, our brains typically contain a much 
higher proportion of cerebral cortex than that found in lower mammals (e.g., cere-
bral cortex accounts for 77 % of the human brain’s volume compared with only 
31 % in the rat). 

 Microscopically, the CNS is principally composed of two types of cells: neurons 
and glia. Generally, neurons process information and signal to other neurons at syn-
apses, while glia assist in the regulation of neuronal information by modulating 
synaptic activity as well as provide electrical insulation (myelin) to neuronal pro-
cesses (axons). The cell bodies (somas) of neurons vary greatly in size, with diam-
eters ranging from 5 to 10 μm (e.g., cerebellar granule cells) up to as large as 
~100 μm for Betz cells in the primary motor cortex. Cell bodies are typically much 
larger than neuronal processes (axons and dendrites, collectively referred to as neu-
rites), which range as small as 0.2 μm. Glia consist of macroglia (astrocytes and 
oligodendrocytes) and microglia (the resident immune cells of the brain). Glial sizes 
vary greatly, particularly across species. For example, human cortical protoplasmic 
astrocytes typically possess somas about ~10 μm in diameter and processes extend-
ing out 50–100 μm, both being severalfold larger than those found in the rodent. 
Glial cells outnumber neurons in most brain areas, with the exception of the cerebel-
lum, e.g., there are likely well over ten times more glia than neurons in the thalamus 
and white matter. 

 Macroscopically, the CNS is divided into the brain and the spinal cord; major 
parts of the brain (the forebrain, midbrain, and hindbrain) can be divided based on 
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its embryological development (Fig.  A.1 ). Further CNS divisions may be described 
through the use of several common terms for direction/orientation (Table  A.1 ) and 
planes of section (Table  A.2 ), e.g., it is often quite helpful to be able to use terms 
such as  rostral  (nearer to the front end of the neural axis, i.e., the front of the brain) 
and  caudal  (nearer to the tail end of the neural axis, i.e., the end of the spinal cord) 
when referring to specifi c CNS areas. For animals that move through the world hori-
zontally and thus maintain a horizontal or a linearly oriented CNS, e.g., fi sh, 
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  Fig. A.1    Schematic diagram showing a midsagittal view of the human central nervous system 
with the location of the brain and spinal cord in the cranial compartment. The cephalic fl exure at 
the midbrain–diencephalic junction (diencephalon = thalamus + hypothalamus) is indicated by a 
 dashed red line . Cerebrospinal fl uid (CSF) fl ow from one of the lateral ventricles (not shown) 
through the third (3V) and fourth (4V) ventricles of the ventricular system and further circulation 
from the cisterna magna (CM) in the subarachnoid space are depicted with  arrows        
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reptiles, and rodents, the  superior/inferior  and  anterior/posterior  terms are always 
equivalent to  dorsal/ventral  and  rostral/caudal , respectively. Human beings have an 
upright posture, so it follows that the CNS contains a prominent bend (the cephalic 
fl exure occurring at the level of the midbrain changes the rotation of the CNS by 
80–90°); this bend results in different equivalencies whether we are above or below 
the midbrain. Above the human midbrain,  anterior  =  rostral ,  posterior  =  caudal , 
 superior  =  dorsal , and  inferior  =  ventral . Below the human midbrain,  anterior  =  
ventral ,  posterior  =  dorsal ,  superior  =  rostral , and  inferior  =  caudal . Examining a 
schematic view of the human CNS sectioned along the midsagittal plane (Fig.  A.1 ), 
we can see the location of the cephalic fl exure at the junction between the midbrain 
and the diencephalon.

     The largest portion of the nervous system in human beings is the forebrain, rep-
resented by the telencephalon ( Greek , “end brain”) and the diencephalon (thalamus, 
hypothalamus, and associated structures). The telencephalon contains the cerebral 
cortex (tissue appearing gray in gross sections due to a relative abundance of cell 
bodies), white matter (made up mainly of myelinated axons, imparting a white 
appearance in gross sections), and subcortical structures such as the hippocampal 
formation, amygdala, and basal ganglia. The forebrain is connected to the hindbrain 
by the midbrain, and the hindbrain is in turn connected to the spinal cord. One may 
think of the forebrain sitting on top of the midbrain, pons, and medulla as broccoli 
or caulifl ower would sit upon a stalk or a stem; indeed, the midbrain, pons, and 
medulla together are commonly referred to as the brain stem. As with many other 

   Table A.1    Directional terms used to refer to parts of the CNS             

 Direction/orientation   Latin   Meaning 

 Superior   Superus  = “above”  Situated above 
 Inferior   Inferus  = “below”  Situated below 
 Anterior   Ante  = “before”  Situated in front 
 Posterior   Post  = “after”  Situated behind 
 Dorsal   Dorsum  = “back”  Toward the back 
 Ventral   Venter  = “belly”  Toward the belly 
 Rostral   Rostrum  = “beak”  Toward the snout 
 Caudal   Cauda  = “tail”  Toward the tail 

   Table A.2    Planes used to refer to parts of the CNS   

 Planes   Latin   Meaning 

 Coronal   Corona  = “crown”  Section in the plane of a tiara-like crown 
 Sagittal   Sagitta  = “arrow”  Section in the plane of an arrow shot by an archer 
 Midsagittal  Sagittal section passing through the  mid -line, dividing the brain 

into two halves 
 Parasagittal  Sagittal section  parallel  to the midsagittal plane 
 Horizontal  Section in the plane parallel to the  horizon  or the fl oor 

(also called  transverse  or  axial  in humans, i.e., perpendicular 
to the long axis of the body) 
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parts of the body, the brain exhibits a high degree of bilateral symmetry. Dividing the 
brain longitudinally along the midsagittal plane yields two similar-appearing cere-
bral hemispheres that share a common pattern of surface landmarks between them. 
While this feature conveniently allows us to consider both hemispheres by learning 
the landmarks of only one, it must be kept in mind that important differences exist in 
the localization of function between the left and right sides, e.g., the majority of 
language processing is accomplished in the left hemisphere of most individuals. 

 Observing the human brain from the lateral surface (Fig.  A.2 ) allows us to visu-
alize the four major brain lobes, areas of cerebral cortex with specifi c functions that 
are separated from one another by identifi able surface landmarks. The surface of the 
human brain contains numerous folds with ridges that are termed gyri (singular, 
gyrus). These folds are often absent or much less elaborate in lower mammals 
because their cerebral cortex is less developed than in higher mammals. Separating 
the gyri are furrows or grooves termed sulci (singular, sulcus); particularly deep 
sulci are often termed fi ssures. The largest sulcus is the lateral sulcus (Sylvian fi s-
sure) which runs horizontally and separates the frontal and parietal lobes from the 
temporal lobe. The central sulcus (Rolandic fi ssure) runs vertically and separates 
the frontal from the parietal lobe. An imaginary line extending between the parieto- 
occipital sulcus (best seen on the brain’s medial surface) and the preoccipital notch, 
an indentation in the brain created by the petrous part of the temporal bone, sepa-
rates the occipital lobe from the temporal and parietal lobes; a second imaginary 
line extended from the middle of this fi rst line to the lateral sulcus further separates 
the temporal and parietal lobes from each other. In addition to the four major lobes 
seen on the lateral surface, another region of tissue called the insular cortex is buried 
within the depths of the lateral sulcus, concealed from view by portions (termed 
opercula;  Latin , “lid”) of the frontal, parietal, and temporal lobes. Finally, refer-
ences are often made to yet another lobe, the “limbic” lobe, which is separated from 
the frontal and parietal lobes by the cingulate sulcus; it is best appreciated when 
examining the cerebral hemisphere on its medial surface (Fig.  A.3 ).
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        A.2 Central Nervous System Functions 

 A vast array of functions may be identifi ed for the many different brain and spinal 
cord areas that constitute the CNS. A simplifi ed overview of some of the more impor-
tant functional subdivisions is provided in Fig.  A.3 . Proceeding from caudal to rostral 
along the neural axis, we fi rst encounter the spinal cord, a tubular structure which 
contains numerous nuclei (clusters or groups of cell bodies) corresponding to the 
spinal gray matter along with a large number of tracts or fasciculi (bundles of axons) 
corresponding to the spinal white matter. The spinal cord is concerned with the 
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limbs and trunk of the body, primarily in the motor control of voluntary muscles and 
the reception of sensory information, although it also participates in the regulation 
of visceral functions. The human spinal cord has a total of 31 segments from which 
the motor (ventral) and sensory (dorsal) roots of spinal nerves arise (in order, from 
caudal to rostral): coccygeal (1), sacral (5), lumbar (5), thoracic (12), and cervical 
(8). The spinal gray matter is noticeably larger in two places that correspond to the 
lower and upper limbs, the lumbosacral (L2–S2) and cervical (C5–T1) enlarge-
ments, respectively. 

