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Abstract The brain is a delicate organ, and evolution built
very efficient ways to protect it. Unfortunately, the same
mechanisms that protect it against intrusive chemicals can
also frustrate therapeutic interventions. Many existing
pharmaceuticals are rendered ineffective in the treatment
of cerebral diseases due to our inability to effectively
deliver and sustain them within the brain. General meth-
ods that can enhance drug delivery to the brain are, there-
fore, of great interest. Despite aggressive research, patients
suffering from fatal and/or debilitating central nervous
system (CNS) diseases, such as brain tumors, HIV enceph-
alopathy, epilepsy, cerebrovascular diseases and neurode-
generative disorders, far outnumber those dying of all
types of systemic cancer or heart disease. The clinical fail-
ure of much potentially effective therapeutics is often not
due to a lack of drug potency but rather to shortcomings
in the method by which the drug is delivered. Treating
CNS diseases is particularly challenging because a variety
of formidable obstacles often impede drug delivery to the
brain and spinal cord. By localizing drugs at their desired
site of action one can reduce toxicity and increase treat-
ment efficiency. In response to the insufficiency in con-
ventional delivery mechanisms, aggressive research efforts
have recently focused on the development of new strate-
gies to more effectively deliver drug molecules to the CNS.
This review intends to detail the recent advances in the
field of brain-targeting, rational drug design approach and
drug delivery to CNS. To illustrate the complexity of the
problems that have to be overcome for successful brain
targeting, a brief intercellular characterization of the
blood—brain barrier (BBB) is also included.

INTRODUCTION

Despite enormous advances in brain research, brain and
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central nervous system disorders remain the world's lead-
ing cause of disability, and account for more hospitaliza-
tions and prolonged care than almost all other diseases
combined. The major problem in drug delivery to brain is
the presence of the BBB. Drugs that are effective against
diseases in the CNS and reach the brain via the blood
compartment must pass the BBB. In order to develop
drugs which penetrate the BBB well to exhibit the
expected CNS therapeutic effects, it is of great importance
to understand the mechanisms involved in uptake into and
efflux from the brain. The function of the BBB is dynami-
cally regulated by various cells present at the level of the
BBB (1). This realization implies better understanding of
the relationship of transport at the BBB to drug structure
and physicochemical properties.

Despite successful examples of drug delivery to the CNS,
but only some have reached the phase where they can pro-
vide safe and effective human applications. As pharmaco-
logical strategies improve, there will be less need for
invasive procedures for treating CNS diseases. Consider-
able strides have been made in intravascular delivery and
neurosurgical invasive procedutres to deliver therapeutic
substances into the brain.

This review will prove invaluable to researchers interested
in the fundamental function of the BBB and those in the
pharmaceutical industry interested in rational drug design
directed at delivering drugs to the brain.

BARRIERS TO CNS DRUG DELIVERY

The failure of systemically delivered drugs to effectively
treat many CNS diseases can be rationalized by consider-
ing a number of barriers that inhibit drug delivery to the
CNS.

Blood-Brain Barrier

It is now well established that the BBB is a unique mem-
branous barrier that tightly segregates the brain from the
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circulating blood (2, 3). The CNS consist blood capillaries
which are structurally different from the blood capillaries
in other tissues; these structural differences result in a per-
meability barrier between the blood within brain capillaries
and the extracellular fluid in brain tissue. Capillaries of the
vertebrate brain and spinal cord lack the small pores that
allow rapid movement of solutes from circulation into
other organs; these capillaries are lined with a layer of spe-
cial endothelial cells that lack fenestrations and are sealed
with tight junctions. Tight epithelium, similar in nature to
this barrier, is also found in other organs (skin, bladder,
colon, and lung) (4).This permeability barrier, comprising,
the brain capillary endothelium, is known as the BBB.
Ependymal cells lining the cerebral ventricles and glial cells
are of three types. Astrocytes form the structural frame
work for the neurons and control their biochemical envi-
ronment. Astrocytes foot processes or limbs that spread
out and abutting one other, encapsulate the capillaries are
closely associated with the blood vessels to form the BBB.
Oligodendrocytes are responsible for the formation and
maintenance of the myelin sheath, which surrounds axons
and is essential for the fast transmission of action poten-
tials by salutatory conduction. Microglias are blood derived
mononuclear macrophages. The tight junctions between
endothelial cells results in a very high trans-endothelial
electrical resistance of 1500-2000 Qcm? compared to 3-33
Qcm? of other tissues which reduces the aqueous based
para-cellular diffusion that is observed in other organs (5,

6).

Micro-vessels make up an estimated 95% of the total sur-
face area of the BBB, and represent the principal route by
which chemicals enter the brain. Vessels in brain were
found to have somewhat smaller diameter and thinner wall
than vessels in other organs. Also, the mitochondrial den-
sity in brain micro-vessels was found to be higher than in
other capillaries not because of more numerous or larger
mitochondria, but because of the small dimensions of the
brain micro-vessels and consequently, smaller cytoplasmic
area. In brain capillaries, intercellular cleft, pinocytosis, and
fenestrae are virtually nonexistent; exchange must pass
trans-cellularly. Therefore, only lipid-soluble solutes that
can freely diffuse through the capillary endothelial mem-
brane may passively cross the BBB. In capillaries of other
parts of the body, such exchange is overshadowed by other
nonspecific exchanges. Despite the estimated total length
of 650km and total surface area of 12 m2 of capillaries in
human brain, this barrier is very efficient and makes the
brain practically inaccessible for lipid- insoluble com-

pounds such as polar molecules and small ions. As a con-
sequence, the therapeutic value of many promising drugs
is diminished, and cerebral diseases have proved to be
most refractory to therapeutic interventions. Given the
prevalence of brain diseases alone, this is a considerable
problem. Practically all drugs currently used for disorders
of the brain are lipid-soluble and can readily cross the BBB
following oral administration. Although antimicrobial b-
lactam antibiotics, when administered intracerebroventric-
ularly, cause severe convulsion, fortunately these antibiot-
ics, when administered intravenously or orally, do not
cause such central nervous system (CNS) side effect
because their limited transport across the blood—brain bat-
rier (BBB). Further, in spite of being well distributed into
various tissues, a lipophilic new quinolone antimicrobial
agent, grepafloxacin, cannot enter the brain, resulting in
the avoidance of CNS side effects such as headache and
dizziness due to the displacement of g-aminobutyric acid
(GABA) from the GABA receptor binding sites. On the
other hand, benzodiazepines such as diazepam have been
used as sedative-hypnotic agents, because these lipophilic
drugs readily cross the BBB. However, the BBB transport
of an immunosuppressive agent, cyclosporin A, which is
more lipophilic than diazepam, is highly restricted. Simi-
larly, almost all of the lipophilic anticancer agents such as
doxorubicin, epipodophylotoxin and Vinca alkaloids (e.g.,
vincristine and vinblastine) hardly enter the brain, causing
difficulty in the treatment of brain tumors. Although
levodopa, which is useful for treatment of Parkinson’s dis-
ease, is very hydrophilic, it can readily penetrate the BBB.
What mechanisms underlie these diverse BBB transport
characteristics of drugs which are apparently structurally
and pharmacologically unrelated? In order to avoid over-
lap with this section, the drug transport across the BBB of
small-molecular drugs by carrier-mediated transport and
of peptide drugs by the adsorptive-mediated transcytosis
are discussed in section 7.1.4 and 7.1.5 respectively.

Some regions of the CNS do not express the classical BBB
capillary endothelial cells, but have micro-vessels similar to
those of the periphery. These areas are adjacent to the ven-
tricles of the brain and are termed the circumventricular
organs (CVOs). The CVOs include the choroid plexus, the
median eminence, neurohypophysis, pineal gland,
organum vasculosum of the lamina terminalis, subfornical
organ, subcommisaral organ and the area postrema.
Though in the CVO brain regions the capillaries are more
permeable to solutes, the epithelial cells of the choroid

plexus and the tanycytes of other regions form tight junc-
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tions to prevent transport from the abluminal extracellular
fluid (ECF) to the brain ECE. The choroid plexus may be
of importance when considering the transport of peptide
drugs, because it is the major site of cerebrospinal-fluid
(CSF) production, and both the CSF and brain ECF freely
exchange (7).

