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Abstract

The blood-brain barrier (BBB) is a dynamic
barrier essential for maintaining the microen-
vironment of the brain. Although the special
anatomical features of the BBB determine its
protective role for the central nervous system
(CNS) from blood-borne neurotoxins, how-
ever, the BBB extremely limits the therapeu-
tic efficacy of drugs into the CNS, which
greatly hinders the treatment of major brain
diseases. This chapter summarized the unique
structures of the BBB; described a variety
of in vivo and in vitro experimental methods
for determining the transport properties of the
BBB and the permeability of the BBB to
water, ions, and solutes including nutrients,
therapeutic agents, and drug carriers; and pre-
sented recently developed mathematical mod-
els which quantitatively correlate the anatomi-
cal structures of the BBB with its barrier func-
tions. Recent findings for modulation of the
BBB permeability by chemical and physical
stimuli were described. Finally, drug delivery
strategies through specific trans-BBB routes
were discussed.
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1 Introduction

The most complicated and amazing organ in
our body is the brain. It contains ~100 billion
neurons and ~1 trillion glial cells (supporting
cells in the brain including astrocytes, oligoden-
drocytes, microglia, and ependymal cells). Along
with a tremendous amount of blood vessels, these
cells and surrounding extracellular matrix form
a highly complex, though well-organized, 3-D
interconnecting arrays. In order to perform its
highly complicated tasks, the brain needs a sub-
stantial amount of energy to maintain electrical
gradients across neuronal membranes and con-
sequently requires a sufficient supply of oxy-
gen and nutrients. Although it only accounts
for ~2% of the body weight, the brain uses
~20% of the blood supply. The blood is delivered
through a complex network of blood vessels
that runs >650 km and passes a surface area
of ~20 m?. The mean distance between adja-
cent capillaries is ~40 pm, which allows almost
instantaneous equilibration in the brain tissue
surrounding the microvessels for small solutes
such as glucose, amino acids, vitamins, oxygen,
etc. However, unlike peripheral microvessels in
other organs where there is a relatively free small
solute exchange between the blood and tissue,
the microvessels in the brain (cerebral microves-
sels) constrain the movement of molecules be-
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tween blood and the brain tissue (Abbott 1992;
Pardridge 1998). This characteristic provides a
natural defense against toxins circulating in the
blood, which, on the other hand, prevents the
delivery of therapeutic agents to the brain.

The vascular barrier system in the brain
consists of the blood-brain barrier (BBB) and
the blood-cerebrospinal fluid (CSF) barriers.
The blood-brain barrier (BBB) is the name for
the wall of the cerebral microvessels in the
brain parenchyma. At the surface of the brain
parenchyma, microvessels running in the pia
mater are called pial microvessels, which are
often used as in vivo models for studying the
BBB permeability. Due to its unique structure
that will be discussed in the next section, the BBB
maintains very low permeability to water and
solutes. In the middle of the brain parenchyma,
there are ventricular cavities (ventricles) filled
with cerebrospinal fluid (CSF) secreted by the
epithelial cells of choroid plexus (Brown et
al. 2004a, b; Engelhardt and Coisne 2011).
The choroid plexus is a highly vascular tissue
with leaky, fenestrated capillaries covered with
ependymal epithelium, which has relatively tight
junctions. The multicell layer between the blood
and the CSF in the choroid plexuses is called
the blood-CSF barrier. Since the area of the
BBB is about 1000 times that of the blood-CSF
barrier, it is more important to circumvent the
impermeability of the BBB for delivering drugs
to the brain (Pardridge 2007). The total surface
area of the BBB constitutes by far the largest
interface for blood-brain exchange, which is
between 12 and 18 m? for the average human
adult (Nag and Begley 2005). Unlike these
two tight blood barriers, the interface between
the CSF and brain tissue along the ependymal
surface of the ventricles and that between pia
mater and brain tissue, so called the brain-CSF
barriers, is rather leaky, implying a possible route
for drug delivery to the brain. The CSF is formed
by the choroid plexuses of the ventricles, passes
the ventricles to the subarachnoid space over the
pia mater, and is finally absorbed to the venules
in the dura mater through arachnoid microvilli
and arachnoid granulations (Redzic and Segal
2004). Recent studies (reviewed in Bakker
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Erik et al. 2016; Brinker et al. 2014) revealed
that the process of CSF absorption is far more
complicated than the previous view, due to the
discovery of brain lymphatic system (Aspelund
et al. 2015; Louveau et al. 2015; Greenwood
2017) and perivascular and paravascular
clearance mechanisms (Carare et al. 2008; Iliff
et al. 2013).

2 The Blood-Brain Barrier

The blood-brain barrier (BBB) is a unique dy-
namic regulatory interface between the cerebral
circulation and the brain tissue, and it is essential
for maintaining the microenvironment within the
brain. No other body organ so absolutely depends
on a constant internal microenvironment as does
the brain. In the brain, the extracellular concen-
trations of amino acids and ions such as Na™,
K*, and Ca*" must be retained in very narrow
ranges. If the brain is exposed to big chemical
variations for these molecules, neurons would
not function properly because some amino acids
serve as neurotransmitters and certain ions mod-
ify the threshold for neuronal firing. The BBB
also protects the central nervous system (CNS)
from blood-borne neuroactive solutes, such as
glutamate, glycine, norepinephrine, epinephrine,
and peptide hormones (Smith 2000), which can
increase with physiological changes (e.g., diet
and stress) and pathological changes (e.g., in-
jury and diseases). In addition, the BBB plays
a key role in facilitating the brain uptake of
essential nutrients like glucose, hormones, and
vitamins and larger molecules like insulin, leptin,
and iron transferring to sustain brain growth and
metabolism (Zhang and Pardridge 2001).

The term “blood-brain barrier” was coined by
Lewandowsky in 1900 while he demonstrated
that neurotoxic agents affected brain function
only when directly injected into the brain but
not when injected into the systemic circulation
(Lewandowsky 1900). Nevertheless, the first
experimental observation of this vascular barrier
between the cerebral circulation and the CNS
should date back to the 1880s, when Paul Ehrlich
discovered that certain water-soluble dyes, like
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trypan blue, after injected into the systemic
circulation, were rapidly taken by all organs
except the brain and spinal cord (Ehrlich 1885).
Ehrlich interpreted these observations as a lack
of the affinity of the CNS for the dyes. However,
subsequent experiments performed by Edwin
Goldmann, an associate of Ehrlich, demonstrated
that the same dyes, when injected directly into
the CNS, stained all types of cells in the brain
tissue but not any other tissues in the rest of
the body (Goldmann 1913). It took additional
70 years until this barrier was firstly localized
to cerebral microvascular endothelial cells by
electron microscopic studies performed by Reese
and Karnovsky (1967). Although the concept of
the BBB has continued to be refined over the
past several decades, the recent understanding
of the basic structure of the BBB is built on
the general framework established by their
studies in the late 1960s; more specifically, the
BBB exists primarily as a selective transport
barrier at the level of cerebral capillary
endothelium.