 Rostral to the spinal cord is the brain stem, a highly complex structure which 
regulates many basic physiological functions important for survival including 
arousal, blood pressure, and respiration. The brain stem is also associated with most 
of the 12 cranial nerves (only the olfactory and optic nerves are excluded), which 
provide cranial sensory information and allow for the control of head muscles, e.g., 
the extraocular muscles that move the eyes. The attachment sites for the cranial 
nerves are best seen in a ventral view of the brain (Fig.  A.4 ); their varied functions 
and clinical tests commonly used to examine them are listed in Table  A.3 . The cer-
ebellum, a structure embryologically related to the pons of the hindbrain, modulates 
motor information passing between the forebrain, brain stem, and spinal cord; its 
function may partly be inferred by the outcome of cerebellar lesions, which result in 
disorders of coordination and balance (ataxia).
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    Rostral to the brain stem is the diencephalon, which includes the hypothalamus 
and thalamus as well as the epithalamus. The hypothalamus serves as a control 
center for the autonomic system (a part of the peripheral nervous system that pro-
vides nonconscious control over the body’s organs) in addition to the neuroendo-
crine and limbic systems; hypothalamic nuclei are involved in a wide variety of 
functions that include the regulation of thirst, body temperature, hunger, satiety, and 
circadian rhythms. The thalamus serves as a relay center for nearly all sensory infor-
mation reaching the cerebral cortex (only olfactory projections bypass it); many 
non-sensory pathways, e.g., from the cerebellum, also reach the cerebral cortex 
after being processed by thalamic nuclei. The cerebrum sits above the diencephalon 
and consists of subcortical structures (the basal ganglia, hippocampal formation, 
and amygdala), the cerebral white matter, and the cerebral cortex. The basal ganglia 
consist of a group of nuclei including the globus pallidus, caudate, and putamen. 
The basal ganglia modulate motor information; dysfunction in components of its 
circuitry (often considered to also include the substantia nigra of the midbrain and 
the subthalamic nucleus) leads to movement disorders such as Parkinson’s and 
Huntington’s diseases. The hippocampus and amygdala are major limbic areas 
located in the medial temporal lobe (although, technically, often considered part of 
the limbic lobe); the hippocampus is involved in learning and memory, while the 
amygdala is thought to be important for emotional content and social behaviors. 

 The various sensory and motor functions of the human cerebral cortex are best 
appreciated after fi rst dividing the four major lobes into component gyri (Fig.  A.5a ) 

   Table A.3    Cranial nerve functions and their evaluation   

 Cranial nerve  Function  Test 

 I (Olfactory nerve)  Olfaction  Perception of an odorous substance 
 II (Optic nerve)  Vision  Perception of a vision chart 
 III (Oculomotor nerve)  Controls most extraocular 

eye muscles 
 Visual tracking of a moving object 

(e.g., following a fi nger) 
 IV (Trochlear nerve)  Controls superior oblique 

muscle (eye) 
 Visual tracking toward an object 

(e.g., looking down at the nose) 
 V (Trigeminal nerve)  Sensation of face, sinuses, and teeth; 

controls muscles of mastication 
 Touch, pain perception on face; 

ability to clench teeth 
 VI (Abducens nerve)  Controls lateral rectus muscle (eye)  Visual tracking toward an object 

(e.g., looking to the side) 
 VII (Facial nerve)  Controls muscles of facial 

expression; taste (ant. tongue) 
 Ability to smile and raise eyebrows; 

perception of sugar or salt 
 VIII (Vestibulo-

cochlear nerve) 
 Hearing; balance  Perception of a tuning fork; 

evaluation for vertigo 
 IX (Glossopharyngeal 

nerve) 
 Pharynx sensation; swallowing; 

taste (post. tongue) 
 Elicit gag refl ex; perception of 

sugar or salt 
 X (Vagus nerve)  Controls muscles of larynx 

and pharynx; visceral motor 
control and sensation 

 Check for hoarseness, sound 
production, and swallowing 

 XI (Spinal accessory 
nerve) 

 Controls trapezius and 
sternocleidomastoid muscles 

 Shoulder raise and turning the head 
against resistance 

 XII (Hypoglossal nerve)  Controls muscles of tongue  Tongue movements 
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  Fig. A.5    Schematic of the lateral brain surface— detailed . ( a ) Labeled view of the four visible 
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and then considering a classifi cation scheme such as the map developed by Korbinian 
Brodmann in his 1909 monograph (Fig.  A.5b ). Brodmann’s map of the human cor-
tex remains in wide use because his cytoarchitectonic divisions, based on differ-
ences in neuronal size, shape, and density observed in histological sections stained 
for cell bodies, correlate remarkably well with our current knowledge of structure–
function relationships based on clinical observations, electrophysiological evidence, 
and neuroimaging. Brodmann divided the human cortex into 43 areas numbered 
between 1 and 52 (numbers 12–16 and 48–51 were not used in his map for the 
human brain). Numerous pathways connect the cerebral cortex with different levels 
of the neural axis below it; indeed, the nature of the information contained within 
the specifi c pathways arriving at and/or leaving a particular cortical area informs 
what is considered to be that area’s function. Many pathways are longitudinally 
organized along the entire neural axis. For example, the dorsal column-medial lem-
niscal system provides information about fi ne touch, vibration, and position sense 
from the periphery, beginning at the level of the spinal cord and extending up 
through the brain stem and thalamus to the cerebral cortex (for this reason, it is 
called an ascending sensory pathway), while the corticospinal tract conveys 
impulses mediating voluntary movement from the cerebral cortex down to spinal 
cord motor neurons (for this reason, it is called a descending motor pathway). Most 
sensory and motor pathways cross (decussate) at some point as they travel up or 
down the neural axis; this crossing results in a given side of the brain controlling the 
muscles and receiving sensory information from the opposite side of the body.

   The frontal lobe contains the primary and supplementary motor cortices, the 
frontal eye fi elds, Broca’s area, and the prefrontal cortex. The primary motor cortex 
(Brodmann area 4), located in the precentral gyrus (the gyrus running just anterior 
and parallel to the central sulcus), is involved in the voluntary execution of move-
ment for the opposite side of the body (i.e., the left primary motor cortex controls 
the body’s right side). The supplementary motor cortex (area 6), located in the ante-
rior part of the precentral gyrus and a portion of the adjacent superior and middle 
frontal gyri, is involved in the planning and initiation of movement for the opposite 
side of the body. The frontal eye fi elds (area 8) in the superior and middle frontal 
gyri initiate saccadic eye movements, e.g., voluntary gaze toward the opposite side. 
Broca’s area, consisting of the pars opercularis and pars triangularis of the inferior 
frontal gyrus (areas 44 and 45, respectively) of one hemisphere (typically the left), 
is important for the production of speech. The prefrontal cortex comprises most of 
the remainder of the frontal lobe and is generally considered to be involved with 
personality, thought, cognition, and planning behavior. 