The BBB also has an additional enzymatic aspect. Solutes
crossing the cell membrane are subsequently exposed to
degrading enzymes present in large numbers inside the
endothelial cells that contain large densities of mitochon-
dria, metabolically highly active organelles. BBB enzymes
also recognize and rapidly degrade most peptides, includ-
ing naturally occurring neuropeptides (8, 9).

Finally, the BBB is further reinforced by a high concentra-
tion of P-glycoprotein (Pgp), active —drug-efflux-trans-
porter protein in the luminal membranes of the cerebral
capillary endothelium. This efflux transporter actively
removes a broad range of drug molecules from the endot-
helial cell cytoplasm before they cross into the brain paren-
chyma. Figure-1 gives a schematic representation of all
these BBB properties using a comparison between brain
and general capillaries.
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Figure 1: Schematic comparison between general (left)
and brain (right) capillaries.

Blood-Cerebrospinal Fluid Barrier

The second barrier that a systemically administered drug
encounters before entering the CNS is known as the
blood-cerebrospinal fluid barrier (BCB). Since the CSF
can exchange molecules with the interstitial fluid of the
brain parenchyma, the passage of blood-borne molecules
into the CSF is also carefully regulated by the BCB. Physio-
logically, the BCB is found in the epithelium of the chor-
oids plexus, which are arranged in a manner that limits the
passage of molecules and cells into the CSE. The choroid

plexus and the arachnoid membrane act together at the
bartiers between the blood and CSE. On the external sur-
face of the brain the ependymal cells fold over onto them-
selves to form a double layered structure, which lies
between the dura and pia, this is called the arachnoid
membrane. Within the double layer is the subarachnoid
space, which participates in CSF drainage. Passage of sub-
stances from the blood through the arachnoid membrane
is prevented by tight junctions (10). The arachnoid mem-
brane is generally impermeable to hydrophilic substances,
and its role is forming the Blood-CSF bartier is largely pas-
sive. The choroid plexus forms the CSF and actively regu-
lates the concentration of molecules in the CSE The
choroid plexus consist of highly vascularized, "cauliflower-
like" masses of pia mater tissue that dip into pockets
formed by ependymal cells. The preponderance of choroid
plexus is distributed throughout the fourth ventricle near
the base of the brain and in the lateral ventricles inside the
right and left cerebral hemispheres. The cells of the chor-
oidal epithelium are modified and have epithelial charac-
teristics. These ependymal cells have microvilli on the CSF
side, basolateral interdigitations, and abundant mitochon-
dria. The ependymal cells, which line the ventricles, form a
continuous sheet around the choroid plexus. While the
capillaries of the choroid plexus are fenestrated, non-con-
tinuous and have gaps between the capillary endothelial
cells allowing the free-movement of small molecules, the
adjacent choroidal epithelial cells form tight junctions pre-
venting most macromolecules from effectively passing
into the CSF from the blood (11). However, these epithe-
lial-like cells have shown a low resistance as compared the
cerebral endothelial cells, approximately 200 Qecm?,
between blood and CSF (12).

In addition, the BCB is fortified by an active organic acid
transporter system in the choroids plexus capable of driv-
ing CSF-borne organic acids into the blood. As a result a
variety of therapeutic organic acids such as the antibiotic
penicillin, the anti-neoplastic agent methotrexate, and the
antiviral agent zidovudine are actively removed from the
CSF and therefore inhibited from diffusing into the brain
parenchyma. TFurthermore, substantial inconsistencies
often exist between the composition of the CSF and intet-
stitial fluid of the brain parenchyma, suggesting the pres-
ence of what is sometimes called the CSF-brain barrier
(13). This barrier is attributed to the insurmountable diffu-
sion distances required for equilibration between the CSF
and the brain interstitial fluid. Therefore, entry into the

CSF does not guarantee a drug’s penetration into the brain.
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Blood-Tumor Barrier

Intracranial drug delivery is even more challenging when
the target is a CNS tumor. The presence of the BBB in the
microvasculature of CNS tumors has clinical conse-
quences. For example, even when primary and secondary
systemic tumors respond to chemotherapeutic agents
delivered via the cardiovascular system, intracranial
metastases often continue to grow. In CNS malignancies
where the BBB is significantly compromised, a variety of
physiological barriers common to all solid tumors inhibit
drug delivery via the cardiovascular system. Drug delivery
to neoplastic cells in a solid tumor is compromised by a
heterogeneous distribution of microvasculature through-
out the tumor interstitial, which leads to spatially inconsis-
tent drug delivery. Furthermore, as a tumor grows large,
the vascular surface area decreases, leading to a reduction
in trans-vascular exchange of blood-borne molecules. At
the same time, intra-capillary distance increases, leading to
a greater diffusional requirement for drug delivery to neo-
plastic cells and due to high interstitial tumor pressure and
the associated peri-tumoral edema leads to increase in
hydrostatic pressure in the normal brain parenchyma adja-
cent to the tumor. As a result, the cerebral microvascula-
ture in these tumor adjacent regions of normal brain may
be even less permeable to drugs than normal brain endot-
helium, leading to exceptionally low extra-tumoral intersti-
tial drug concentrations (14). Brain tumors may also
disrupt BBB, but these are also local and nonhomoge-
neous disruptions (15).

In conclusion, the delivery of drugs to the CNS via the
cardiovascular system is often precluded by a variety of
formidable barriers including the BBB, the BCB, and the
BTB.

EFFLUX MECHANISMS IN DRUG TRANSPORT TO THE
BRAIN

A detailed understanding of the uptake and efflux mecha-
nisms at the BBB would be very helpful for targeting drugs
to the brain to provide the expected CNS pharmacological
effect or for the reduction of BBB penetration of drugs in
order to minimize side effects in the CNS. Most n-vivo
experimental methods describing drug uptake into brain
will automatically incorporate any activity of CNS efflux
into their apparent determination of brain penetration.
Within the CNS are a number of efflux mechanisms that
will influence drug concentrations in the brain. Some of
these mechanisms are passive while others are active.

Active efflux from the CNS via specific transporters may
often reduce the measured penetration of drug at the BBB
to levels that are lower than might be predicted from the
physicochemical properties of the drug, for example, its
lipid solubility. The activity of these efflux mechanisms
influence the concentration in brain extracellular fluid of
free drugs that are available to interact with drug receptor
sites. Recently much attention has been focused on the so-
called multi-drug transporters; multi-drug resistance pro-
tein (MRP), P-glycoprotein (Pgp) and the multi-specific
organic anion transporter (MOAT), which belong to the
members of the ABC cassette (ATP-binding cassette) of
transport protein (16, 17). The MRP in humans appears to
be five isoforms, and there are different levels of expres-
sion of these various isoforms in different tissues. Pgp is
the product of the multidrug resistance (MDR) gene in
humans and accepts a wide range of lipid-soluble sub-
strates and will actively efflux these from cells expressing
the gene product. The MOAT in the choroid plexus shows
some similarity in its substrate preferences with MRP.
Noticeably, brain exposure can be increased not only by
enhancing influx, but by restricting efflux through the
BBB as well. Hence, strategies directed at increasing brain
uptake of drugs that are substrates for specific efflux
mechanisms need to be focused on designing reactivity
with a transporter out of a drug molecule or by examining
ways of inhibiting the activity of an efflux mechanism by
co-administering a competitive or noncompetitive inhibi-
tor of the efflux pump together with the desired drug, For
example, for certain Pgp substrates, coadministeration of a
Pgp inhibitor can increase not only oral absorption, but
also BBB permeability (18, 19). Coadministration of the
Pgp blocker valspodar has recently been shown to not
only increase the brain levels pf paclitaxel, but also to con-
siderably improve its therapeutic effect on tumor volume
in mice (20). On the contrary, among the brain drug deliv-
ery strategies to be discussed later, chemical drug delivery
systems (CDDS) are the only ones attempting to not only
increase influx, but also to decrease efflux. This strategy is
done by exploiting a sequential metabolic approach that
first increases influx by passive diffusion through
increased lipophilicity and then decreases efflux by a ‘lock-
in’ mechanism.