The anatomical structure of the blood-brain
barrier (BBB) is sketched in Fig. 1. The cir-
cumference of the BBB lumen is surrounded
by endothelial cells, the opposing plasmalemma
membranes of which are connected by tight junc-
tions. At the luminal surface of the endothelial
cell, there is a rather uniform fluffy glycocalyx
layer (Ueno et al. 2004; Haeren et al. 2016; Yoon
et al. 2017). This mucopolysaccharide structure
is highly hydrated in electrolytic solution and
contains large numbers of solid-bound fixed neg-
ative charges due to the polyanionic nature of
its constituents abundant in glycoproteins, acidic
oligosaccharides, terminal sialic acids, proteo-
glycan, and glycosaminoglycans aggregates. Per-
icytes attach to the abluminal membrane of the
endothelium at irregular intervals. In a periph-
eral microvessel, there is a loose and irregu-
lar basal lamina (or basement membrane) sur-
rounding the pericytes. In contrast, in the BBB,
pericytes and endothelial cells are ensheathed
by a very uniform basement membrane of 20-
100 nm thickness (Farkas and Luiten 2001),
which is composed of collagen type IV, heparan
sulfate proteoglycans, laminin, fibronectin, and
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other extracellular matrix proteins (Bakker Erik
et al. 2016). The basal lamina is contiguous with
the plasma membranes of astrocyte end feet that
wrap almost the entire abluminal surface of the
endothelium (Pardridge 1998).

In addition to the anatomical structures, the
BBB differs from the peripheral microvessels in
the following aspects. The mitochondrial con-
tent of the endothelial cells forming the BBB
is greater than that of such cells in all non-
neural tissues. It is suggested that this larger
metabolic work capacity may be used to maintain
the unique structural characteristics of the BBB
and/or by metabolic pumps that may require
energy to maintain the differences in compo-
sition of the cerebral circulation and the brain
tissue (Oldendorf et al. 1977). The BBB has
high electrical resistance, much less fenestration,
and more intensive junctions, which are respon-
sible for restricting paracellular passage of water
and polar solutes from the peripheral circula-
tion entering into the CNS (Butt et al. 1990;
Hawkins and Davis 2005). Between adjacent
endothelial membranes, there are junctional com-
plexes which include adherens junctions (AJs),
tight junctions (TJs), and possibly gap junctions
(Simard et al. 2003). The structure of the junction
complexes between endothelial cells is shown in
Fig. 2 (Kim et al. 2006; Abbott et al. 2010).
Both AJs and TJs act to restrict paracellular
transport across the endothelium, while gap junc-
tions mediate intercellular communication. AJs
are ubiquitous in the vasculature, and their pri-
mary component is vascular endothelial (VE)-
cadherin. They basically mediate the adhesion
of endothelial cells to each other and contact
inhibition during vascular growth and remodel-
ing. Although disruption of AJs at the BBB can
lead to increased permeability, TJ is the major
junction that confers the low paracellular per-
meability and high electrical resistance (Romero
et al. 2003). The tight junction complex includes
two classes of transmembrane molecules: oc-
cludins and claudins. These transmembrane pro-
teins from adjacent endothelia cells interact with
each other and form seals in the spaces between
adjacent endothelial cells. The cytoplasmic tails
of the transmembrane proteins are linked to the
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(A)

(B)

Fig. 1 Schematic of the three-dimensional view (a)
and cross-sectional view (b) of the blood-brain barrier
(BBB) or cerebral microvessel (the microvessel in
the brain) wall. In addition to other structures as in
a peripheral microvessel, the BBB is wrapped by

AP-Astrocyte Foot Process
BM-Basement Membrane
EN-Endothelial Hucleaus
TJ-Tight Junction
E-Endothelium
G-Glycocalyx layer
P-Pericyte

astrocyte foot processes (AP). BM, basement membrane
(or basal lamina); E, endothelial cell; EN, nucleus of
endothelial cell; P, pericytes; G, surface glycocalyx layer;
TJ, tight junction. Modified from (Li et al. 2010a, b)
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Fig. 2 Schematic of junctional complex in the paracellular pathway of the BBB. Modified from (Abbott et al. 2010)

actin cytoskeleton via a number of accessory pro-
teins such as members of the zonula occludens
family, ZO-1, ZO-2, and ZO-3.

A number of grafting and cell culture studies
have suggested that the ability of cerebral en-
dothelial cells to form the BBB is not intrinsic
to these cells, but the cellular milieu of the brain
somehow induces the barrier property into the
blood vessels. It is believed that all components
of the BBB are essential for maintaining func-
tionality and stability of the BBB. Pericytes seem
to play a key role in angiogenesis, structural
integrity, and maturation of cerebral microvessels
(Ballabh et al. 2004). The extracellular matrix of
the basal lamina appears to serve as an anchor for
the endothelial layer via interaction of laminin
and other matrix proteins with endothelial inte-

grin receptors (Moody 2006). It was suggested
that astrocytes are critical in the development
and/or maintenance of unique features of the
BBB. Additionally, astrocytes may act as mes-
sengers to or in conjunction with neurons in
the moment-to-moment regulation of the BBB
permeability (Ballabh et al. 2004).

3 Transport Pathways Across
the Blood-Brain Barrier

The BBB endothelial cells differ from those in
peripheral microvessels by more intensive tight
junctions, sparse pinocytic vesicular transport,
and much less fenestrations. The transport of
substances from the capillary blood into the
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Fig. 3 Transport pathways across the brain endothelial cell. Modified from (Neuwelt 2004)

brain tissue depends on the molecular size,
lipid solubility, binding to specific transporters,
and electrical charge (Moody 2006). Figure 3
summarizes the transport routes across the BBB
(Neuwelt 2004). Compared to the peripheral
microvessel wall, the additional structure of
the BBB and tighter endothelial junctions
greatly restrict hydrophilic molecules transport
through the gaps between the cells, i.e., the
paracellular pathway of the BBB, route A in
Fig. 3. In contrast, small hydrophobic molecules
such as O, and CO, diffuse freely across
plasma membranes following their concentration
gradients, 1i.e., the transcellular lipophilic
diffusion pathway, route C in Fig. 3. The BBB
permeability to most molecules can be estimated
on the basis of their octanol/water partition
coefficients (Sawchuk and Elmquist 2000). For
example, diphenhydramine (Benadryl), which
has a high partition coefficient, can easily cross
the BBB, whereas water-soluble loratadine
(Claritin) is not able to penetrate the BBB and
has little effect on the CNS (Kay 2000).
However, the octanol/water partition co-
efficients do not completely reflect BBB
permeability to solutes. Some solutes with low
partition coefficients that easily enter into the
CNS generally cross the BBB by active or

facilitated transport mechanisms, which rely
on ion channels, specific transporters, energy-
dependent pumps, and a limited amount of
receptor-mediated transcytosis. Glucose, amino
acids, and small intermediate metabolites,
for example, are ushered into brain tissue
via facilitated transport mediated by specific
transport proteins (route B in Fig. 3), whereas
larger molecules, such as insulin, transferrin,
low-density lipoprotein, and other plasma
proteins, are carried across the BBB via receptor-
mediated (route D) or adsorptive transcytosis
(route E). Some small molecules with high
octanol/water partition coefficients are observed
to poorly penetrate the BBB. Recent studies
suggested that these molecules are actively
pumped back into blood by efflux systems (route
F in Fig. 3). These efflux systems greatly limit
drug delivery across the BBB. For instance,
P-glycoprotein (P-gp), which is a member of
the adenosine triphosphate-binding cassette
family of exporters, has been demonstrated to
be a potent energy-dependent transporter. P-gp
contributes greatly to the efflux of xenobiotics
from the brain to the blood and has increasingly
been recognized as having a protective role and
being responsible for impeding the delivery of
therapeutic agents (Schuetz et al. 1996). The



Transport Across the Blood-Brain Barrier

organic anion transporters and glutathione-
dependent  multidrug  resistance-associated
proteins (MRPs) also contribute to the efflux
of organic anions from the CNS, and many
drugs with the BBB permeabilities that are lower
than predicted are the substrates for these efflux
proteins (Pardridge 1998; Abbott et al. 2010;
Neuwelt 2004; Begley 2007). While the brain
endothelium is the major barrier interface, the
transport activity of the surrounding pericytes
(Shimizu 2008), basement membrane, and
astrocyte foot processes (Fig. 1) (Wolburg-
Buchholz et al. 2009) also contributes to the BBB
barrier function under physiological conditions
and may act as a substitute defense if the primary
barrier at the endothelium is compromised (Li
et al. 2010a, b).