 The parietal lobe contains the primary somatosensory cortex and other cortical 
areas important for the perception and integration of the senses. The primary 
somatosensory cortex (areas 1, 2, and 3), located in the parietal lobe’s postcentral 
gyrus (the gyrus running just posterior and parallel to the central sulcus), is involved 
in the perception of touch, pain, and position for the opposite side of the body. The 
superior parietal lobule of the parietal lobe is important for the formation of our 
self-image; lesions to this area can result in complicated neurological signs includ-
ing neglect of the body on the opposite side. The inferior parietal lobule of the 
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parietal lobe is important for integrating diverse sensory information, e.g., content 
that is heard, read, and/or visualized. 

 The temporal lobe contains the auditory cortex and cortical tissue for recogniz-
ing speech and for the perception of visual forms, colors, emotions, and smells. The 
primary auditory cortex (area 41), located within the superior temporal gyrus and a 
transverse gyrus extending into the lateral sulcus (not well seen from the lateral 
view), and the secondary auditory cortex surrounding it are important for sound 
perception and localization. Wernicke’s area (area 22), also located in the superior 
temporal gyrus (posterior aspect) of one hemisphere (typically the left), mediates 
the recognition of spoken language. Much of the middle and inferior temporal gyri 
are concerned with the perception of visual form and color. Cortical areas within the 
anterior-most portion of the temporal lobe (the temporal pole) and the parahippo-
campal gyrus (observed on the brain’s ventral surface; see Fig.  A.6 ) are important 
for the processing of emotions and smell.
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   The occipital lobe contains the primary, secondary, and tertiary visual cortices 
subserving visual perception. The primary visual cortex (area 17), located in the 
banks of the calcarine sulcus (best appreciated in a medial view of the brain; see 
Fig.  A.7 ), performs the initial processing of visual information. The secondary and 
tertiary visual cortices occupy most of the remainder of the occipital lobe and per-
form “higher” visual processing that allows us to perceive depth, motion, and color 
and to recognize faces.
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       A.3 Cerebrovasculature 

 The importance of the CNS vascular supply can obviously not be overstated. 
Neurons demand tremendous metabolic resources in order to function properly, 
e.g., a continuous supply of ATP is needed to maintain the ionic gradients essential 
for the membrane potentials underlying neurotransmission. Neurons have almost no 
ATP in reserve and must continuously be provided with glucose and oxygen so that 
aerobic metabolism can be utilized to produce the energy they require; even short 
periods of hypotension (low blood pressure) or ischemia (loss of blood supply) can 
lead to fainting or loss of consciousness; interruption of the cerebral blood supply 
to an area for just a few minutes can result in permanent damage. As with other 
body organs, CNS blood vessels may functionally be divided into distributing ves-
sels (arteries), resistance vessels (arterioles), exchange vessels (capillaries and 
smaller post-capillary venules), and capacitance vessels (larger venules and veins). 
Brain capillaries are the smallest of these vessels, typically not larger than ~4–8 μm 
in diameter (approximately the same size or just a bit smaller than red blood cells). 

 In addition to facilitating the delivery of glucose, oxygen, and other endogenous 
blood substances to the CNS, the cerebrovasculature also provides among the most 
effi cient routes for widespread drug access, provided the drug can pass the various 
barriers separating cerebral blood from the brain interstitial and cerebrospinal  fl uids. 
The most important of these barriers is the blood–brain barrier, represented by tight 
junctions between brain capillary endothelial cells forming the CNS microvascula-
ture; this unique arrangement prevents nearly all but the smallest, lipophilic 
 molecules from crossing the normal, healthy blood–brain barrier unless a specifi c 
transporter is present to facilitate their passage (e.g., as with glucose). Generally, 
gray matter is more highly perfused than white matter, although the normal  perfusion 
rate of each is still much higher than that of muscle, skin, or fat. Cerebral capillary 
abundance can be as high as several thousand mm/mm 3  (total capillary length per 
tissue volume) in certain discrete areas of the adult gray matter, e.g., the rat paraven-
tricular and supraoptic nuclei of the hypothalamus, while white matter areas exhibit 
much lower values (e.g., about 100–300 mm/mm 3  in the rat). This capillary abun-
dance (also referred to as vascularity) varies dramatically over the life-span, with 
much lower values on average at birth than later in life (evidence suggests tissue 
vascularity correlates with the numbers of synapses, which increase with develop-
ment and also exhibit notable differences across brain regions). Despite the brain’s 
high capillary density, total cerebral blood volume under normal conditions across 
many species, including human beings and rodents, is only on the order of about 
2–5 % of the total tissue volume, as measured using a variety of techniques (e.g., 
magnetic resonance imaging, positron emission tomography, and in situ brain per-
fusion). Cerebral blood volume is known to exhibit some regional variability, e.g., 
measurements in rats have yielded higher values (up to ~5 %) in areas such as the 
olfactory bulbs with lowest values in the white matter (~1 %). 

 The human brain and meninges are supplied with blood derived from the common 
carotid and vertebral arteries (Fig.  A.8 ). The paired internal carotid arteries arise from 
the common carotids and feed the  anterior circulation , supplying most, but not all, 
of the forebrain. The paired vertebral arteries arise from the subclavian arteries and 
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feed the  posterior circulation  to supply all of the hindbrain, nearly all of the midbrain, 
and parts of the diencephalon, spinal cord, and occipital and temporal lobes. 
The anterior and posterior circulations meet at the circulus arteriosus or circle of 
Willis (Fig.  A.9 ); this important vascular feature bears the name of Sir Thomas Willis, 
among the fi rst to accurately describe the cerebral arterial circle in  1664 . The circle 
of Willis may be thought of as a nine-sided polygon (consisting of two each of the 
anterior, middle, posterior, and posterior communicating arteries along with a single 
anterior communicating artery); it forms a complete anastomotic ring in about 50 % 
of human beings, joining the anterior and posterior circulations. Arterial anastomo-
ses, natural connections between two arteries, are important functionally because 
they can provide potential collateral circulation (a sort of “fail-safe system”), enlarg-
ing to compensate for occlusion or reduced supply in one of the segments. Under 
such conditions, a single artery may potentially supply blood to the normal territory 
of another in addition to its own territory following an obstruction.

    All cortical areas of the cerebral hemispheres are supplied with blood via pene-
trating branches from one of the three main cerebral arteries (anterior, middle, and 
posterior); these vessels branch numerously, frequently penetrating into sulci as 
their leptomeningeal segments travel within the subarachnoid space just off the 
brain’s surface (Fig.  A.10 ). The cortical territories supplied by the cerebral arteries 
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are shown for the lateral, medial, and ventral brain surfaces in Figs.  A.11a  and 
 A.12a  and  b , respectively (the most common territories are shown; however, consid-
erable variability in their distribution is known to exist). In addition to the anasto-
motic ring at the circle of Willis, leptomeningeal anastomoses also exist between 
terminal branches of the cerebral arteries in areas called watershed or borderzone 
regions at the territorial boundaries (shown in detail in Fig.  A.11a ; similar water-
shed/borderzone regions are to be expected on the brain’s medial and ventral brain 
surfaces but are not depicted in Fig.  A.12a, b ). The watershed regions are particu-
larly vulnerable to ischemia and infarction when cerebral perfusion drops (e.g., 
when systemic blood pressure is dramatically reduced). Anastomoses between ter-
minal branches of the cerebral arteries are also thought to play a role in providing 
collateral fl ow during ischemia (e.g., MCA occlusion), where they may help to save 
part of the penumbral tissue (potentially salvageable areas at the periphery of the 
core infarct). Penetrating vessels from the cerebral arteries also supply deep cere-
bral structures beneath the cortex (not shown); the most important of these are the 
lenticulostriate arteries (MCA branches that penetrate the anterior perforated sub-
stance (see Figs.  A.6  and  A.9 )), providing blood to portions of the basal ganglia and 

  Fig. A.10    Midsagittal 
and lateral views of a human 
brain with arteries attached 
and visible. ( a ) The medial 
brain surface is supplied by 
branches of the anterior 
(ACA) and posterior (PCA) 
cerebral arteries. ( b ) The 
lateral brain surface is mostly 
supplied by branches of the 
middle cerebral artery 
(MCA). Adapted with 
permission from the 
Neuroanatomy Interactive 
Syllabus (Sundsten and 
Mulligan  1998 )       
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the internal capsule. The anterior choroidal artery, arising off of the internal carotid 
artery, and the posterior choroidal artery, arising off of the posterior cerebral artery, 
also supply a variety of deep cerebral structures in addition to the choroid plexus of 
the ventricular system. A summary of the arterial supply to different CNS areas is 
provided in Table  A.4 .