PHYSICOCHEMICAL FACTORS THAT INFLUENCE BRAIN
UPTAKE

Brain penetration, brain uptake, and ability to cross the
BBB need to be defined exactly to understand concepts
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involved in brain uptake. Hence, the various ways in which
transfer across the BBB are defined in table-1.

Table 1: Measures of “Brain Uptake’'.

Eiolwgical actety

Tula Hirre ] bradn o @ ertration

The brain 1ptabie nde s froom single -pass experiterd:

Prmodact and penteability o oefficient forme
Trdicator d ibrion daring, sitygle pacs
Frdramrervons Evsion of bobis doe ction
Wasolar perfieion of brak s

Elood-ram detritntion

Biological activity is a general measure of brain uptake.
The hypnotic activity of a number of congeneric series of
CNS depressants reached a maximum when log octanol—
water partition coefficient (log P, /) was near to 2. Vari-
ous researchers confirmed this finding and the “rule of 27
became generally accepted (21). But the difficulty here is
that the biological activity will depend on at least two fac-
tors:

e rate of transfer from blood to brain, or distribution between
blood and brain; and

* interaction between drug and some receptors in the brain.
If these two factors cannot be distinguished, then it is
impossible to use biological activity as a measure of either
rate or equilibrium transfer.

The log P, probably still represents the most informative
physicochemical parameter used in medicinal chemistry
and countless examples where it proved as useful descrip-
tors are available in the literature (22). On the other hand,
increasing lipophilicity with the intent to improve mem-
brane permeability might not only make chemical handling
difficult, but also increase the volume of distribution in
particular plasma protein binding and tends to affect all
other pharmacokinetic parameters (23, 24). Furthermore,
increasing lipophilicity tends to increase the rate of oxida-
tive metabolism by cytochromes P450 and other enzymes
(23, 25). Hence, to improve bioavailability, the effects of
lipophilicity on membrane permeability and first pass
metabolism have to be balanced.

The brain uptake index (20) is a more rigorous measure of
brain uptake in which there is a relative measure of brain
uptake by intra-carotid injection of a mixture of "C-
labeled compound and *H-labeled water (i.e. a saline solu-
tion in *H-labeled water). The radioactivity in brain tissue
is recorded 15 seconds after administration, and a brain

uptake index (BUI) is defined in equation-1:
(#C S Hotissue

BUI= _
(*C *Hyzaline

100 X (equation-1)

where the BUI for water is 100. Although, the BUI is use-
ful as a rank order index of brain uptake, is not easily ame-
nable to analysis by physicochemical methods.

A more well-defined measure of rapid brain uptake is the
permeability, expressed either as a permeability-surface
area product (PS) or as a permeability coefficient (PC),
obtained by intravenous injection and measurement of the
drug profile in arterial blood. Both the PS product and PC
are quantitative measures of the rate of transport obtained
by in-situ vascular perfusion technique (27) and so are
amenable to analysis through standard physicochemical
procedures. An advantage of the perfusion technique as a
measure of brain uptake is that the time scale for determi-
nation of PS products is very short, so that back transport
and biological degradation are minimized. Although there
are numerous physicochemical studies on brain perfusion,
it is not possible to reach any general conclusions.

Following systemic drug administration, uptake from the
circulation into parenchyma by a specific organ of interest
will be determined by the following factors: (a) blood flow
to the organ, (b) permeability of the micro-vascular wall,
and (c) the amount of drug available for uptake, which is
inversely related to systemic clearance and is represented
by the area under the plasma concentration-time curve
(AUCQC). For the quantification of brain tissue accumulation
(Chrain) at time T during the phase of unidirectional

uptake, the following equation-2 holds:
Chean (T) = BS 30 AU ¢

(2 qaatice-2)
where PS is the brain capillary permeability surface area
product, an expression equivalent to the organ clearance
and AUC is the area under the plasma concentration time
curve. It should be mentioned that this equation does not
take into account efflux of either intact drug or metabo-
lism and efflux of degradation products from the brain.
Measurement of efflux is covered in section 6 of this
review.

Based on the relationship between the octanol / water par-
tition coefficient (PC) divided by the square root of the
molecular weight (PC/ Mw'/?) and the BBB permeability
coefficient (PS), one can classify at least three different
groups: (a) substrates exhibiting a good correlation, (b)
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substrates exhibiting a significantly greater PS value than
indicated by their lipophilicity, and (c) substrates exhibiting
a significantly smaller PS value than indicated by their lipo-
philicity. The transport mechanism for groups (a) and (b)
is passive diffusion and facilitated transport, respectively
(27). The molecular weight of the compounds in group (c)
is greater than 400 Da., the absolute cut-off for significant
BBB passage regardless of lipophilicity. This molecular
weight threshold hypothesis was proposed to explain the
mechanism operating in the case of group (c) (28).

Brain uptake can be positively correlated with lipid solubil-
ity or negatively correlated with hydrogen bonding (29).
The extent to which a compound forms hydrogen bonds
is vital for its ability to permeate endothelial cell mem-
branes. The higher the hydrogen bonding potential, lower
the uptake into the brain. By reducing the hydrogen bond-
ing potential for a congeneric series of steroid hormones,
there was a log increase in uptake with each removal of
hydrogen bond pairs. The correlation of blood-brain dis-
tribution coefficients (as log BB in-vivo and in-vitro values)
using hydrogen bonding descriptors are available (30) but
are not very similar to correlations for log PS. Hence the
factors that influence blood-brain distribution are not
quantitatively the same as those that influence brain petfu-
sion. So it is vitally important when discussing brain
uptake to specify what measure of brain uptake is being
used. A variety of 7z silico models (31) and 7 vitro perme-
ability assays (32) have been developed in an attempt to
characterize and predict BBB permeability and integrate
such prediction in the early phases of drug development,
together with various other considerations (33-35).

IN Vivo AND IN VITRO MODELS TO STUDY DRUG
TRANSPORT ACROSS THE BLOOD-BRAIN AND BLOOD-
CSF BARRIERS

The pharmacokinetics and pharmacodynamics of drugs in
the CNS are understood by their unbound concentrations
in the extracellular fluid of the brain. Various in-vivo and
in-vitro techniques are available to study this property. The
in-vivo techniques include the brain uptake index (BUI)
(26), the brain efflux index (BEI) (36), brain perfusion
(37), the unit impulse response method (38) and micro-
dialysis (39).

The efflux transport across the BBB is a very important
process for explaining the mechanism of the apparent
restricted cerebral distribution of drugs after their systemic
administration. In order to examine the BBB efflux trans-

port mechanism under in-vivo conditions, the intracere-
bral microinjection technique has been developed and
recently established as the BEL. The BEI value is defined
as the relative percentage of drug effluxed from the ipsilat-
eral (that is, they do not cross to the opposite hemisphere)
cerebrum to the circulating blood across the BBB com-
pared with the amount of drug injected into the cerebrum,
ie:

amonnt o dnyz effbeted atthe BEE

BRI ot of drag frjects 4 o the I

¥ 100 (equation-3)

The advantages of the BEI method are its ability to allow
determination of the apparent in vivo drug efflux rate con-
stant across the BBB, monitoring the concentration
dependency of the test drug and the performance of inhi-
bition studies. By contrast, the limitations of the BEI
method are that only one data point can be obtained for a
single intracerebral microinjection. The drug concentra-
tion in the cerebrum cannot be accurately determined. In
other words, at the present time, the drug concentration in
the brain is estimated by using the dilution factor, i.e. 30.3-
to 46.2-fold dilution (30).