4 Quantification of Transport
Across the Blood-Brain
Barrier

4.1 Permeability

of the Blood-Brain Barrier

The same as a peripheral microvessel, the wall
of the BBB can be viewed as a membrane.
The membrane transport properties are often de-
scribed by Kedem-Katchalsky equations derived
from the theory of irreversible thermodynamics
(Curry 1983):

Jo=PRTAC+ (1 —o0p)CJ,
Jy = Ly (Ap — 64RT AC)

where Jg and J, are the solute and volumetric
fluxes and AC and Ap are the concentration and
pressure difference across the membrane. L, the
hydraulic conductivity, describes the membrane
permeability to water. P, the diffusive perme-
ability, describes the permeability to solutes. o¢
is the solvent drag or ultrafiltration coefficient
that describes the retardation of solutes due to
membrane restriction, and o 4, the reflection coef-
ficient, describes the selectivity of a membrane to
solutes. In many transport processes, o is equal
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to o4, and thus we often use o, the reflection
coefficient, to represent both of them. These three
coefficients can be determined experimentally
and theoretically. In addition to these quantita-
tive coefficients, there are other less quantitative
permeability indicators for the BBB, e.g., brain
uptake index (BUI) and brain efflux index (BEI)
(Pardridge 1998). In the following sections, in
vivo and in vitro experiments for determining
permeability of the BBB are introduced, as well
as the mathematical models.

4.2 Determination
of the Blood-Brain Barrier
Permeability In Vivo and Ex

Vivo

Several in vivo and ex vivo rat models have
been used for the study of the transport across
the BBB, including pharmacokinetic methods
(Cornford et al. 1992; Zlokovic et al. 1986),
intracerebral microdialysis (de Lange et al. 1999;
Zhang et al. 2017), positron emission tomogra-
phy (PET) (Elsinga et al. 2004), magnetic res-
onance imaging (MRI) (Wang et al. 2007), the
intravital microscopy study (Gaber et al. 2004),
occluding single microvessel measurement (Eas-
ton and Fraser 1994), and single microvessel
fluorescence imaging method (Yuan et al. 2009;
Shi et al. 2014a, b, ¢).

Pharmacokinetic methods are used to eval-
uate the delivery of a molecule from the sys-
temic circulation into the brain, in which the
amount of solute delivered to the brain can be
expressed by percentage of injected dose deliv-
ered per gram of the brain. Generally, a small
volume of buffered Ringer’s solution containing
the radiolabeled compound of interest and a ra-
diolabeled diffusible reference compound as an
internal standard (such as 3H-water) is injected
into the common carotid artery, or the internal
carotid artery, or the venule depending on dif-
ferent techniques. Then, the animal is sacrificed
5-15 s after injection, and the brain tissue and
the injection solution are analyzed to calculate
the brain uptake index (BUI), which is the ratio
of radiolabeled test compound/*H reference in
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the brain, divided by the ratio of radiolabeled
test compound/*H reference in the injection mix-
ture. Another permeability indicator, brain efflux
index (BEI), can also be determined using this
method: BEI = (amount of test compound in-
jected into the brain — amount of test compound
remaining in the brain)/amount of test compound
injected into the brain. The assumptions of these
models are (1) the reference compound is freely
diffusible across the BBB; (2) the drug does not
back-diffuse from the brain to the blood; and (3)
no metabolism of the compounds occurs before
decapitation. The advantage of these pharma-
cokinetic methods is fast, and many compounds
can be assessed in a short time, which is ideal
in the high-throughput setting. The major disad-
vantages are (1) brain extraction only occurs over
a limited time, making it difficult to accurately
determine the brain uptake index and (2) the
driving force for the transport is unknown.

Intracerebral microdialysis involves direct
sampling of brain interstitial fluid by a dialysis
fiber implanted into the brain parenchyma. The
concentration of compound that has permeated
into the brain following oral, intravenous, or
subcutaneous administration can be monitored
over time within the same animal. Any drug that
enters the brain interstitial fluid will permeate
into the physiological solution within the probe,
and the solution may be subsequently assayed by
an appropriate technique. The major advantage of
this technique is that it provides pharmacokinetic
profiles of drugs in the brain without killing
animals at different time points. One limitation
of this technique is that it greatly relies on
and limited by the sensitivity of the assay
technique (de Lange et al. 1999), since the solute
concentrations may be extremely low in the
dialysate. Another major disadvantage is that
insertion of the probe can result in chronic BBB
disruption.

More recently, various imaging techniques,
including positron emission tomography (PET)
and magnetic resonance imaging (MRI), have
been used to determine BBB permeability in
humans. PET is a noninvasive tracer technique
used to quantify the BBB extravasation. Mag-
netic resonance imaging (MRI) is also a nonin-
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vasive technique, but it is more qualitative than
quantitative. The major disadvantages for these
techniques include their inherent costs, labor in-
tensity, relatively low resolution (100 pm to
1 mm per pixel), and inability to differentiate
between parent compound and metabolites (Yuan
et al. 2009; Nicolazzo et al. 2006).

All of the abovementioned methods only mea-
sure certain indexes of relative permeability for
the drug uptake to the brain since they cannot de-
termine the driving force for the efflux. Because
it is hard to measure the BBB permeability in
brain parenchyma, the microvessels in pia dura
at the surface of the brain are often used in
in vivo BBB permeability study. Although pial
microvessels do not have the entire ensheathment
of astrocytes as those cerebral microvessels in the
parenchyma, the pial and cerebral microvessels
appear to have many morphophysiological prop-
erties in common. These include ultrastructural
characteristics, permeability of cell junctions to
electron-dense tracers, trans-endothelium electri-
cal resistance, and molecular properties of en-
dothelium. For these reasons, pial microvessels
are often used in the BBB permeability studies
(Allt and Lawrenson 1997).

Gaber et al. (2004) suggested a method to
measure clearance or leakage of drug out of the
pial microvessels rather than “true” permeability
of the microvessels to solute. Again, this method
cannot determine the driving force, the concen-
tration difference of the test solute across the
BBB. The occluding single microvessel measure-
ment is done directly on one single exposed pial
microvessel after the frontal craniotomy remov-
ing a small section of the skull and the dura
mater (Easton and Fraser 1994). This method
has well-controlled conditions including known
concentration difference across the microvessel
wall. However, recent study suggests that the
exposed rat pial microvessels become leaky to
both small and large molecules within 20—-60 min
following the craniotomy and the permeability
of the exposed microvessels rises sharply after
160 min (Easton et al. 1997).