      Cerebral veins empty into the venous sinuses, large venous channels surrounded 
by the dura mater, which ultimately empty into the internal jugular veins (Fig.  A.8 ). 
Cerebral veins are divided into superfi cial groups, which lie on the brain’s surface 
and drain into the superior sagittal sinus (Fig.  A.11b ), and deep groups, which drain 
internal structures and empty into the straight sinus (Fig.  A.12 ). Cerebral veins lack 
valves, contain numerous anastomoses, and do not usually run parallel to the arterial 
distribution.  

    A.4 Ventricular System and Brain Fluids 

 The CNS is immersed in cerebrospinal fl uid (CSF), which helps to suspend the 
brain and avoid its distortion due to a buoyancy force that balances the downward 
force due to gravity. The CNS and CSF are together encased within the meninges 
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(the dura mater, arachnoid, and the pia mater) which provide additional stability; the 
dura mater is anchored to the skull, while the arachnoid, which forms the leptomen-
inges with the pia, is adherent to the dura mater. Arteries and veins run within the 
subarachnoid space surrounded by CSF. 

 The CSF of mammals occupies several cavities or chambers within the brain (the 
ventricular system) as well as a larger volume fi lling the subarachnoid space that 
surrounds the brain and spinal cord. The human brain contains four ventricles 
(Fig.  A.13a–c ): two large, c-shaped lateral ventricles; a single third ventricle 
between the thalamus and hypothalamus of each hemisphere; and a single tent- 
shaped fourth ventricle located between the cerebellum, pons, and medulla. CSF is 
actively secreted by the choroid plexuses of the lateral, third, and fourth ventricles 
(Fig.  A.13c ) such that there is a brisk fl ow of CSF within the system. CSF fl ows 
from the lateral ventricles to the third ventricle via two interventricular foramina, 
then from the third ventricle to the fourth ventricle via the cerebral aqueduct, and, 
fi nally, exits into several cisterns and the subarachnoid space via three apertures, 
one located medially and two located laterally in the fourth ventricle (Fig.  A.13d ). 
CSF is ultimately reabsorbed back into the blood supply through arachnoid projec-
tions into the venous sinuses (Figs.  A.11b  and  A.12 ) and also along cranial and 
spinal nerve roots to extracranial lymphatics. Additional CSF outfl ow may also 

   Table A.4    Arterial supply of the CNS   

 CNS area  Major arteries 

 Spinal cord  Anterior and posterior spinal arteries, radicular arteries 
 Medulla  Vertebral and posterior inferior cerebellar arteries (PICA) 
 Pons  Basilar and anterior inferior cerebellar arteries (AICA) 
 Cerebellum   Superior surface —superior cerebellar artery;  inferior surface —AICA and PICA 
 Midbrain  Basilar, posterior cerebral, and superior cerebellar arteries, posterior and anterior 

choroidal arteries 
 Diencephalon 

 Thalamus  Posterior cerebral (PCA), posterior communicating, and posterior choroidal arteries 
 Hypothalamus  Anterior cerebral (ACA), posterior communicating, and posterior cerebral arteries 

 Basal ganglia 
 Globus pallidus  Anterior choroidal and middle cerebral (MCA) arteries (lenticulostriate arteries) 
 Putamen  ACA and MCA (lenticulostriate arteries) 
 Caudate nucleus  ACA and MCA (lenticulostriate arteries), anterior choroidal artery 

 Amygdala  Anterior choroidal artery 
 Hippocampus  PCA and anterior choroidal artery 
 Choroid plexus  Anterior and posterior choroidal arteries 
 Internal capsule  ACA, MCA, and anterior choroidal artery 
 Corpus callosum  ACA and PCA 
 Cerebral cortex 

 Frontal lobe  ACA and MCA 
 Parietal lobe  ACA and MCA 
 Occipital lobe  MCA and PCA 
 Temporal lobe  MCA and PCA, choroidal arteries 
 Insular cortex  MCA 
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occur along the perivascular sheaths of major blood vessels. In adult human beings, 
roughly 15 % of the total CSF volume is present within the ventricular system, with 
the remainder located within the fl uid-fi lled cisterns and subarachnoid spaces out-
side of the brain and spinal cord; in rats, about 5 % or less of the total CSF volume 
is contained within the ventricles. Some differences in physiological parameters for 
the CSF and ventricular systems of adult humans and rats are listed in Table  A.5 . 
While the relative amounts of CSF obviously differ dramatically across species due 
to differences in brain size, with total CSF volumes ranging from ~150 ml (human) 
to ~290 μl (rat) to ~40 μl (mouse) to 2 nl (larval zebrafi sh), the general organization 
of the ventricular system appears to be remarkably preserved (Fig.  A.13e ).

    It is often necessary to differentiate the CSF from brain interstitial fl uid. The inter-
stitial fl uid of the CNS is contained within narrow extracellular spaces (ECS), 
approximately 40–60 nm in width on average, that exist between neurons and glia. 
Interstitial fl uid is in contact with the CSF at the ventricular surfaces as well as the 
pial surfaces facing the subarachnoid space. The ECS occupies about 20 % of the 
total tissue volume in most brain areas of normal, adult animals. The ECS is critical 
to the distribution of neurotransmitters, nutrients, and all drugs within the CNS. 
Diffusion is an essential mechanism for the extracellular transport of most substances 
through the brain interstitial fl uid. Diffusion is extremely fast and effi cient over short 
distances like the synaptic cleft (~15 nm) and quite effective even for distances span-
ning a few cell bodies (~10–100 μm), but it can be quite limiting over the larger dis-
tances often necessary for effective drug distribution from the ventricular or the pial 
brain surfaces or from a syringe placed directly within the brain parenchyma. Neurons 
are rarely further than ~10–20 μm from their closest neighboring brain capillaries 
likely because the effi cient diffusion of O 2 , nutrients (e.g., glucose), and other mole-
cules into the brain across the blood–brain barrier has necessitated such organization. 
While the composition of the CSF and brain interstitial fl uid are generally thought to 
be quite similar, this may be strictly true only near the interface at the ventricular and 
pial surfaces, for at least two reasons: (1) diffusion is thought to greatly limit the 
exchange at distances greater than a few mm from these surfaces, and (2) certain 
components of the interstitial fl uid (e.g., the extracellular matrix) are bound to cell 
surfaces and therefore not freely available for exchange. There is some evidence that 
convective transport (also referred to as bulk fl ow) of brain extracellular and cerebro-
spinal fl uids can occur along certain preferential pathways within the CNS, e.g., 
within the perivascular spaces and possibly also along axon tracts, but interstitial fl uid 
transport within the neuropil ECS of gray matter is likely restricted to diffusion. 