The brain interstitial fluid (ISF) concentration is a determi-
nant for the effect of a drug in the CNS zn-vivo. 1f the drug
would cross the BBB in significant quantities by passive
diffusion, the brain ISF concentration will equal the
plasma unbound drug concentration after its administra-
tion. In this case, the plasma unbound drug concentration
will be very important in predicting the CNS effect. How-
ever, if the brain ISF concentration of a drug is signifi-
cantly lower than the plasma unbound drug concentration,
it will be very important to identify the mechanism
involved. For the direct measurement of brain ISF drug
concentration, many researchers have found brain micro-
dialysis to be a useful technique (40, 41). Micro-dialysis is a
method of choice in the study of sz-viwo drug transport
across the BBB, based on brain’s physiological and ana-
tomical characteristics considering it to be a non-homoge-
neous compartment. In addition, drug disposition in the
brain is determined by protein binding, blood flow, BBB
transport, and the exchange between brain extracellular
fluid (ECF) and brain cells. Nevertheless, intra-cerebral
micro-dialysis is an invasive technique: it involves the
implantation of a probe, which may cause tissue trauma,
and hence may have consequences for BBB function.
Therefore it is necessary to determine whether intra-cere-
bral micro-dialysis provides meaningful data on drug
transport across the BBB and drug disposition in the
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brain.

Since thousands of new therapeutic compounds will have
to be tested in the near future; alternatives to in-vivo test
systems must be developed. Thus, in-vitro models that
closely mimic the in-vivo system, at least with respect to
barrier properties, ate in high demand. Blood-brain barrier
models now available make use of cerebral capillary endot-
helium (potcine brain capillary endothelial cells) or chor-
oid plexus epithelial cells (porcine choroid plexus) (42, 43).
Both cell types need serum in the growth medium to pro-
liferate. Serum, however, inhibits the formation of tight
cell-cell contacts. Withdrawal of serum favors cellular
polarity and increases the barrier properties drastically.
Electrical resistance is an easy measure of junctional tight-
ness (44). A very sophisticated but highly reliable and
reproducible new method is impedance spectroscopy (IS)
(45), in which AC potentials are applied over a wide fre-
quency range. At a single fixed frequency, AC potentials
may be applied and analyzed if only relative changes after
substrate application are expected. IS yields information
about both conductivity and dielectric constant (capaci-
tance) of the interfacial region of the cell monolayer.
Essentially three types of brain capillary endothelial cell
culture are currently used by researchers: primary cultures,
cell lines and co-culture systems. The limitation of primary
cultures has been their higher para-cellular permeability,
reflected by the measurement of the electrical resistance
across the monolayer. Later developments led to the gen-
eration of rat, bovine and human immortalized endothelial
cells and their use as a replacement for primary cells in in-
vitto BBB models (46). However, these cell systems have
not been characterized to the same extent as either pri-
mary or passaged cells. The in-vitro BBB model, consist-
ing of a co-culture of brain capillary endothelial cells on
one side of a filter and astrocytes on the other, is currently
used. The strong correlation between the in-vivo and in-
vitro values demonstrated that this in-vitro system is an
important tool for the investigation of the role of the BBB
in the delivery of nutrients and drugs to the CNS (47). The
main advantage of this model is the possible rapid evalua-
tion of strategies for achieving drug targeting to the CNS
or to appreciate the eventual central toxicity of systemic
drug and to elucidate the molecular transport mechanism
of substances across the BBB.

STRATEGIES FOR ENHANCED CNS DRUG

DELIVERY

To circumvent the multitude of barriers inhibiting CNS
penetration by potential therapeutic agents, numerous
drug delivery strategies have been developed (6, 9, 15, 48-
50). These strategies generally fall into one or more of the
following three categories: manipulating drugs, disrupting
the BBB and finding alternative routes for drug delivery.

Drug Manipulations
Lipopbhilic Analogs

CNS penetration is favored by low molecular weight, lack
of ionization at physiological pH, and lipophilicity (13).
Delivery of pootly lipid-soluble compounds to the brain
requires some way of getting past the BBB. There are sev-
eral possible strategies, such as transient osmotic opening
of the BBB, exploiting natural chemical transporters, high-
dose chemotherapy, or even biodegradable implants. But
all of these methods have major limitations: they are inva-
sive procedures, have toxic side effects and low efficiency,
and are not sufficiently safe. Heroin, a diacyl derivative of
morphine, is a notorious example that crosses the BBB
about 100 times more easily than its parent drug just by
being more lipophilic. Hence, a possible strategy is to
smuggle compounds across as their lipophilic precursors.
Because drug’s lipophilicity correlates so strongly with
cerebro-vascular permeability, hydrophobic analogues of
small hydrophilic drugs ought to more readily penetrate
the BBB. This strategy has been frequently employed, but
the results have often been disappointing. The best exam-
ples of such attempts are the series of lipophilic analogues
of nitrosoureas where a quantitative structural activity rela-
tionship (QSAR) study indicated the anti-neoplastic activ-
ity was inversely proportional to their lipophilicity. This is
because the more lipophilic analogs becomes less soluble
in the aqueous plasma and bind more readily to plasma
proteins, leading to lower concentrations of drug available
for diffusion into the CNS and demonstrate diminished
alkylating activity and increased dose limiting toxicity.
Hence, when a drug is delivered via the circulatory system
for the treatment of CNS diseases, a delicate balance
between cerebro-vascular permeability and plasma solubil-
ity is required. Specifically, the optimal log P

/v 1S ApProxi-
mately 1.5 to 2.5 (51). However, log P, alone seems to
have a more limited performance in predicting brain/
blood concentration ratios, but in combination with other
parameters can still reasonably predict brain-blood parti-

tioning (52, 53).
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A second strategy for increasing the lipophilicity of a
hydrophilic therapeutic agent is to surround the hydro-
philic molecule with a sphere of lipids in the form of a
liposome. The strategies for linking drugs to transport vec-
tors shown in Table 2 involve an approximate 1:1 stoichi-

ometry of vector to drug.

Table 2: Diversity in strategies for linking drugs to
transport vectors.

Class Target &8 Dgert Lirkage T anrabiliy
Cherni al Ly= MES Thia-ether (—5-) Ha
Lys Tran’s
Lys SPLP Drisalfide (-55-) Yae
Lys Tran’s
Arrdirebiotin Lys HHS-35%iotin  Dinalfide Yae
Ly= HHS-204- Bprdde Ha
hiotin
Lys HHS-FE- Esteruded arrdde Ha
hintin
Lep, Hz-PEG-bintin  Extendedbydrazide Mo

Fasion gene & kients

Fec avhivart prote i, Tec ottbika vt wrector Hi

Flec avhinart e chor Tecorsh it awidm Flexdhle
Abbrevdatiore: HHS  Hlgedrosgeox cinarid | PEG, pobetorlawzhr ol He dyedrs ode ; BE S, me
maleimidobengoyl H-bgedroxgea cmivide ecter; SPDP, H-ox cindrrddyl 3 - 2-preridylditkic
propimuate ; Lyes, e, fep, acpartic acid; Ghy, ghtanic acid; S0 arvdno acid.