To quantify the permeability of intact rat pial
microvessels and overcome the abovementioned
disadvantages, Yuan et al. (2009) developed a
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noninvasive method, without exposing the cortex,
to measure the solute permeability (P) of postcap-
illary venules on rat pia mater to various-sized
solutes. The pial microvessels were observed by
a high numerical aperture objective lens through
a section of frontoparietal bones thinned with
a micro-grinder (revised surgical method from
Easton et al. 1997). P was measured on individ-
ual pial venular microvessels with the perfused
fluorescence tracer solution through the carotid
artery by using highly sensitive quantitative flu-
orescence microscope imaging method. Their re-
sults indicate that the solute permeability of rat
pial microvessels is about an order of magnitude
lower than that of rat mesenteric microvessels,
from 1/11 for a small solute, sodium fluorescein,
to 1/6 for a large solute, albumin or dextran 70 k.
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Fig. 4 Quantitative multiphoton fluorescence  mi-
croscopy for the measurement of the BBB solute
permeability (a) and brain tissue diffusion coefficient
(b) for a rat cerebral microvessel ~200 wm below the
pia mater. The images were collected during the in vivo
experiments, and the fluorescence intensity was analyzed
off-line. When the fluorescence-labeled test solute was
injected into the carotid artery, the cerebral microvessel
lumen is filled with fluorescent solute, producing /y in
the dashed line enclosed area (ROI) in the left figure of
(a). With continued perfusion, the measured fluorescence
intensity increased indicating further transport of the
solute out of the microvessel and into the surrounding

The permeability of rat mesenteric microvessels
to these solutes was measured by Fu and Shen
(2004). Recently, by employing multiphoton mi-
croscopy with longer wavelength lasers for the
deeper penetration, the solute permeability of
cerebral microvessels in the rat parenchyma was
quantified as well as the solute brain tissue dif-
fusion coefficient (Shi et al. 2014a, b, c¢). Their
method is shown in Fig. 4. They found that the
BBB permeability to solutes of molecular weight
ranging from 4 kDa to 160 kDa, in the cere-
bral microvessels of rat brain parenchyma 100—
250pm below the pia mater, is not significantly
different from that of rat pial microvessels for the
same-sized solutes except for the small solute,
sodium fluorescein (molecular weight 376 kDa)
(Yuan et al. 2009). They also found that the ratios
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tissue. The initial solute flux into the tissue was measured
from the slope (dI/dt)g of the intensity vs. time line, right
figure in (a). The solute permeability P was calculated as
P = 1/Iy x(dl/dt)y x r/2. Here r is the microvessel radius.
(b) The averaged intensity of the eight dashed lines on
the right figure was plotted as a temporal function of the
distance from the vessel edge (r;). Matching these lines
(green) with the predictions (black) from a mathematical
model for unsteady diffusion of a solute (right figure in
(b)) can give the solute brain tissue diffusion coefficient
Defi. Dsree sShown here is the solute diffusion coefficient in
a free solution. Redrawn from (Shi et al. 2014a, b, ¢)
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of the effective brain tissue diffusion coefficient
to the free one are 0.46, 0.19, 0.12, 0.12, 0.11,
and 0.11, correspondingly, for sodium fluores-
cein; dextran 4 k, 20 k, 40 k, and 70 k; and IgG
(molecular weight ~160 kDa).

In Vitro Blood-Brain Barrier
Models

4.3

The development of in vitro models for the BBB
has enabled the study of transport phenomena
at the molecular and cellular levels. The aim
of such in vitro BBB models is to functionally
resemble as many as possible the unique char-
acteristics of the BBB. Compared with in vivo
animal models, the in vitro models are relatively
accessible, flexible, reproducible, and abundantly
available. Previous investigations showed that
the permeability of the in vitro BBB models
to various compounds such as sucrose, retinoic
acid, retinol, haloperidol, caffeine, and mannitol
was comparable to the permeability data obtained
from in vivo models (Franke et al. 1999). Recent
studies showed that the solute permeability of the
in vitro BBB model generated from the cultured
bEnd3 (mouse brain microvascular endothelial
cell line) or cocultured together with primary as-
trocytes (Gaillard and de Boer 2000; Brown et al.
2007; Li et al. 2010a, b) is comparable to that
of the cerebral microvessels from in vivo studies
for the similar-sized solutes except for the small
solutes of molecular weight less than 10 kDa
(Li et al. 2010a, b; Yuan et al. 2009; Shi et al.
2014a, b, c; Fan and Fu 2016). The in vitro BBB
model also showed good expression of essential
junction proteins, claudin-5, occludin, ZO-1, and
VE-cadherin, while the primary astrocytes used
in the coculture expressed GFAP (glial fibrillary
acidic protein, a specific protein of astrocytes)
(Brown et al. 2007; Li et al. 2010a, b). But the
hydraulic conductivity of this in vitro BBB model
(Li et al. 2010a, b) is two orders of magnitude
higher than that from the in vivo study (Fraser
et al. 1990), while trans-endothelial electrical
resistance (TEER) is two orders of magnitude
lower (Crone and Olesen 1982).
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To characterize the transport properties of in
vitro BBB models, the solute permeability of
the in vitro BBB was determined by measur-
ing the flux of the selected tracer. The most
commonly used cell culture substrate consists
of a porous membrane support submerged in
the culture medium (Transwell apparatus). The
Transwell system is characterized by a horizontal
side-by-side or vertical diffusion system. Dur-
ing the experiment, the flux of tracers into the
abluminal compartment of the Transwell system
is recorded as a function of the time, and the
solute permeability is calculated from the slope
of the flux. The tracers used in the transport
experiments are labeled by a fluorescent dye or
isotope whose intensity can be measured quanti-
tatively (Li et al. 2010a, b). Another index, trans-
endothelial electrical resistance (TEER), or the
ionic conductance of the monolayer, is also a
measurement of the “tightness” of the in vitro
BBB models (Crone and Olesen 1982; Li et al.
2010a, b).

So far, two major types of in vitro BBB
models have been developed: endothelial cell
monolayer and coculture of endothelial cells with
glial cells (the non-nerve cells in the brain).
The cells for these models are basically obtained
from primary/sub-passaged or immortalized cell
cultures. The origins of the cells are also very
diverse: human, primate, bovine, porcine, rodent,
and murine species.

The brain capillary endothelial cells (BCEC)
have been used to establish tissue culture systems
ever since the technique of culturing highly
purified populations of microvascular cells
became available in the early 1980s. The first
endothelial monolayers were established using
BCEC grown on culture dishes, microcarriers
(e.g., dextran beads), and various kinds of filters,
including nylon mesh and polycarbonate. These
cultured BCEC keep their endothelial phenotypes
and provide a simple model for the study of the
permeability of the BBB. For instance, they
express angiotensin-converting enzyme, von
Willebrand factor, and internalized acetylated
low-density lipoprotein. However, they were
reported to lose many BBB-specific features
they possessed in vivo. For instance, they are



Transport Across the Blood-Brain Barrier

lack of specific brain endothelial markers y-
glutamyl transpeptidase, marker enzyme alkaline
phosphatase (Meyer et al. 1990), and glucose
transporter system (Hemmila and Drewes
1993). Moreover, the permeability of the BCEC
monolayer to sucrose was reported to be from
10~* to 1073 cm/s compared with 107% cm/s in
vivo. The TEER for endothelial monolayer was
also found to be pretty low, from 20 to 1400
Q cm?, compared with more than 2000 2 cm?
in vivo. So the BCEC monolayer alone is not
a well-characterized model for the BBB. The
major reason for this may be the lack of in situ
environment and brain-derived signals.