   Table A.5    Approximate physiological parameters for the cerebrospinal fl uids (CSF) and 
ventricular systems of adult humans and rats   

 Parameter  Human  Rat 

 Ventricular CSF volume  25 ml  10–12 μl 
 Subarachnoid space CSF volume  115 ml  190 μl 
 Total CSF volume  140–150 ml  200–300 μl 
 CSF secretion rate  350–370 μl/min  2–5 μl/min 
 Rate, % per minute (turnover time)  0.3–0.4 (6–7 h)  0.7–1.7 (1–2.5 h) 

Appendix



706

 Finally, it is important to appreciate the bony cranial compartment that the CNS 
tissue, CSF, and cerebrovasculature all occupy as it is rigid and unaccommodating 
of volume expansions except early in life. Given that the entire cerebrovascular sys-
tem occupies about 2–5 % of the total tissue volume and the CNS extracellular space 
occupies about 20 % tissue volume, a normal adult human being with a brain and 
spinal cord weighing 1,300 g will have approximately 150 ml cerebrospinal fl uid, 
260 ml interstitial fl uid within the extracellular space, and 30–70 ml of cerebral 
blood. It is therefore easy to appreciate the rising intracranial pressure that often 
results from a signifi cant expansion of the CSF compartment (e.g., hydrocephalus), 
brain tissue compartment (e.g., a growing primary or metastatic brain tumor), or 
cerebral blood compartment (e.g., intracerebral or subarachnoid hemorrhage).  

    A.5 Conclusions 

 The brain is the most complex organ of the body. It directs our communication with 
the external world, what we do to our surroundings through our behaviors and what 
we perceive of our surroundings through our senses. It also monitors and controls 
our internal world, maintaining the delicate, exquisite balance among our internal 
organs that is necessary for sustained life. Any of these functions may be affected 
by disease or injury. It is in this context that it becomes necessary to consider how 
and where to deliver drugs to restore or improve the human condition. This chapter 
has attempted to summarize and briefl y introduce the fi rst considerations one must 
make in contemplating drug delivery to the brain, namely, to account for its diverse 
structure, function, and physiology. 
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 P-gp/BCRP substrates , 355  
 protein content , 208  
 small molecules , 416  
 subarachnoid space , 413  
 thrombolytics , 650  
 transport, BCSFB   ( see  Blood–CSF barrier 

(BCSFB)) 
 unilateral ICV administration , 512, 513  
 ventricular system 

 arachnoid projections , 703, 704  
 buoyancy force , 702  
 extracellular spaces (ECS) , 705–706  
 physiological parameters , 705  
 thalamus and hypothalamus , 703, 704   

  Cerebrovasculature 
 anterior and posterior circulations , 699  
 arterial supply , 702, 703  
 capillary abundance , 697  

Index



716

 Cerebrovasculature (cont.) 
 carotid and vertebral arteries, blood supply , 

697–698  
 cerebral arteries , 699–700  
 cerebral veins , 702  
 glucose and oxygen delivery , 697  
 neurons , 697  
 watershed/borderzone regions , 700, 701   

  Chemotherapy , 44, 447, 457, 520, 523, 524, 
530, 533–539, 663–665, 675   

  Chitosan , 423   
  Choroid plexus , 4, 10, 11, 14, 17, 25, 45, 

47–50, 105, 112–118, 151, 170, 
184–185, 638, 703  

 antioxidant systems , 115–116  
 detoxifi cation reactions , 113  
 functions , 112  
 location , 112  
 phase I metabolism 

 alcohol dehydrogenase , 114  
 CYP-dependent monooxygenase 

activities , 113–114  
 EH activity , 114  

 phase II metabolism 
 choroidal activity, UGT1A 

isoenzymes , 114  
 detoxifi cation, SULT1A1 , 115  
 immunoreactivity, GSTs , 115  

 phase III metabolism , 115  
 rat , 113   

  Choroid plexus epithelial (CPE) cells , 
184–185   

  Ciprofl oxin , 475   
  Circle of Willis , 699, 700   
  Cisplatin , 526, 663   
  Citalopram , 282   
  Clinical development , 357, 378, 379, 384–385, 

387, 391, 393, 436, 448, 449, 469  
 drug delivery, neurodegenerative disease , 

549–551  
 FUS-facilitated BBB opening , 552  
 neurodegenerative disease , 549   

  Clinical trials , 64, 301, 366–368, 377, 380, 
385, 390, 418, 419, 435, 469, 477, 
495, 507–510, 638, 644, 650, 658, 
671, 673, 675   

  Clomipramine , 36   
  Clonazepam , 599   
  Clonidine , 28, 36   
  CNS.    See  Central nervous system (CNS)  
  Commercial potential, BBB delivery 

 CNS gene therapy , 392  
 intranasal delivery , 388–389  
 nanocarriers , 389–390  

 neurosurgical direct delivery approaches , 
391–392  

 receptor-mediated approaches 
 transient disruption , 392   

  COMT.    See  Catechol-O-methyl transferase 
(COMT)  

  Convection-enhanced delivery (CED) , 458, 
502–511, 515, 524, 671, 673–674  

 biophysical properties , 503  
 brain parenchyma , 506–507  
 brain’s perivascular spaces , 503  
 cannula placement guidelines , 507–508  
 CNS delivery technique , 503  
 fl uid pressure gradient , 503  
 infusion catheter design , 506  
 infusion setup , 503, 504  
 MRI-guided placement, cannula , 508–510  
 real-time convective delivery , 503–505  
 simulation algorithm, RCD , 510–511   

  Convection enhanced drug delivery.    See  
Convection-enhanced delivery 
(CED)  

  Copaxone , 577, 599   
  Cost of goods , 383, 384, 386–389, 391, 

393, 437   
  CPE.    See  Choroid plexus epithelial 

(CPE) cells  
  Cranial nerves , 13, 403, 411, 691, 692   
  Cremophor , 439   
  CSF.    See  Cerebrospinal fl uid (CSF)  
  CSF  vs.  brain ISF pharmacokinetics 

 correlation, human and rat , 151  
 drug selection , 150  
 K p,uu,brain  and K p,uu,CSF , rat , 150–151  
 location and expression, P-gp , 151  
 timing, dosage and sampling site , 

151–152  
 unbound brain concentrations , 149–150   

  C u,brain  , 86, 91, 127, 140, 276, 282, 289, 304, 
356, 358, 359, 362   

  Cyclophosphamide , 535   
  Cyclosporine , 152, 364, 665   
  Cyproheptadine , 35   
  Cytosolic-to-interstitial fl uid unbound drug 

concentration ratio , 292    

  D 
  Dalargin , 473   
  Dalfampridine , 599   
  Dantrolene , 599   
  Dasatinib , 38   
  Daunorubicin , 435   
  Daunoxome , 435   
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  DDI.    See  Drug-drug interactions (DDI) 
Deferoxamine, 417  

  Defi nity® , 548, 553, 554   
  Delivery.    See  Brain drug delivery  
  Deltorphin II , 43   
  DepoCyt® , 435   
  Developmental change , 84–85   
  Dexamethasone , 87, 92, 104, 644   
  Dextran , 552, 556   
  Diaminobenzidine , 420–421   
  Diazepam , 87, 92, 147, 200, 599   
  Diclofenac , 47   
  Digoxin , 87, 92   
  Diphenhydramine , 35   
  Dizocilpine , 603   
  DMEs.    See  Drug metabolising enzymes 

(DMEs)  
  Donepezil , 29, 35, 575, 595   
   l -Dopa , 30, 31, 366, 460, 575, 600, 601, 609, 

617–619, 648   
  Dopamine-D2 receptor inhibition, PKPD 

 human brain , 252  
 intravenous administration, rats 

 development , 252–254  
 prediction, human , 255–256   

  Doxil , 435, 439, 448   
  Doxorubicin , 391, 434, 435, 437, 439, 444, 

449, 460, 464, 468, 471–473, 
475, 552   

  Drug delivery.    See  Brain drug delivery 
 treatment, brain tumors   ( see  Brain tumors) 
 vincristine penetration , 521   