However, the carrying capacity of the vector could be
greatly expanded by incorporation of the non-transport-
able drug in liposomes, followed by subsequent conjuga-
tion of the liposome to a BBB drug delivery vector.
Liposomes, even small unilamellar vesicles, do not
undergo significant transport through the BBB in the
absence of vector-mediated drug delivery (54). Another
problem with liposomes is that these structures are rapidly
removed from the bloodstream following intravenous
administration, owing to uptake by cells lining the reticulo-
endothelial system. The dual problems of mediating BBB
transport and inhibiting peripheral clearance of liposomes
were solved by the combined use of PEGylation technol-
ogy and chimeric peptide technology (54). In this con-
struct, a novel bi-functional PEG*Y derivative that
contains a maleimide at one end (for attachment to a thi-
olated MAb [murine monoclonal antibody]) and a dis-
tearoylphosphatidylethanolamine (DSPE) moiety at the
other end (for incorporation into the liposome surface)
was used to prepare the PEGylated immunoliposomes.
The combined use of PEGylation technology, liposome
technology, and chimeric peptide technology results in the
construction of PEGylated immuno-liposomes that are
capable of receptor-mediated transport through the BBB
in-vivo (55). MADb binds to the BBB transferrin receptor,
and it has been successfully used as a vector in delivery of
other large molecules across the BBB. Since; a single lipo-
some may carry up to 10,000 drug molecules, the immuno-
liposome delivery system has the ability to dramatically
increase brain drug delivery by up to four orders of magni-

tude. This delivery system may be of significance to brain
drug delivery because it permits brain targeting of the lipo-
somally encapsulated drug, and may consequently offer a
significant reduction in side effects. Compounds with
excellent neuro-pharmacologic potential z#-vitro; which
may have been rejected for clinical use because of low
brain delivery (or some minor side-effects) may now be
reevaluated for potential use in conjunction with this deliv-
ery system. Since the liposome capsule undergoes degrada-
tion to release its contents, the drug is delivered without
the use of disulfide or ester linkages, which may signifi-
cantly affect pharmacological actions (54). This micro-
encapsulation strategy, and the use of living cells devel-
oped to produce neuro-pharmacological agents (56), is
regarded as two of the more promising recent develop-
ments in brain drug delivery (57).

Prodrugs

Brain uptake of drugs can be improved via prodrug forma-
tion (58). Prodrugs are pharmacologically inactive com-
pounds that result from transient chemical modifications
of biologically active species. The chemical change is usu-
ally designed to improve some deficient physicochemical
property, such as membrane permeability or water solubil-
ity. After administration, the prodrug, by virtue of its
improved characteristics, is brought closer to the receptor
site and is maintained there for longer periods of time.
Here it gets converted to the active form, usually via a sin-
gle activating step. For example, esterification or amidation
of hydroxy-, amino-, or carboxylic acid- containing drugs,
may greatly enhance lipid solubility and, hence, entry into
the brain. Once in the CNS, hydrolysis of the modifying
group will release the active compound. Unfortunately,
simple prodrugs suffer from several important limitations.
Going to extremes on the lipophilic precursor scale, a pos-
sible choice for CNS prodrugs is coupling the drug to a
lipid moiety, such as fatty acid, glyceride or phospholipids.
Such prodrug approaches were explored for a variety of
acid-containing drugs, like levodopa, GABA, Niflumic
acid, valproate or vigabatrin are coupled to diglycerides or
modified diglycerides (59). While increased lipophilicity
may improve movement across the BBB, it also tends to
increase uptake into other tissues, causing an increased tis-
sue burden. This selectivity in delivery is especially detri-
mental when potent drugs such as steroids or cytotoxic
agents are considered, since toxicity is exacerbated at non-
target sites. Moreover, while increased lipophilicity may
facilitate drug uptake into the CNS, it also enhances efflux
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processes. This can result in poor tissue retention and
short biological action. Furthermore, while the only
metabolism associated with a prodrug should be its con-
version to the patent drug, other routes can occur, and the
formed metabolites may contribute to the toxicity of the
compounds. These effects, that is poor selectivity, poor
retention, and the possibility for reactive metabolites, may
often conspire to decrease, not to increase, the therapeutic
index of drugs masked as prodrugs. On the other hand,
prodrug approaches that target specific membrane trans-
porters have also been explored more recently (chemically)
transforming the drug to be delivered so that it can
become the subject of some specific membrane trans-
porter, such as the amino acids, peptide or glucose trans-
porters (60).

Chemical Drug Delivery

Chemical drug delivery systems (CDDS) represent novel
and systematic ways of targeting active biological mole-
cules to specific target sites or organs based on predictable
enzymatic activation. They are inactive chemical deriva-
tives of a drug obtained by one or more chemical modifi-
cations so that the newly attached moieties are
monomolecular units (generally comparable in size to the
original molecule) and provide a site-specific or site-
enhanced delivery of the drug through multi-step enzy-
matic and/or chemical transformations. During the chem-
ical manipulations, two types of bio-removable moieties
are introduced to convert the drug into an inactive precur-
sor form. A targetor (T) moiety is responsible for target-
ing, site-specificity, and lock-in, while modifier functions
(F,._F,) serve as lipophilizers, protect certain functions, or
fine-tune the necessary molecular properties to prevent
premature, unwanted metabolic conversions. The CDDS
is designed to undergo sequential metabolic conversions,
disengaging the modifier functions and finally the targetor,
after this moiety fulfils its site- or organ-targeting role.
Undoubtedly, the concept evolved from the prodrug con-
cept, but became essentially different by the introduction
of multi-step activation and targetor moieties. Within the
present formalism, one can say that prodrugs contain one
or more F moieties for protected or enhanced overall
delivery, but they do not contain T moieties. Brain-target-
ing chemical delivery systems represent just one class of
CDDS; however, this is the most developed class. Using
the general CDDS concept, successful deliveries have been
achieved to the brain, to the eye, and to the lung (61).

These CDDS are based on the idea that, if a lipophilic
compound that enters the brain is converted there into a
lipid-insoluble molecule, it will no longer be able to come
out, i.e. it will become ‘locked- in’. If the same conversion
also takes place in the rest of the body, it accelerates
peripheral elimination and improves targeting. In principle,
many targetor moieties are possible for a general system of
this kind, but the one based on the 1,4-dihydrotrigonel-
line trigonelline (coffearine) system, where the lipophilic
1,4-dihydro form (T) is converted in-vivo to the hydro-
philic quaternary form (T*), proved the most useful. This
conversion takes place easily everywhere in the body since
it is closely related to that of the ubiquitous
NAD@P)H'NAD(P)+ coenzyme system associated with
numerous oxidoreductases and cellular respiration. Since,
oxidation takes place with direct hydride transfer and with-
out generating highly active or reactive radical intermedi-
ates, it provides a nontoxic targetor system. Furthermore,
since for small quarternary pyridinium ions rapid elimina-
tion from the brain, probably due to involvement of an
active transport mechanism that eliminates small organic
ions, has been shown (62), the T+ moiety formed during
the final release of the active drug D from the charged T —
D form will not accumulate within the brain. Meanwhile,
the charged T —D form is locked behind the BBB into the
brain, but is easily eliminated from the body due to the
acquired positive charge, which enhances water solubility.
After a relatively short time, the delivered drug D (as the
inactive, locked-in T+ —D) is present essentially only in the
brain, providing sustained and brain-specific release of the
active drug. It has to be emphasized that the system not
only achieves delivery to the brain, but it provides prefer-
ential delivery, which means brain targeting. Ultimately,
this should allow smaller doses and reduce peripheral side
effects.