In human body, the BBB are almost
completely ensheathed by surrounding tissue,
mostly astrocyte foot processes. Experimental
results from electron microscopic techniques
show that astrocytes do have significant effects
on the formation of the unique BBB phenotype
of brain endothelial cells (Abbot 2002; Haseloff
et al. 2005). They induce formation of the tight
junctions between endothelial cells and increase
paracellular integrity of the BBB. To better
mimic the in vivo BBB, a model with coculture
of BCEC and astrocyte was developed. This
coculture model was characterized on the basis
of specific cell-type properties and specific BBB
properties by electron microscopic evaluation
and immunohistochemistry methods (Gaillard
and de Boer 2000). The results showed that
BCEC displayed (1) characteristic endothelial
cell morphology, (2) expression of endothelial
cell markers (i.e., CD51, CD62P, CD71, and
cadherin 5), (3) tight junction formation between
the cells, and (4) expression of typical barrier
marker y-glutamyl transpeptidase (y-GTP) and
P-glycoprotein (Pgp) and transferrin receptor.
Astrocytes displayed characteristic astrocyte
morphology and expressed glial fibrillary
acidic protein (GFAP). Transmission electron
microscopy showed evidence of tight junction
formation between the endothelial cells and
few pinocytic vesicles. A 15-fold increase in
y-glutamyl transpeptidase activity was measured
in the endothelial cells cocultured with astrocytes
(Demeuse et al. 2002). The permeability of the
coculture system to several tracers was reported
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to be lower than the endothelial monolayer. These
results indicate that the coculture system is a bet-
ter model to study the transport across the BBB.

Primary brain capillary endothelial cells have
the closest resemblance to the BBB phenotype in
vivo and exhibit excellent characteristics of the
BBB at early passages (Nicolazzo et al. 2006).
They, however, have inherent disadvantages such
as being extremely time-consuming and costly
to generate, being easily contaminated by other
neurovascular unit cells, losing their BBB char-
acteristics over passages, and requiring high tech-
nical skills for extraction from brain tissue (Deli
et al. 2005; Brown et al. 2007). An immortalized
mouse brain endothelial cell line, bEnd3, has re-
cently been under investigation for in vitro BBB
models because of its numerous advantages over
primary cell culture: the ability to maintain BBB
characteristics over many passages, easy growth
and low cost, formation of functional barriers,
and amenability to numerous molecular interven-
tions (Brown et al. 2007; Soga et al. 2001; Yoder
2002; Yuan et al. 2010a, b; Tyagi et al. 2009).
Previous RT-PCR analysis showed that bEnd3
cells express the tight junction proteins ZO-1,
Z0-2, occludin, and claudin-5 and junctional
adhesion molecules (Brown et al. 2007; Li et al.
2010a, b; Omidi et al. 2003). They also main-
tained functionality of the sodium- and insulin-
dependent stereospecific facilitative transporter
GLUT-1 and the P-glycoprotein efflux mecha-
nism (Omidi et al. 2003), formed fairly tight bar-
riers to radiolabeled sucrose, and responded like
primary cultures to disrupting stimuli (Brown
et al. 2007).

To characterize the transport properties of in
vitro BBB models, Malina et al. (2009) (Bowman
et al. 1983; Thompson et al. 1994; Salvetti et al.
2002; Karyekar et al. 2003; Hamm et al. 2004;
Kemper et al. 2004; Boveri et al. 2005; Kraus
et al. 2008; Poller et al. 2008) measured the dif-
fusive permeability of endothelial cell monolayer
and coculture of endothelial cells with astrocytes
to fluorescence- or isotope-labeled tracers, e.g.,
sucrose, inulin, and mannitol. Sahagun et al.
(1990) reported the ratio between abluminal con-
centration and luminal concentration of different-
sized dextrans (4 k, 10 k, 20 k, 40 k, 70 k,
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and 150 k) across mouse brain endothelial cells.
Gaillard and de Boer (2000) measured the perme-
ability of sodium fluorescein and FITC-labeled
dextran 4 k across a coculture of calf brain cap-
illary endothelial cells with rat astrocytes. Many
investigators have measured the trans-endothelial
electrical resistance (TEER) of brain endothelial
monolayers and cocultures as an indicator of ion
permeability (Santaguida et al. 2006; de Vries
et al. 1996; Cucullo et al. 2002; Zhang et al.
2006).

To seek for in vitro BBB models that are
more accessible than animals for investigating
drug transport across the BBB, Li et al. (2010a,
b) characterized the junction protein expression
and quantified the TER and permeability to water
(Lp) and solutes (P) of four in vitro BBB mod-
els: bEnd3 monoculture, bEnd3 coculture with
astrocytes, coculture with two BM substitutes
(collagen type I and IV mixture), and Matrigel.
Collagen type IV network is the basic framework
of native BM (Engvall 1995; Miosge 2001), and
Matrigel is a soluble and sterile extract of BM
derived from the EHS tumor, which has been
widely used as a reconstituted BM in studying
cell morphogenesis, differentiation, and growth
(Kleinman and Martin 2005). Their results show
that L, and P of the endothelial monoculture
and coculture models are not different from each
other. Compared with in vivo permeability data
from rat pial microvessels, P of the endothelial
monoculture and coculture models are not sig-
nificantly different from in vivo data for dextran
70 k, but they are 2-4 times higher for small
solutes TAMRA and dextran 10 k. This sug-
gests that the endothelial monoculture and all of
the coculture models are fairly good models for
studying the transport of relatively large solutes
(drugs or drug carriers) across the BBB.

4.4 Transport Models for
the Paracellular Pathway

of the Blood-Brain Barrier

Transport across the BBB include both paracellu-
lar and transcellular pathways (Pardridge 2005).
While large molecules cross the BBB through
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transcellular pathways, water and small hy-
drophilic solutes cross the BBB through the para-
cellular pathway (Hawkins and Davis 2005). The
paracellular pathway of the BBB is formed by the
endothelial surface glycocalyx, the tight junction
openings, the BM filled with extracellular matrix,
and the openings between adjacent astrocyte foot
processes (Fig. 1b). In addition to the endothelial
tight junctions, the BM and the astrocyte foot
processes provide a significant resistance to water
and solute transport across the BBB.

The breakdown of the BBB and increased
permeability are widely observed in many brain
diseases such as stroke, traumatic head injury,
brain edema, Alzheimer’s disease, AIDS, brain
cancer, meningitis, and hypertension (Beaumont
et al. 2000; Dietrich et al. 1994; Fukuda et al.
1995; Baldwin et al. 1996; Cernak et al. 2004;
Montagne et al. 2017; Setiadi et al. 2017). Al-
though numerous biochemical factors are found
to be responsible for the breakdown of the BBB
in disease, the quantitative understanding of how
these factors affect the structural components
of the BBB to induce BBB leakage is poor.
On the other hand, to design therapeutic drugs
with better transport properties across the BBB
relies greatly on this understanding. Therefore,
it is important to investigate how the structural
components in the paracellular pathway of the
BBB affect its permeability to water and solutes
through mathematical modeling.