  Drug discovery , 51, 65, 79, 93, 129, 138, 147, 
150, 157, 200, 321, 658  

 approaches , 276  
 BBB and BCSFB   ( see  Blood–CSF barrier 

(BCSFB)) 
 BDDCS class 1 drugs , 340, 345  
 Big Pharma companies , 366  
 brain homogenate   ( see  Brain homogenate 

method) 
 brain penetration   ( see  Brain penetration) 
 CNS drug delivery , 273–274  
 complications, CNS drugs , 305  
 correlations, brain levels, potency and 

effi cacy , 343  
 CSF levels , 354–355  
 development and programs , 273, 274  
 drug–transporter interactions , 363–366  
 effl ux and infl ux transporters , 305  
 extent of BBB transport , 274–275  
 fraction unbound, brain tissue , 351–352  
 “free drug hypothesis” , 344  
 function and diseases , 340  

  in vitro  and  in vivo  testing , 341, 342  
 ISF levels and microdialysis , 344  
 K p,brain , K p,uu,brain  and C u,brain  , 352–354  
 K p,uu,brain  estimation   ( see  K p,uu,brain ) 
 “lipid escalator” , 345  
 MDCK-MDR1 cells , 341  

 mode of action and effi cacy , 340–341  
 morphine-6-glucuronide , 344  

 non-CNS projects   ( see  Non-CNS 
projects) 

 optimisation , 346–347  
 permeability and susceptibility, drug 

effl ux , 350–351  
 permeability and transport rate, 

BBB , 274  
 PKPD modeling , 305  
 PET imaging , 368  
 P-gp effl ux pump , 343  
 P-gp substrates and non-substrates , 345  
 PKPD   ( see  Pharmacokinetics-

pharmacodynamics (PKPD)) 
 psychiatric disorders , 340  
 reasons for failure , 340  
 selection and optimization, compounds , 

305  
 slice method   ( see  Brain slice method) 
 translation, NCEs 

 brain exposure assessment , 
303–304  

 brain tissue binding assays , 
301–303  

 unbound brain concentration , 
344–345, 367  

 unbound drug distribution , 275   
  Drug exposure , 200, 201, 676  

 characteristics, CNS drugs , 324, 325  
 classifi cation approaches , 320–321  
 CNS + /CNS - classifi cation , 330–332  
 compound selection , 321  
 description , 334–335  
 drug design strategies , 333–334  
 experimental data, molecular descriptors , 

322–323  
 hydrogen bonding , 324  
 hydrophilic beta-blocker atenolol , 318  
  in silico  modellers , 324–325  
 K p,uu,brain    ( see  K p,uu,brain ) 
 logBB , 319–320  
 molecular descriptors , 321–322  
 octanol–water partitioning coeffi cient 

(LogP) , 324  
 permeability surface area product 

(PS) , 320  
 validation , 323   

Index



718

  Drug infusion 
 CED , 503–511  
 CSF , 511–514  
 direct brain administration, 

therapeutics , 502  
 intravenous/intra-arterial 

approaches , 502  
 PD , 501   

  Drug interactions , 41, 152, 221, 292, 300, 
341, 363   

  Drug metabolising enzymes (DMEs) , 364   
  Drug metabolism , 73, 186, 349, 359, 360, 

363, 364  
 BBB   ( see  Blood–brain barrier (BBB)) 
 BCSFB and ependyma   ( see  Blood–CSF 

barrier (BCSFB)) 
 cerebral 

 assessment , 117–118  
 brain , 104, 106  
 cell types and sites, parenchyma , 

102, 105  
 multiphase process , 102  
 neurotoxicity , 117  
 pathways , 102, 103  
 xenobiotics , 101–102, 104  

 choroidal DME isoforms , 118  
 detoxifi cation processes , 118  
 enzyme activities , 104, 117, 118   

  Drug pricing 
 clinical development , 384–385  
 clinical effi cacy , 385–386  
 commercial potential , 382–384  
 companies and investors , 381  
 complexity , 388  
 dose amount and frequency , 386–387  
 manufacturing costs and economy of 

scale , 387  
 patients and society benefi t , 381  
 preclinical safety , 385  
 safety and effi cacy , 382  
 untreated illness , 382   

  Drugs 
 IN   ( see  Intranasal (IN) drug delivery) 
 ABC transporters , 538  
 BBB kinetic analyses and microdialysis , 

205–206  
 bio-distribution , 214  
 brain distribution   ( see  Brain distribution) 
 CNS penetrability , 172  
  in vitro  models, BBB   ( see In vitro  models) 
 infusion   ( see  Drug infusion) 
 macromolecular , 227  
 nanocarriers   ( see  Nanocarriers) 
 NCEs , 164  

 neuro-oncology , 539  
 pharmacological agent , 168  
 steady-state approaches , 221  
 transport and availability , 200  
 tyrosine kinase inhibitors,  366   

  Drug targeting , 27, 50, 214, 215, 217, 
223–224, 306, 340, 343, 346, 347, 
367, 461, 539, 580, 582   

  Drug-target interactions 
 dose-receptor occupancy , 224  
 imaging tools , 223  
 PET radiotracers and probes , 223  
 receptor occupancy , 223  
 single-dose PET occupancy , 224  
 time and money , 224   

  Drug transport 
 active effl ux transporters , 665, 668  
 biochemical disruption , 664  
 chemical modifi cations , 662  
 chemotherapeutic agents , 661  
 clinical impacts , 668, 669  
 CNS lymphoma , 668  
 high-dose chemotherapy (HD-CTx) , 665, 

666, 668  
 nanocarriers 

 “drug traffi cking” , 669  
 exosomes , 670–671  
 nanoparticles , 669–670  
 requirements , 670  

 osmotic disruption , 663–664, 667  
 PKPD relationship 

 BBB   ( see  Blood–brain barrier 
(BBB)) 

 BCSFB , 242–243  
 doses , 238, 240  
 impacts , 243–244  
 intracerebral distribution   ( see  

Intracerebral distribution, PKPD) 
 multiple active transport mechanisms , 

238, 239  
 pathologic conditions , 243  
 target interaction and signal 

transduction , 238, 239  
 plasma concentration , 662–663  
 ultrasound mediated disruption , 

664–665, 667   
  Drug-transporter interactions (DTI) , 15, 50, 

80, 82, 115, 185, 332  
 DMEs and P-gp , 364  
 evaluation , 365  
 ITC White Paper on transporters , 365  
 liver and kidneys , 364–365  
  L -system amino acid , 366  
 NCE and co-medication , 363    
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  E 
  ECF.    See  Extracellular fl uid (ECF)  
  Effl ux , 79, 82, 84, 85, 89, 93, 110, 117, 576  

 clearance , 31, 134, 135, 140, 142, 147, 148  
 Lat1/Slc7a5 , 31  
 PGE 2  , 31  

  in situ  brain perfusion   ( see In situ  brain 
perfusion) 

 transporter   ( see  Brain-to-blood effl ux 
transport systems)  

  Elacridar , 665   
  EMA.    See  European Medicine Agency (EMA)  
  Emedastine , 35   
  Endocytosis , 640   
  Endogenous substrate , 29–32, 51, 110   
  Endothelial cells, BBB 

  in vitro  BBB models   ( see In vitro  BBB 
models) 

 ligands 
 delivery vectors , 472–473  
 receptors , 471  

 LRP , 463–471  
 sdAb , 471–472   

  Enfuvirtide , 388   
  Engineering technologies, BBB 

 acoustic parameter dependence , 555–556  
 brain drug delivery , 566  
 clinical relevance , 549–552  
 drug delivery , 552  
 emission signal acquisition and 

analysis , 555  
 FUS and microbubbles , 553–554  
 large animals , 562  
 microbubbles, contrast ultrasound and 

bioeffects , 548–549  
 molecular delivery study , 556–558  
 MRI , 554  
 neuronal pathways , 566  
 neurotrophic delivery, FUS-induced 

opening , 562, 564–565  
 nonhuman primates and humans , 566  
 opening, FUS and microbubbles , 547–548  
 physiology , 546  
 properties , 560–562  
 safety and reversibility , 559–560   

  Enzyme replacement therapy (ERT) , 466   
  Enzymes , 4, 9, 11–13, 15, 73, 76, 94, 102, 