Furthermore, since the lock-in” mechanism works against
the concentration gradient, it provides more prolonged
effects. Consequently, CDDSs can be used not only to
deliver compounds that otherwise have no access to the
brain, but also to retain lipophilic compounds within the
brain, as has indeed been achieved, for example, with a
variety of steroid hormones. During the last decade, the
system has been explored with a wide variety of drug
classes. In a recent addition to the drug-targeting arsenal,
targeted drug delivery to the brain via phosphonate deriva-
tives was also explored, and so-called anionic chemical
delivery systems (aCDDS) were designed, synthesized, and
evaluated for testosterone and zidovudine (63). Here, an
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(acyloxy) alkyl phosphonate-type targetor moiety is used,
and formation of an anionic 2 intermediate (T- —D) is
expected to provide the Tlock-in’. In addition, molecular
packaging, an extension of the CDDS approach, achieved
the first documented noninvasive brain delivery of neu-
ropeptides in pharmacologically significant amounts. In
this approach the peptide unit is part of a bulky molecule,
dominated by lipophilic modifying groups that direct BBB
penetration and prevent recognition by peptidases (64-67).
Such a brain targeted packaged peptide delivery system
contains the following major components: the redox targe-
tor (T); a spacer function (§), consisting of strategically
used amino acids to ensure timely removal of the charged
targetor from the peptide; the peptide itself (P); and a
bulky lipophilic moiety (L) attached through an ester bond
or sometimes through a C- terminal adjuster (A) at the cat-
boxyl terminal to enhance lipid solubility and to disguise
the peptide nature of the molecule. To achieve delivery and
sustained activity with such complex systems, it is very
important that the designated enzymatic reactions take
place in a specific sequence. Upon delivery, the first step
must be the conversion of the targetor to allow for ‘lock-
in’. This must be followed by removal of the L function to
form a direct precursor of the peptide that is still attached
to the charged targetor. Subsequent cleavage of the targe-
tor—spacer moiety finally leads to the active peptide.

Another method called redox chemical delivery systems
involves linking a drug to the lipophilic dihydropyridine
carrier, creating a complex that after systemic administra-
tion readily transverses the BBB because of its lipophilicity.
Once inside the brain parenchyma, the dihydropyridine
moiety is enzymatically oxidized to the ionic pyridinium
salt. The acquisition of charge has the dual effect of accel-
erating the rate of systemic elimination by the kidney and
bile and trapping the drug-pyridinium salt complex inside
the brain. Subsequent cleavage of the drug from the pyri-
dinium carrier leads to sustained drug delivery in the brain
parenchyma (68). This methodology increases intracranial
concentrations of a variety of compounds, including neu-
rotransmitters, antibiotics, and antineoplastic agents. This
methodology has been extended to deliver neuroactive
peptides such as enkephalin to the brain and has demon-
strated promise in laboratory models, and evaluation of
clinical efficacy in neurological patients is awaited with
interest (69). These approaches should be useful in medic-
inal chemistry and research on drug delivery to the brain.

Carrier Mediated Drug Delivery

Carrier-mediated transport (CMT) and receptor-mediated
transport (RMT) pathways are available for certain circu-
lating nutrients or peptides. The availability of these
endogenous CMT or RMT pathways means that portals of
entry to the brain for circulating drugs are potentially avail-
able. In the brain capillary endothelial cells, which make up
the BBB, there are several transport systems for nutrients
and endogenous compounds (70, 71). They are (a) the
hexose transport system for glucose and mannose, (b) the
neutral amino acid transport system for phenylalanine, leu-
cine and other neutral amino acids, (c) the acidic amino
acid transport system for glutamate and aspartate, (d) the
basic amino acid transport system for arginine and lysine,
(e) the b-amino acid transport system for b-alanine and
taurine, (f) the monocarboxylic acid transport system for
lactate and short-chain fatty acids such as acetate and pro-
pionate, (g) the choline transport system for choline and
thiamine, (h) the amine transport system for mepyramine,
(i) the nucleoside transport system for purine bases such as
adenine and guanine, but not pyrimidine bases, and (j) the
peptide transport system for small peptides such as
enkephalins, thyrotropin-releasing hormone, arginine-
vasopressin etc. (71, 72). Utilization of differences in the
affinity and the maximal transport activity among these
transport systems expressed at the BBB is an attractive
strategy for controlling the delivery and retention of drugs
into the brain. These protein macromolecular carrier sys-
tems are characterized by saturability and molecular selec-
tivity. The large neutral amino acids (LNAA) carrier
system in the cerebro-vascular membrane is capable of
transporting numerous endogenous as well as exogenous
LNAAs, with great structural diversity; this characteristic
has made it as an attractive strategy for CNS drug delivery
(1). Levodopa, an exogenous precursor of dopamine, has a
high affinity for the LNAA carrier system after traversing
the antiluminal membrane of the cerebral endothelium
where levodopa is decarboxylated to yield dopamine,
which does not cross the BBB to an appreciable extent
(51). A newly synthesized analog of melphalin, an antineo-
plastic agent, D,L.- NAM, demonstrates enhanced affinity
for the LNAA carrier (73), resulting in enhanced penetra-
tion via the LNAA carrier system. The peptide transport-
ers existing at the BBB and their utilization for the specific
brain delivery of small peptides or peptide-mimetic drugs
remains to be fully investigated.

261



J Pharm Pharmaceut Sci (www.ualberta.ca/~csps) 6(2):252-273, 2003

Receptor/Vector Mediated Drug Delivery

Receptor-mediated drug delivery to the brain employs chi-
meric peptide technology, wherein a non-transportable
drug is conjugated to a BBB transport vector. The latter is
a modified protein or receptor-specific monoclonal anti-
body that
through the BBB in-vivo. Conjugation of drug to transport

undergoes receptor-mediated  transcytosis
vector is facilitated with chemical linkers, avidin—biotin
technology, polyethylene glycol linkers, or liposomes. Mul-
tiple classes of therapeutics have been delivered to the
brain with the chimeric peptide technology, including pep-
tide-based pharmaceuticals, such as a vasoactive peptide
analog or neurotrophins such as brain-derived neu-
rotrophic factor, anti-sense therapeutics including peptide
nucleic acids (PNAs), and small molecules incorporated
within liposomes (74, 75). The attachment of the drug that
normally does not undergo transport through the BBB to
a BBB transport vector such as the MAD, results in the for-
mation of a chimeric peptide, provided the bifunctionality
of the conjugate is retained (76). That is, the chimeric pep-
tide must have not only a BBB transport function, but also
a pharmaceutical function detived from the attached drug,
Certain drugs may not be pharmacologically active follow-
ing attachment to a BBB transport vector. In this case, it
may be desirable to attach the drug to the transport vector
via a cleavable disulfide linkage that ensures the drug is still
pharmacologically active following release from the trans-
port vector owing to cleavage of the disulfide bond.
Depending on the chemistry of the disulfide linker, a
molecular adduct will remain attached to the drug follow-
ing disulfide cleavage, and the molecular adduct must not
interfere with drug binding to the drug receptor (77). A
second consideration with respect to the use of a disulfide
linker is that virtually all of the cell disulfide reducing activ-
ity may be contained within the cytosol (78). Therefore,
the chimeric peptide must undergo endosomal release fol-
lowing receptor-mediated endocytosis into the target brain
cell, in order to distribute to the reductase compartment.

A second approach is to attach the drug to the transport
vector via a non-cleavable linkage such as an amide bond.
In this context, cleavability refers to reduction of the disul-
fide bond, since all the bonds including amide bonds are
ultimately hydrolyzed in the lysosomal compartment. For
certain peptide-based therapeutics if (a) a disulfide linker is
not desired, and (b) the drug is not biologically active fol-
lowing conjugation via the amide linker, the PEGylation
technology is used (Table 2) with a longer spacer arm

comprised of a PEG moiety having a molecular mass of
2000-3400. With the PEG linker, the number of atoms
comprising the linker is increased from 14 to _100. The
placement of this long spacer arm between the transport
vector and the drug releases any steric hindrance caused by
attachment of the drug to the transport vector, and drug
binding to the cognate receptor is not impaired (79). These
considerations illustrate the multiplicity of approaches for
linking drugs to transport vectors (Table 2 & Fig. 2), and
the availability of these multiple approaches allows for
designing transport linkers to suit the specific functional
needs of the therapeutic under consideration.

Peptide Drug Delivery to the Brain
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Figure 2: Three interwoven areas of vector, linker and
drug development with the corresponding criteria for
optimization of each segment.