Extended from a previous three-dimensional
model for studying the transport across the pe-
ripheral microvessel wall with endothelium only
(Fu et al. 1994; Fu and Chen 2003; Fu and Shen
2004), Li et al. (2010a, b) developed a new model
for the transport across the BBB, which included
the BM and wrapping astrocyte foot processes.
The simplified model geometry is shown in Fig.
5. This is the enlarged view for the part near
tight junction shown in Fig. 1b. At the luminal
side, there is an endothelial surface glycocalyx
layer (SGL) with a thickness of L; from 100 to
400 nm under normal physiological conditions
(Squire et al. 2001; Arkill et al. 2011, 2012;
Schulze and Firth 1992). Between adjacent en-
dothelial cells, there is an inter-endothelial cleft
with a length of L ~500 nm and a width of
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Fig. 5 Model geometry for the paracellular pathway of
the BBB (not in scale) showing the dashed line enclosed
region in Fig. 1b. The thickness of the endothelial surface
glycocalyx layer is L;. The inter-endothelial cleft has
a length of L and a width of 2B. The length of the
tight junction strand in the inter-endothelial cleft is Ly,
The width of the small continuous slit in the junction
strand is 2Bs. The distance between the junction strand

2B ~20 nm (Schulze and Firth 1992; Adamson
et al. 2004). In the inter-endothelial cleft, there
is a Ljyn (~10 nm) thick junction strand with a
continuous slit-like opening of width 2B, which
varies depending on the location of the cerebral
microvessels (from ~1 to 10 nm). The distance
between the junction strand and luminal front of
the cleft is L. At the tissue side of the cleft, a
BM separates the endothelium and the astrocyte
foot processes. The thickness of the BM is 2L,
(2040 nm), and the length of the astrocyte foot
processes is 2W, (~5000 nm). Between adja-
cent astrocyte foot processes, there is a cleft
with length L, (~1000 nm) and width 2B, (20—
2000 nm). The anatomic parameters for the BBB
structural components were obtained from the
electron microscopy studies in the literature.

and luminal front of the cleft is L;. The width of the
basement membrane is 2Ly and the length of the astrocyte
foot processes is 2W,. The cleft between astrocyte foot
processes has a length of L, and a width of 2B,. The
surface glycocalyx layer and the endothelial cells are
defined as the endothelium only while the BBB is defined
to include the endothelium, the basement membrane, and
the astrocytes. Redrawn from Li et al. (2010b)

Unlike the peripheral microvessel wall, the
endothelium of the BBB has negligible large
discontinuous breaks in the junction strand of the
inter-endothelial cleft, and the small slit in the
junction strand is assumed continuous (Hawkins
and Davis 2005). As a result, the cross-sectional
BBB geometry is the same along the axial direc-
tion (y direction in Fig. 5), and thus the model
could be simplified to 2-D (in X, z plane). It could
be further simplified to a unidirectional flow in
each region due to very narrow clefts and the
BM. In addition, the curvatures of the BM and
the endothelium can be neglected because their
widths are much smaller than the diameter of the
microvessel. The fluid flow in the cleft regions
of the BBB was approximated by the Poiseuille
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Fig. 6 Model predictions for hydraulic conductivity L,
(a) as a function of Bs, the half width of the small slit
in the junction strand under two cases: when considering
transport across the endothelium only (endothelium only,
green line) and when considering transport across the
entire BBB (BBB). In the BBB case, three different fiber
densities were considered for the basement membrane:

flow while those in the endothelial SGL and BM
by the Darcy and Brinkman flows, respectively.
Diffusion equations in each region were solved
for the solute transport. After solving for the
pressure, water velocity, and solute concentration
profiles, the hydraulic conductivity L, and solute
permeability P can be calculated.

Figure 6a shows the model predictions for
L, as a function of tight junction opening B
when the BM has different fiber densities. Kj, is
Darcy permeability in the BM. When the fiber
density in the BM is the same as that in the
SGL, K, = 3.16 cm?. The green line in Fig. 6a
shows the case of peripheral microvessels with
only endothelium. When By increases from 0.5 to
2 nm, L, will increase by ~20-fold. In contrast,
when the endothelium is wrapped by the BM
and the astrocytes as for the BBB, increase in By
from 0.5 to 2 nm only induces fivefold increase
in L, when the fiber density in the BM is the
same as that in the SGL (dash-dot-dash line). If
the fiber density in the BM is ten times of that
in the SGL, the increase is only 1.6-fold in L,
(solid line), while if the fiber density in the BM
is 1/10 of that in the SGL, the increase is 12-fold
in L, (dashed line). Even at a large B, of5 nm,
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the same as the fiber density in the surface glycocalyx
layer (Kp = 3.16 nm?, the dash-dot-dash line), ten times
lower (K, = 31.6 nm?, the dashed line) and higher
(Kp = 0.316 nm?, the solid line); (b) as a function of the
surface glycocalyx layer thickness Ls. Redrawn from (Li
et al. 2010a, b)

when the BM is filled with the same density fibers
as in the SGL, the BBB permeability is only
17% of that of endothelium only. This percentage
can be as low as 2% if the fiber density in the
BM is ten times of that in the SGL. Figure 6b
shows the model predictions for L, as a function
of the endothelial SGL thickness L. The green
line is for the case of endothelium only while
the solid line for that of the BBB. We can see
the decrease in L¢ from 400 to 0 nm increases
L, by threefold in the case of endothelium only,
while in the case of the BBB, the increase is
only 25% in L, with the protection of the BM
and the astrocytes. Similar results are predicted
for the solute permeability (Li et al. 2010a, b).
These results indicate that the BM and astrocytes
of the BBB provide a great protection to the
CNS under both physiological and pathological
conditions. However, on the other hand, these
unique structures also impede the drug delivery
to the brain through the BBB. Most recently,
an electro-diffusion model for the blood-brain
barrier to the charged molecules was developed
to take into consideration of the effect of charges
in the SGL and BM on the solute transport across
the BBB (Li and Fu 2011).
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5 Modulation
of the Blood-Brain Barrier
Permeability by Chemical
and Physical Stimulations

5.1 Modulation of the BBB
Permeability by Chemical
Stimuli

During cerebrovascular and neurological

diseases, the BBB is compromised, and its
permeability can be increased by various types
of stimuli including cytokines, inflammatory
mediators, metabolites of arachidonic acid,
excitatory amino acids, nitric oxide, and
bacterial infection. Among cytokines is vascular
endothelial growth factor (VEGF), which is
upregulated in many brain diseases (Ohlin
et al. 2011; Suidan et al. 2010). By using
submicron resolution multiphoton fluorescence
microscopy with a longer penetration depth into
brain parenchyma of rats, Shi et al. (2014b)
quantified the temporal VEGF effects on the
BBB permeability to various-sized molecules.
They found that exposure to 1 nM VEGF
transiently increased the BBB permeability
to 2.2, 10.5, 9.8, and 12.8 times their control
values, for sodium fluorescein, dextran 20 k and
70 k, and IgG, respectively, within 30 s, and all
returned to control in 2 min.

Previous studies have shown that elevated
intracellular 3,5-cyclic monophosphate (cAMP)
levels enhance endothelial junction barriers
and thus reduce permeability in peripheral
microvessels (Adamson et al. 1998; Fu et al.
2006; Fukuhara et al. 2005; Mehta and Malik
2006; Moore et al. 1998; Sayner 2011) and in
cultured BBB models (Balyasnikova et al. 2000;
Rubin et al. 1991; Wolburg et al. 1994). Studies
on intact microvessels also showed that elevation
of cAMP levels abolished the increase in the
hydraulic conductivity stimulated by adenosine
triphosphate (ATP) in frog and hamster
mesenteric microvessels (He and Curry 1993)
as well as in the solute permeability induced by
VEGF in the same type of microvessels of frogs
and rats (Fu et al. 2006, 2015). Administration of
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a cAMP analogue abolished VEGF-induced rat
mesenteric microvessel hyperpermeability (Fu
et al. 2015). Employing multiphoton microscopy,
Shi et al. (2014b) demonstrated that after 20 min
pretreatment of 2 mM cAMP analogue, 8-bromo-
cAMP, the initial increase by 1 nM VEGF was
completely abolished in the BBB permeability
to all solutes. The response pattern of the
BBB permeability to VEGF and cAMP and
the ratios of the peak to control values for rat
cerebral microvessels are similar to those for
rat mesenteric (peripheral) microvessels, except
the ratios are higher in permeability of cerebral
microvessels for the intermediate and large
solutes. Their results imply a new approach for
delivering large therapeutic agents to the brain.