103, 106, 117, 168, 185, 287, 290, 
359, 363, 434, 458, 462, 466–467, 
511, 512, 574, 593, 595, 601, 604, 
609, 642   

  Epilepsy , 11, 15, 25, 110, 177, 244, 361, 
549–550, 575, 576, 606, 610, 
612, 614   

  Equilibrium dialysis , 93, 135, 147, 205, 275, 
276, 281   

  Erlotinib , 39, 79   
  ERT.    See  Enzyme replacement therapy (ERT)  
  Ethanol , 200   
  Etoposide , 468, 535   
  European Medicine Agency (EMA) 

 drug formulation , 435  
 FDA , 437   

  Evans Blue , 552   
  Exelon , 595   
  Exosome nanovesicles , 670–671   
  Exposure screen , 349   
  Expression drug metabolizing enzymes , 73, 

107, 117, 118, 360   
  Extavia , 577   
  Extent of 

 BBB transport , 240, 241, 244, 274, 354  
 brain drug delivery , 550, 551, 562, 

566, 582  
 brain penetration , 132–133, 352, 367   

  Extracellular fl uid (ECF) 
 AUC ratios , 417  
 brain , 240  
 ISF   ( see  Interstitial fl uid (ISF)) 
 plasma area , 416–417   

  Extracellular space , 112, 287, 529, 646, 647, 
649, 660–663, 705, 706    

  F 
  Felbamate , 604   
  Fentanyl , 29, 43, 248–249   
  Fibrates , 104   
  Flavopiridol , 39   
  Flecainine , 36   
  Fluoroquinolone , 241   
  Fluvoxamine , 36   
  Focused ultrasound (FUS) , 392, 547–554, 556, 

557, 559, 562–564, 566, 567  
 microbubbles , 547–548  
 neurotrophic delivery, FUS–induced 

opening , 562, 564–564  
 therapeutic delivery , 562, 564–565   

  Fraction of unbound drug , 91–93, 225, 325, 
344–345, 351–352  

 in brain homogenat (f u,brain ) , 93, 132, 133, 
135, 139, 144, 275–281, 289, 293, 
294, 301, 351, 352, 354  

 in plasma (f u,plasma ) , 86, 91, 93, 133, 135, 
139, 143, 149, 206, 275, 280, 295, 
298, 352, 359–360   

  Free drug hypothesis , 298, 320, 344   
  Frontal lobe , 406, 694   
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  f u,brain .    See  Fraction of unbound drug  
  Funding , 376–379, 384–385, 392   
  f u,plasma .    See  Fraction of unbound drug  
  FUS.    See  Focused ultrasound (FUS)  
  Fuzeon , 388    

  G 
  Gabapentin , 30, 144, 243, 244, 295–297   
  Gadomer diffusion process , 529   
  Galantamine , 35, 595   
  Ganciclovir , 282   
  Gd-DTPA.    See  Graphic depicting the 

Magnevist (Gd-DTPA)  
  GDNF.    See  Glial cell line-derived 

neurotrophic factor (GDNF)  
  Gefi tinib , 38, 79   
  Gene delivery , 469, 485–486, 491, 493–496   
  Gene therapy , 392, 402, 439, 485–496, 502, 

505, 506, 508, 511, 513  
 AAV9-hNAGLU , 493–494  
 AAV serotypes , 487–488  
 BBB , 487–491  
 focal neurologic diseases , 486  
 gene expression , 485  
 mouse disease models , 496  
 scAAV9-SMN , 493  
 self-complementary AAV vectors , 486–487  
 systemic intravascular delivery , 487  
 system-wide diseases , 486  
 transient disruption, blood-brain 

barrier , 487  
 translational research , 495  
 vector system , 495  
 viruses and techniques , 491–492   

  Gene vectors , 404, 416, 421–422, 456   
  GFAP.    See  Glial fi brillary-associated protein 

(GFAP)  
  Gilenya , 577   
  Glial cell line-derived neurotrophic factor 

(GDNF) , 512   
  Glial fi brillary-associated protein (GFAP) , 467   
  Glioblastoma , 79, 402, 438, 463, 467, 469, 

502, 535, 537, 659–661   
  Glioma , 79, 108, 422, 435, 477, 511, 521–522, 

537, 539–540, 663, 665, 675, 676  
 BBB permeability , 521  
 BTB and CNS , 521–522  
 drug delivery , 521  
 fl uorescein micro-angiograms , 522  
 glial tumor , 521   

  Glucocorticoids , 644   
  Glutathione-S-transferases (GSTs) , 103, 

109–110   
  GSTs.    See  Glutathione-S-transferases (GSTs)   

  H 
  Herceptin , 552   
  hPSCs.    See  Human pluripotent stem cells 

(hPSCs)  
  Human 

 brain concentrations , 223  
 CNS   ( see  Central nervous system (CNS)) 
 CSF , 650  
 disease , 380  
 drug candidates , 222  
 drug concentrations , 320  
 drug delivery systems , 441  
 fl uorescein micro-angiograms , 522  
  in vivo  imaging , 205  
 immunodefi ciency virus , 388  
 intranasal administration , 649  
 manufacturing and safety data , 378  
 models , 176–177  
 nasal cavity , 405  
 oxytocin , 418  
 PET scanner , 214  
 PKPD   ( see  Pharmacokinetic-

pharmacodynamic (PKPD) 
modeling) 

 pluripotent stem cells , 647  
 positron emission tomography (PET) , 331  
 rats , 406  
 rodent models , 209  
 standard therapy-failure , 435  
 vascular cerebral system , 532   

  Human pluripotent stem cells (hPSCs) , 186   
  Huntington’s disease (HD) , 550, 591, 594, 

597–598, 610, 692   
  Hypothermia , 645, 650    

  I 
  ICH.    See  Intracerebral hemorrhage (ICH)  
  Imaging 

 brain tissue , 446  
 cellular/organ physiology , 225  
 drug infusion , 503–505  
  in vivo  , 205  
 live cell , 186  
 PET   ( see  Positron emission tomography 

(PET)) 
 tracers , 166   

  Imagent , 548   
  Imatinib , 38, 79   
  Imipramine , 36   
  Implanted polymers , 673   
  Indinavir , 87, 92   
  Indomethacin , 47   
  IN drug delivery.    See  Intranasal (IN) drug 

delivery  
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  Intranasal (IN) drug delivery 
 cell-based therapies to CNS,  422  
 gene vectors and oligonucleotides to CNS,  

421–422  
 peptides/proteins to CNS,  417–421  
 small molecules , 416–417   

  Infl ammatory disorders 
 ABC-transporter function , 574  
 BBB 

 ABC transporters , 581–582  
 adhesion molecule expression , 581  
 adsorptive-mediated endocytosis , 580  
 paracellular transport , 579  
 receptor-mediated endocytosis , 580  

 CNS disorders , 574–578  
 drug delivery strategies , 583  
 neuro-infl ammatory conditions , 582  
 transport and receptor systems , 582   

  Infl ux clearance , 31, 131, 135, 138, 154, 218   
  Infl ux transporter , 29, 43, 50, 242, 304, 

305, 647  
 Cat1/Slc7a2 , 33  
 concentrative nucleoside transporter (Cnt1/

Slc28a1) , 33  
 Crt/Slc6a8 , 33  
 drug delivery , 29  
 GLUT1/SLC2A1 , 32  
 guanidinoacetate , 33  
 Lat1/Slc7a5 , 29–32  
 Mct1/Slc16a1 , 33  
 organic cations   (see Organic cations)  

   In silico  , 68–70, 75, 136, 181, 200, 295, 310, 
321, 324, 326, 330, 332–334, 341, 
347, 348, 361   

   In situ  and  in vivo  animal models 
 BBB system , 200  
 brain drug distribution experiments   