A summary of the different approaches for linking drugs
to transport vectors is given in Table 2, and these
approaches may be broadly classified as belonging to one
of three classes: chemical, avidin—biotin, or genetic engi-
neering. The chemical-based linkers employ activating
reagents such as m-maleimidobenzoyl N-hydroxysuccin-
imide ester (MBS) or 2-iminothiolane (Traut’s reagent),
which activate primary amino groups on surface lysine
(Lys) residues of either the drug or the transport vector
(Table 2). This results in the formation of a stable thioet-
her linkage which is comprised of only a single sulfur atom
and is not subject to disulfide cleavability (79).

The concept of receptor-mediated transcytosis (RMT) of
peptides through the BBB originated in the mid-1980s by
means of the human BBB insulin receptor-mediated
endocytosis of insulin into the brain capillary endothelium
in-vitro and the transcytosis of insulin through the BBB /-
vivo (80). Receptor-mediated transcytosis of insulin-like
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growth factors (IGFs) was demonstrated, and is consistent
with the earlier observations that, like insulin, IGF-1 and
IGF-2 are bound and endocytosed by animal and human
brain capillaries in a receptor-mediated mechanism (80).
Recently, a specific receptor for leptin has been character-
ized using human brain capillaries (81). Leptin is synthe-
sized in peripheral tissues (fat) and is taken up by brain to
induce satiety via receptor mediated transcytosis through
the BBB.

Adsorptive-mediated transcytosis (AME), a mechanism of
brain uptake that is related to receptor-mediated transcyto-
sis, operates for peptides and proteins with a basic isoelet-
ric point (cationic proteins) and for some lectins
(glycoprotein-binding proteins). The initial binding to the
luminal plasma membrane is mediated by electrostatic
interactions with anionic sites or by specific interactions
with sugar residues, respectively. In order to establish the
structural specificity of AME at the BBB, uptake of several
synthetic peptides having various molecular sizes, basici-
ties and hydrophobicities, and carboxyl-terminal structures
was compated by using primary cultured bovine endothe-
lial cells. These results indicated that not the number of
constituent amino acids of peptides, but rather the C-ter-
minal structure and the basicity of the molecules, are
important determinants of uptake by the AME system at
the BBB (82).

Nanoparticles have also been used as transport vectors for
peptides. Nanoparticles consist of colloidal polymer parti-
cles of poly-butylcyanoacrylate with the desired peptide
absorbed onto the surface and then coated with polysor-
bate 80. Nanoparticles have been used as a vector for
delivery of hexapeptide dalargin (an enkephalin analog).
Intravenous injections of the vector-dalargin produce anal-
gesia, while dalargin alone does not (83). Drugs that have
successfully been transported across the BBB with the
nanoparticles include loperamide, tubocerarine and doxo-
rubicin (84, 85). The mechanism of nanoparticle transport
has not yet been fully elucidated. The most probable trans-
port pathway seems to be endocytosis by the blood capil-
lary endothelial cells following adsorption of blood plasma
components, most likely apolipoprotein E (apo E), after
intravenous injection. These particles interact with the
Low Density Lipoproteins (LDL) receptors on the endot-
helial cells and then get internalized. After internalization
by the brain capillary endothelial cells, the drug releases in
these cells by desorption or degradation of the nanoparti-
cles and diffuses into the residual brain. Alternatively,

transport may occur by transcytosis of the nanoparticles
with drug across the endothelial cells (86). Per-coating of
nanoparticles with polysorbate led to adsorption of apo E
and possibly other plasma components, which seem to be
able to interact with the LDL receptors on the brain
endothelial cells, which could lead to their endocytosis
(87). In addition to these processes, polysorbates seem to
be able to inhibit the efflux pump. This inhibition could
contribute to the brain transport properties of the nano-
particles (88). However the possibility of a general toxic
effect is also a serious impediment (89).

Disturbing the Blood-Brain Barrier

Despite recent developments for enhanced CNS penetra-
tion, the BBB remains a formidable obstacle that compro-
mises successful treatment of many neurological disorders.
The second invasive strategy for enhanced CNS drug
delivery involves the systemic administration of drugs in
conjunction with transient BBB disruption (BBBD). The-
oretically, with the BBB weakened, systemically adminis-
tered drugs can undergo enhanced extravasation rates in
the cerebral endothelium, leading to increased parenchy-
mal drug concentrations. A variety of techniques that tran-
siently disrupt the BBB have been investigated; however,
albeit physiologically interesting, many are unacceptably
toxic and therefore not clinically useful. These include the
infusion of solvents such as dimethyl sulfoxide or ethanol
and metals such as aluminium; X-irradiation; and the
induction of pathological conditions including hyperten-
sion, hypercapnia, hypoxia or ischemia. The mechanisms
responsible for BBBD with some of these techniques are
not well understood. A somewhat safer technique involves
the systemic delivery of the convulsant drug, metrazol,
which transiently increases the BBB permeability while
causing seizures. Concurrent administration of the anti-
convulsant pentobarbital blocks seizing while allowing
BBBD to persist. The BBB can also be compromised by
the systemic administration of several antineoplastic
agents including VP-16, cisplatin, hydroxylurea, flurouracil
and etoposide.

Osmotic Blood-Brain Barrier Disruption

In the search for treatment of patients with rapidly grow-
ing, high grade gliomas, osmotic opening of the BBB was
developed. Intracarotid injection of an inert hypertonic
solution such as mannitol or arabinose has been employed
to initiate endothelial cell shrinkage and opening of BBB
tight junctions for a period of a few hours, and this per-
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mits delivery of antineoplastic agents to the brain (90).
Though this treatment is still investigational, the fact that
some patients who fail systemic chemotherapy have
responded to similar or lower doses of intracarotid drugs is
an often-cited argument in favor of the method. One rea-
son for the unfavorable toxic/therapeutic ratio often
observed with hyperosmotic BBBD is that this methodol-
ogy results in only a 25% increase in the permeability of
the tumor microvasculature, in contrast to a 10-fold
increase in the permeability of normal brain endothelium.
Although controversial, the method has shown promise in
augmenting delivery of neurotoxic drugs to the CNS (91).
However, some glial tumors have an endothelial barrier
which is compromised, probably because the glial produc-
tion of barrier-inducing factors is altered. For this reason,
osmotic opening used in conjunction with cytotoxic drugs
(such as carboplatin) may give an advantage over tradi-
tional chemotherapy. Osmotic disruption of the BBB has
also been suggested as a delivery strategy for recombinant
adenoviral vectors for gene transfer to intracerebral
tumors (92), and for magnetic resonance imaging agents
for diagnosis of brain metastases using iron oxide conju-
gates (93), but there are problems which must be over-
come before the routine clinical use of this technique can
be realized (94). Osmotic disruption seems to be most suc-
cessful in treating primary non-AIDS CNS lymphoma
(95). As a possible alternative to osmotic disruption of the
BBB, Kaya et al. (96) have shown that 20-30% of the total
brain microvessels become the more permeable fenes-
trated capillaries after induction through prolonged (4
week) infusions of either retinoic acid (100 mM) or phot-
bol myristate acetate (PMA) (150 ng/ ml). The chemical
induction of fenestrated capillaries is attributed to the pro-
duction of the plasminogen activator urokinase, and is
completely reversed 1-2 months after delivery of retinoic
acid or PMA is stopped (96). Osmatic distruption also has
been tested as a strategy for the delivery of macromolecu-
lar drugs such as monocolonal antibodies, nanoparticles
and viruses (97-99). However, the procedure breaks down
the self-defense mechanism of the brain and levels it vul-
nerable to damage or infection from all circulating chemi-
cals or toxins. The risk factors include, the passage of
plasma proteins, the altered glucose uptake, the expression
of heat shock proteins, microembolism or abnormal neu-
ronal function (100).