Modulation of the BBB
Permeability by Physical
Stimuli

5.2

Among the numerous strategies to deliver
therapeutic drugs into the central nervous
system, the focused ultrasound (FUS) sonication
combined with microbubbles (MBs) has been
shown to be effective in transiently disrupting the
BBB for noninvasive drug delivery (Hynynen et
al. 2006; Chen et al. 2013; Yang et al. 2011;
Curley et al. 2017). At appropriate acoustic
power density (or pressure), burst repetition
rate, duty cycle, and sonication duration and
in the presence of MBs with proper materials,
sizes, and concentrations, FUS can achieve
noninvasive, selective and localized disruption of
BBB without visible damage to the brain tissue
(Konofagou 2012; Deng 2010). FUS-induced
BBB disruption has been widely assessed by us-
ing magnetic resonance imaging (MRI) or post-
FUS histological examination (Yang et al. 2011:
Chu et al. 2013; Park et al. 2010). Indirect MRI
collects the images of brain slices in the presence
of a MRI contrast agent such as gadolinium to
access the BBB disruption in different locations
of the brain. Alternatively, post-FUS histological
examination relates the BBB disruption to the
amount of Evans blue extravasation in the brain
tissue after the dye is intravenously injected into
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the blood circulation before or after sonication.
However, the submillimeter spatial resolution of
the MRI studies and the postmortem histological
examinations only assess the relatively large
leakage of the BBB, and these methods are
restricted to the exploration of a region that
is much larger than a single microvessel with
its surrounding tissue. Therefore the BBB
disruption assessed by the MRI and histological
examination is more qualitative rather than
quantitative. To overcome aforementioned limi-
tations, two-photon microscopy was employed to
quantitatively access the enhanced permeability
of the cerebral vasculature after FUS (Nhan
et al. 2013). In addition to micrometer spatial
resolution, two-photon microscopy offers the
advantage of deep tissue penetration, which is
essential for the BBB permeability measurement.
By employing the two-photon microscopy, Shi
et al. (2014c) quantified the BBB permeability
to dextran 155 k with similar molecular weight
to an antibody by applying different doses of
FUS in the presence of MBs with an optimal size
and concentration. After ~5 min by applying the
FUS on the thinned skull in the presence of MBs
for 1 min, TRITC-dextran 155 k in 1% BSA
mammalian Ringer’s solution was injected into
the cerebral circulation via the ipsilateral carotid
artery by a syringe pump. Simultaneously, the
temporal images were collected from the brain
parenchyma ~100-200 pm below the pia mater.
At the optimal dose, permeability increased by
~14-fold after 5 min post-FUS, and permeability
returned to the control level after 25 min. FUS
without MBs or MBs injected without FUS
did not change the permeability. Their method
provides an accurate in vivo assessment for the
transient BBB permeability change under the
treatment of FUS. The optimal FUS dose found
for the reversible BBB permeability increase
without BBB disruption is reliable and can be
applied to future clinical trials.

Transcranial direct current stimulation (tDCS)
is a noninvasive electrical stimulation technique
investigated for a broad range of medical and per-
formance indications. Most recently, Shin et al.
(2016) found that after 1 mA tDCS treatment for
20 min, the permeability of rat cerebral microves-
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sels 100-200pm below pia mater to sodium fluo-
rescein (molecular weight 376 kDa) and dextran
20 k and 70k increased to about 8-fold, 35-fold,
and 35-fold of their respective control values,
10 min post-tDCS treatment, correspondingly.
All of the increased BBB permeability returns
to the control in 20 min posttreatment. Their
method provides another noninvasive approach
for delivering therapeutic agents to the brain
through the BBB.

6 Drug Delivery Through
the Blood-Brain Barrier

A large number of people in the world are now
suffering from CNS diseases. The total num-
ber of patients with CNS diseases is reported
to be larger than that with cardiovascular dis-
eases (Pardridge 2007). While the BBB serves
as a natural defense that safeguards the brain
against the invasion of various circulating toxins
and infected cells, it also provides a significant
impediment toward the delivery of diagnostic
and therapeutic agents to the brain via the sys-
temic route. Various methods such as intrac-
erebral implantation, microdialysis, convection-
enhanced distribution (CED), osmotic shock, and
chemical modification of the BBB have been
developed for delivering drugs into the brain.
However, the applications of these methods are
limited, and they can only partially keep with
the demands of modern therapies. For instance,
the efficiency of intracerebral implantation, mi-
crodialysis, and CED methods is low since their
major transport mechanisms are diffusion and
convection of interstitial fluid. The penetration
distances of drugs delivered by the first two
methods are reported to be less than 1 mm with
simple diffusion (Mak et al. 1995). CED has
been shown in laboratory experiments to deliver
high-molecular-weight proteins 2 cm from the
injection site in the brain parenchyma after 2 h of
continuous infusion (Bobo et al. 1994). However,
the success of CED relies on precise placement
of the catheters and other infusion parameters
for delivery into the correct location in the brain
parenchyma. For effective treatment of the CNS
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diseases, therapeutic agents have to reach the spe-
cific regions of the brain at an adequate amount.
As discussed earlier, due to the abundance and
the largest contact area of the BBB for blood-
brain exchange, it is more reasonable to develop
strategies for drug delivery through the BBB.

The above session for the modulation of the
BBB permeability by chemical and physical
stimuli discusses potential noninvasive methods
for drug delivery through the BBB. Novel
nanomaterials-based nanocarriers have also
been developed for drug delivery across the
BBB (Tsou et al. 2017). More specifically,
as shown in Fig. 3, we can directly deliver
therapeutic agents through paracellular pathway
(route A), through lipophilic diffusion pathway
(route C), or through transporters at the BBB
by closely mimicking their substrates (route
B) or mounting the drugs on the ligands of
the specific receptors expressed at the BBB
(e.g., low-density lipoprotein receptor-related
protein) for transcytosis (Trojan horse approach
or receptor-mediated transcytosis, RMT, route
D), as well as using cationized proteins, peptides,
and nanoparticle carriers for adsorptive-mediated
transcytosis (AMT, route E). The following
summarizes the delivery strategies through these
routes, respectively.

6.1 Delivery Through Paracellular

Pathway (Route A)

To increase the hydrophilic drug delivery from
the blood to the brain tissue, we can transiently
open the barriers in the paracellular pathway
of the BBB, e.g., the cleft opening (2B in Fig.
5), the tight junction opening (2Bs), and the
BM width (2L,), or degrade the fiber matrix
in the endothelial surface glycocalyx and in the
BM. Osmotic shock by intracarotid administra-
tion of a hyperosmotic mannitol causes endothe-
lial cells to shrink and increase 2B, 2B, and 2L,.
Subsequent administration of drugs can increase
their concentrations in the brain to a therapeu-
tic level (Kroll and Neuwelt 1998; Doolittle et
al. 2002). Physical means such as application
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of electric and magnetic fields can increase the
drug brain uptake. Focused ultrasound, guided by
MRI, combined with microbubbles injected into
the blood stream has been shown to disrupt the
BBB and increase the distribution of Herceptin in
brain tissue by 50% in mice (Hynynen et al. 2001,
2006; Kinoshita 2006). Application of inflamma-
tory agents such as bradykinin analogue can open
the tight junction of the BBB and increase the
drug transport to the brain (Dean et al. 1999;
Borlongan and Emerich 2003). However, these
approaches are relatively costly and non-patient
friendly. They may also enhance tumor dissemi-
nation after BBB disruption and damage the neu-
rons by allowing the passage of unwanted blood
components into the brain (Gabathuler 2010).