( see  Brain distribution) 
 brain perfusion and effl ux index , 

207–208  
 brain uptake and BBB PS , 206–207  
 brain vascular correction , 207  
 CSF , 208  
 drug transport , 200  
 free  vs.  total drug , 205–206  
 lipophilic solutes , 200  
 systemic administration method 

 brain tumor uptake , 203, 204  
 “gold standard” approach , 202  
 intravenous diagram , 203  
 primates/humans , 205  
 time course, drug concentration , 

203, 204  
 vascular endothelium , 200   

   In situ  brain perfusion , 132, 135–138, 141, 
183, 184, 207–208, 445, 697  

 blood fl ow and drug concentration , 207  
 brain-to-plasma effl ux , 207  
  in vivo  analysis , 207  
 setup , 207, 208  
 transient nature , 207–208   

  Insulin receptor (IR) , 461   
  Intellectual property , 381   
  Intercellular adhesion molecule 1 

(ICAM-1) , 605   
  Inter-individual difference, protein expression 

levels , 80–81, 83–84, 94   
  Interspecies differences , 65, 78–83, 247, 303  

 ASCT1 and ASCT2 , 83  
 BCRP protein expression , 79  
 CNS , 82  
 drug development, humans and 

experimental animals , 78  
 EAATs , 83  
 endogenous compounds , 82  
  L- glutamic acid ( L -Glu) and  L -aspartic 

acid ( L -Asp) , 82–83  
 MDR1 expression , 79  
 MRP4 and OAT3 , 79, 82  
 neurological abnormalities , 82  
 OATP , 82  
 protein expression levels, transporters and 

receptors , 79–81   
  Interstitial fl uid (ISF) 

 CSF , 13–15, 200  
 diffusion rate , 352, 353  
 nonsteady-state conditions , 208  
 pharmacodynamic studies , 205  
 therapeutic concentrations , 200   

  Intra-brain distribution , 131, 132, 234, 
235, 256–257, 351, 592, 604, 
611, 619  

 brain homogenate , 144–145  
 brain slice , 145  
 interpretations and caveats , 145–146  
 measurement , 143  
 microdialysis , 143, 144  
 patterns , 143–146   

  Intracavitary drug delivery , 671, 674–675   
  Intracellular brain concentration , 612   
  Intracellular drug distribution 

 brain slice and homogenate data , 146–147  
 concentrations , 146  
 estimation, extent of cellular barrier 

transport , 288–290  
 intracerebral distribution, NCEs , 286–287  
 ligand-target interactions , 288  
 lipoproteins and phospholipids , 288  
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 Intracellular drug distribution (cont.) 
 lysosomal trapping   ( see  Lysosomotropism/

lysosomal trapping) 
 neurocompartments, BBB transport , 

286, 287  
 partition, nonspecifi c plasma 

membrane , 288  
 patterns, intracerebral unbound drug 

 concentration ratio , 297  
 gabapentin , 295, 297  
 lysosomal trapping , 295  
 NCEs and side effects , 297  
 physicochemical properties , 295, 296  
 salicylic acid , 295  
 thioridazine , 295   

  Intracerebral distribution, PKPD , 241–242   
  Intracerebral hemorrhage (ICH) , 637, 638, 

643, 645  
 Intranasal (IN) drug delivery, 388–389
BBB and BCSFB , 402  
 to brain   ( see  Brain) 
 calcitonin , 403  
 cell-based therapies to CNS , 422  
 chronic administration , 402  
 clinical application , 403  
 CNS targeting   ( see  Central nervous system 

(CNS)) 
 delivery technique, CED   ( see  Convection- 

enhanced delivery (CED)) 
 epithelial transporter , 403  
 gene vectors and oligonucleotides to CNS,  

421–422  
 lipophilic molecules , 402  
 nasal anatomy and physiology , 404  
 nasal passages   ( see  Nasal passages) 
 olfactory and trigeminal pathways , 

402, 403  
 peptides/proteins to CNS,  417–421  
 small molecules,  416–417  
 TJ protein complexes , 402   

  Inverted terminal repeat (ITR) sequences , 486   
  Investment , 376–379, 381–387, 390, 391, 393   
   In vitro  BBB models 

 drug permeability assay , 181–182  
 endothelial cell-astrocyte co-culture 

models , 164, 165  
 epithelial CNS barriers 

 arachnoid epithelial cells , 185–186  
 CPE cells , 184–185  

 hPSCs   ( see  Human pluripotent stem cells 
(hPSCs)) 

 immortalized brain endothelial cell lines 
 applications , 179–180  
 bovine and porcine cell lines , 177  

 human cell lines , 179  
 rat and mouse cell lines , 178–179  

 isolated brain capillaries , 173–174  
 isolated brain microvessels , 164  
 IVIVC   ( see In vitro - in vivo  correlations 

(IVIVC)) 
 primary and low passage brain endothelial 

cells , 174–177  
 protocols , 165  
 selection , 183–184  
 tri-culture, dynamic fl ow and 3-D models , 

180–181   
   In vitro-in vivo  correlations (IVIVC) 

 BUI/permeability data , 184  
 water layer, paracellular permeability 

and intrinsic permeability 
calculation , 184   

  ISF.    See  Interstitial fl uid (ISF)  
  IVIVC.    See In vitro-in vivo  correlations 

(IVIVC)   

  K 
  Ketamine , 36   
  Ketoprofen , 30, 31, 40   
  Ketotifen , 35   
  K p,brain  

 BBB PS , 203  
 brain distribution volume/partition 

coeffi cient , 201  
 equilibrium drug distribution , 202  
 K p,uu,brain , distribution , 225, 326, 327  
 linear correlation coeffi cient , 

326, 328  
 logBB , 132, 138, 274, 298, 319–320, 

324–334, 336  
 measurement , 202  
 microdialysis , 320  
 PET nomenclature , 218  
 steady-state concentrations , 220   

  K p,free  , 133, 298   
  K p,uu,brain,   349, 352–355, 357–363, 367  

 acidic drugs , 330  
 assessment , 299–300  
 atenolol  vs.  propranolol , 328  
 benefi ts , 301  
 CNS drug discovery screening 

programs , 297  
 compartments and relevant concentration 

relationships , 301, 302  
 complexity , 301  
 distribution , 326, 327  
 “free-drug hypothesis” , 298  
 hydrogen bonding , 329  
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 identifi cation and selection, drug 
candidates , 298  

 interactions, molecular modelling , 333  
 Kappa2 values , 327, 330  
 K p,brain  , 330, 331  
 linear correlation coeffi cient, molecular 

descriptors , 326, 328  
 microdialysis , 298  
 molecular properties, 334, 335observed  vs.  

predicted rat, HBA , 326, 329  
 pH partitioning , 298–299  
 plasma protein binding , 300–301, 328–329  
 single-dose approach, industrial setting , 300  
 steady-state conditions , 297    

  L 
  Lamotrigine , 604, 612   
  Lapatinib, 38Lat1/Slc7a5 

 brain perfusion technique, rat , 30  
 effux transport and clearance , 31  
 features, 3D pharmacophore , 31  
 heterodimer forms , 29, 30  
 human and nonprimate BBB , 31–32  
  l -DOPA , 31  
 localization , 29–30  
 permeability , 30  
 pro-drug approach , 30–31  
 saturation, endogenous amino acids , 31  
 structures , 30  
 thyroid hormones , 30   

  LBD.    See  Ligand binding domains (LBD)  
  LC-MS/MS.    See  Liquid chromatography–

tandem mass spectrometry 
(LC-MS/MS)  

  Levetiracetam , 604   
  Levitiracetam, 613
Lidocaine , 36, 417   
  Ligand binding domains (LBD) , 463   
  Ligands , 9, 31, 38, 42, 65, 85–86, 111, 117, 

223, 288, 390, 434, 437, 439–441, 
446, 447, 450, 459, 460, 463–473, 
477, 581, 583, 594, 597, 674   

  Liposomes , 390–391, 415, 435–439, 442, 443, 
445, 446, 448, 460, 461, 463, 472, 
503, 506, 669  

 blood–brain barrier , 438  
 choice, lipids , 438  
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