6.2 Delivery Through Lipophilic

Diffusion Pathway (Route C)

Some molecules, e.g., alcohol, nicotine, and ben-
zodiazepine, can freely enter the brain through
route C in Fig. 3. Their ability to passively (diffu-
sion by concentration differences across the cell
membrane) cross the BBB depends on the molec-
ular weight, charge (low hydrogen-bonding capa-
bilities), and lipophilicity (Lipinski 2000). There-
fore, if we can modify the drugs through medici-
nal chemistry, e.g., reduce the relative number of
polar groups, or incorporate them with a lipid car-
rier, we can enhance their brain uptake (Shashoua
and Hesse 1996). Modification of antioxidants
with pyrrolopyrimidines increases their ability
to access target cells in the CNS (Sawada
et al. 1999). Covalently attaching 1-methyl-1,4-
dihydronicotinate to a hydroxymethyl group can
enhance the delivery of ganciclovir (Cytovene,
an antiviral medication) to the brain (Bodor
et al. 1981; Brewster et al. 1994). However, the
modification which helps for the drug delivery to
the brain often results in loss of the therapeutic
function of a drug. In addition, increase of
lipophilicity of a drug can result in making it
a substrate for the efflux pump P-glycoprotein
(route F in Fig. 3) (Gabathuler 2010).
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6.3 Delivery Through
Transporter-Mediated
Pathway (Route B)

The brain requires tremendous amount of essen-
tial substances for survival and function, e.g., glu-
cose, insulin, hormones, low-density lipoprotein
(LDL), etc. These nutrients and substances are
transported into the brain, not by paracellular or
lipophilic diffusion pathway as described earlier
but by specific transporters or receptors at the
BBB. Drugs can be modified to take advantages
of the native BBB nutrient transporter systems
or by being conjugated to ligands that recog-
nize receptors expressed at the BBB for the
receptor-mediated transcytosis. This physiolog-
ical approach is by far recognized as the most
likely successful drug delivery method to the
brain.

Peptides and small molecules may use specific
transporters expressed on the luminal and baso-
lateral sides of the endothelial cells to cross into
the brain. So far, at least eight different nutrient
transporters have been identified to transport a
group of nutrients with similar structures. Drugs
can be modified to closely mimic the endoge-
nous carrier substrates of these transporters and
be transported through the specific transporter-
mediated transcytosis. Dopamine can be used to
treat Parkinson’s disease, but itself is non-brain
penetrant. Instead, dopamine’s metabolic precur-
sor, L-Dopa, if delivered by a neutral amino
acid carrier through its transporter at the BBB,
shows a clear clinical benefit on patients with
Parkinson’s disease (Pardridge 2017). To use a
BBB transporter for drug delivery, several im-
portant factors must be considered: the kinetics
and structural binding requirements of the trans-
porter, therapeutic compound manipulation so
that the compound binds but also remains active
in vivo, and actual transport of the compound into
the brain instead of just binding to the transporter
(Gabathuler 2010).
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6.4 Delivery Through
Receptor-Mediated Pathway
(Route D)

Instead of by transporters, larger essential
molecules are delivered into the brain by
specific receptors highly expressed at the
endothelial cells of the BBB. The receptor-
mediated transcytosis (RMT) includes three
steps: receptor-medicated endocytosis of the
molecule at the luminal side of the endothelium
(blood side), transport through the endothelial
cytoplasm, and exocytosis of the molecule at
the abluminal side of the endothelium (brain
side). Although the exact mechanisms of RMT
have not been well understood, drug delivery
targeting three receptors (the insulin receptor,
the transferrin receptor, and the LDL receptor)
has been developed since the start of this century
(Pardridge 2017). More and more receptors have
been targeted for the drug delivery since then
(Gabathuler 2010). This physiological approach
is often called molecular Trojan horse since the
therapeutic compounds are conjugated to the
specific ligands or the antibodies, which can be
recognized and delivered through transcytosis by
the specific matching receptors at the endothelial
cell membrane. In addition to molecular Trojan
horses, drugs can be packaged to liposomes
and other nanoparticles coated with targeting
molecules such as antibodies to the specific
receptors to improve the drug-loading capacity.
Although the Trojan horses for the BBB
drug delivery are very promising in delivering
large peptides and recombinant proteins such
as neurotrophins, enzymes, and monoclonal
antibodies (Pardridge 2007), the traffic is
limited by the number and carrying capacity
of the receptors, as well as by the number
of drug molecules that can attach to each
antibody (Miller 2002). In addition, Gosk
et al. (2004) showed that using anti-transferrin
mAb for drug delivery through the systemic
administration,although the total amount of
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the drug in the brain is high, most of it stays
associated with brain microvessel endothelial
cells instead of in the brain parenchyma. Due
to the high affinity of the antibodies, it is
a challenge to dissociate from their specific
receptors. Furthermore, widespread distribution
of the receptors on peripheral organs would limit
the specific delivery to the brain, and on the other
hand, may induce additional toxicity.

6.5 Delivery Through
Adsorptive-Mediated

Pathway (Route E)

Adsorptive-mediated  transcytosis (AMT)
involves endocytosis and exocytosis of charged
substances by the endothelial cells of the BBB.
Its mechanism is different from that of the RMT,
which needs specific matching receptors and
ligands. Kumagai et al. (1987) observed that
polycationic proteins such as protamine could not
only bind to the endothelial cell surface but also
penetrate the BBB. Mixing protamine, poly-L-
lysine, or other cationic molecules with proteins
(e.g., albumin) largely increased the BBB
permeability to these proteins. These findings can
be explained by AMT triggered by electrostatic
interactions between the positively charged
proteins and negatively charged membrane
regions at the brain endothelium. At normal
physiological pH, the luminal surface of the
cerebral endothelium and the surrounding BM
(see Fig. 1b) carry negative charge (Ueno et al.
2004; Lawrenson et al. 1997) and provide the
necessary environment for delivering positively
charged drugs and drug carriers. Recently, a
quantitative in vivo animal study by Yuan et al.
(2010a, b) found that the charge density of the
endothelial surface glycocalyx and that of the
BM in rat pial microvessels is ~30 mEg/L.
In another in vitro cell culture study, Yuan et
al. (2010a, b) found the similar charge density
on the surface of a cell monolayer of bEnd3,
an immortalized mouse cerebral microvessel
endothelial cell line.

To efficiently deliver a therapeutic protein or
peptide across the BBB, the simplest way is
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to cationize the protein or peptide by amida-
tion of its carboxylic acid groups, as well as
glutamic and aspartic acid side chain groups
with positively charged amines (Hervé et al.
2008). The degree of cationization of a protein
or peptide may be critical for its pharmacoki-
netic fate. Cationization enhances the delivery
while induces potential toxicity and immuno-
genicity of these proteins. PEGylation of cation-
ized molecules can minimize the immunogenic-
ity of these molecules. Positively charged cell-
penetrating peptides (CPPs) are often used as
the drug carriers for the brain delivery. Com-
monly used CPPs are penetratin, transportan,
Syn-B, and Tat (Hervé et al. 2008). Brain uptake
of enkephalin analogue dalargin was enhanced
several hundred folds after carried by the CPPs
(Rousselle et al. 2003). Decoration of CPPs on
the surface of liposome- and biopolymer-based
nanoparticles containing drugs has shown to pro-
mote their uptake by the brain and entrance to the
cytoplasm of neurons (Liu et al. 2008). The draw-
backs through AMT are lack of tissue selectivity
although the BBB may contain higher concentra-
tions of negative charges than other tissues and
possible disruption of the BBB and binding of
polycationic substances to the negatively charged
plasma proteins and other anionic sites resulting
in toxicity (Lockman et al. 2004).
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