Biochemical Blood-Brain Barrier Disruption

Recently, new and potentially safer biochemical techniques

have been developed to disrupt the BBB. Selective opening
of brain tumor capillaries (the blood—tumor barrier), by
the intracarotid infusion of leukotriene C4 was achieved
without concomitant alteration of the adjacent BBB (101).
In contrast to osmotic disruption methods, biochemical
opening utilizes the novel observation that normal brain
capillaries appear to be unaffected when vasoactive leukot-
riene treatments are used to increase their permeability.
However, brain tumor capillaries or injured brain capillar-
ies appear to be sensitive to treatment with vasoactive leu-
kotrienes, and the permeation is dependent on molecular
size. The mechanism was shown to be related to the abun-
dance of g-glutamyl transpeptidase (g-GTP) in normal
brain capillaries; this enzyme requires glial inductive influ-
ence for its expression, and it is down- regulated in tumors,
resulting in a reduction of the enzymatic bartier in tumor
endothelial cells (102). From this origin, studies of the
effects of alternative vasoactive amines were initiated, and
it has been demonstrated that bradykinin, histamine and
the synthetic bradykinin analog RMP-7 (receptor-mediated
permeabilizer) infusion also selectively open the blood
tumor barrier in experimental animals. The responsible
biochemical mechanism has yet to be elucidated, but it has
been established that the effect of the bradykinin analog
RMP-7 is mediated specifically through bradykinin B,
receptors. Enhanced tumor drug delivery and survival in
glioma bearing rats have also been seen with RMP-7 (103).
These findings were so promising that clinical trials were
initiated using the bradykinin analog RMP-7 to enhance
brain delivery of antitumor medications. In the current
Phase II multinational clinical trials, intravenous or intra-
arterial RMP-7; is being administered together with carbo-
platin in the treatment of human gliomas, (104, 105) but
now abandoned for the same reasons as the osmotic BBB
disruption approach (100).

Alternative Routes to CNS Drug Delivery

Despite advances in rational CNS drug design and BBBD,
many potentially efficacious drug molecules still cannot
penetrate into the brain patenchyma at therapeutic con-
centrations. A third class of strategies aimed at enhancing
CNS penetration of drug molecules is composed of deliv-
ery methodologies that do not rely on the cardiovascular
system. These alternative routes for controlled CNS drug
delivery obviate the need for drug manipulation to
enhance BBB permeability and/or BBBD by citcumvent-
ing the BBB altogether. Since; most aforementioned tech-
niques aim to enhance the CNS penetration of drugs
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delivered via the circulatory system, the result is higher
drug penetration throughout the entire body and fre-
quently unwanted systemic side effects. Additionally, sys-
temically administered agents must penetrate the BBB to
enter the brain, which is a formidable task.

Intraventricular/Intrathecal Route

One strategy for bypassing the BBB that has been studied
extensively both in laboratory and in clinical trials is the
intralumbar injection or intreventricular infusion of drugs
directly into the CSE. Drugs can be infused intraventricu-
larly using an Ommaya reservoir, a plastic reservoir
implanted subcutaneously in the scalp and connected to
the ventricles within the brain via an outlet catheter. Drug
solutions can be subcutaneously injected into the
implanted reservoir and delivered to the ventricles by man-

ual compression of the reservoir through the scalp.

When compared to vascular drug delivery, intra-CSF drug
administration theoretically has several advantages. Intra-
CSF administration bypasses the BCB and results in imme-
diate high CSF drug concentrations. Since; the drug is
somewhat contained within the CNS, a smaller dose can
be used, potentially minimizing systemic toxicity. Further-
more, drugs in the CSF encounter minimized protein
binding and decreased enzymatic activity relative to drugs
in plasma, leading to longer drug half-life in the CSE
Finally, because the CSF freely exchanges molecules with
the extracellular fluid of the brain parenchyma, delivering
drugs into the CSF could theoretically result in therapeutic
CNS drug concentrations.

However, this delivery method has not lived up to its theo-
retical potential for several reasons. These include a slow
rate of drug distribution within the CSF and increase in
intracranial pressure associated with fluid injection or infu-
sion into small ventricular volumes. It results in to high
clinical incidence of hemorrhage, CSF leaks, neurotoxicity
and CNS infections. The success of this approach is lim-
ited by the CSF-brain barrier, composed of barriers to dif-
fusion into the brain parenchyma. Because the extracellular
fluid space of the brain is extremely tortuous, drug diffu-
sion through the brain parenchyma is very slow and
inversely proportional to the molecular weight of the drug
(106). For macromolecules, such as proteins, brain paren-
chymal concentrations following intra-CSE administration
are undetectable (107, 108). For these reasons, intra-CSF
chemotherapy in the treatment of intraparenchymal CNS

tumors has not proven to be effective. The greatest utility
of this delivery methodology has been in cases where high
drug concentrations in the CSF and/or the immediately
adjacent parenchyma are desired, such as in the treatment
of carcinomatous meningitis or for spinal anesthesia/anal-
gesia (109).

Intrathecal and intracerebral drug administration differs
fundamentally from systemic drug administration in terms
of pharmacokinetic characteristics determining brain tis-
sue concentration, where the available dose reaching the
target organ is 100%. However, there are large gradients
inside the tissue with very high local concentrations at the
site of administration (the ventricular surface or tissue site
of injection) and zero concentration at some distance for
macromolecules. Since; they have low diffusion coeffi-
cients, the gradients will be even steeper than what has
been measured for small molecular weight drugs (110,
111). After intracerebroventricular (icv) injection, the rate
of elimination from the CNS compartment is dominated
by cerebrospinal fluid dynamics. Clinical examples of
intrathecal small drug delivery are the icv administration of
glycopeptide and aminoglycoside antibiotics in meningitis,
the intraventricular treatment of meningeal metastasis,
intrathecal injection of baclofen for treatment of spasticity
and the infusion of opioids for severe chronic pain. These
examples have in common the fact that the drug targets in
all instances are close to the ventricular surface. Superficial
targets may also be accessible for some macromolecular
drugs.

Olfactory Pathway

An alternative CNS drug delivery strategy that has received
relatively little attention is the intranasal route. Drugs
delivered intranasally are transported along olfactory sen-
sory neurons to yield significant concentrations in the CSF
and olfactory bulb. In recent studies, intranasal administra-
tion of wheat germ agglutinin horseradish peroxidase
resulted in a mean olfactory bulb concentration in the
nanomolar range. In theory, this strategy could be effective
in the delivery of therapeutic proteins such as brain-deliv-
ered neurotropic factor (BDNF) to the olfactory bulb as a
treatment for Alzheimer’s disease (112). The nasal drug
delivery to the CNS is thought to involve either an intra-
neuronal or extraneuronal pathway (49, 113). Recent evi-
dence of direct nose-to-brain transport (114) and direct
access to CSF of three neuropeptides bypassing the blood-
stream has been shown in human trials, despite the inher-
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ent difficulties in delivery (113). The difficulties that have
to be overcome include an enzymatically active, low pH
nasal epithelium, the possibility of mucosal irritation or the
possibility of large variability caused by nasal pathology,
such as common cold. An obvious advantage of this
method is that it is noninvasive relative to other strategies.
In practice, however, further study is requited to deter-
mine if therapeutic drug concentrations can be achieved
following intranasal delivery.

INTERSTITIAL DELIVERY

The most direct way of circumventing the BBB is to
deliver drugs directly to the brain interstitium. By directing
agents uniquely to an intracranial target, interstitial drug
delivery can theoretically yield high CNS drug concentra-
tions with minimal systemic exposure and toxicity. Fur-
with  this
concentrations can be sustained, which is crucial in treat-

thermore, strategy, intracranial drug

ment with many chemotherapeutic agents.

Injections, Catbeters, and Pumps

Several techniques have been developed for delivering
drugs directly to the brain interstitium. One such method-
ology is the Ommaya reservoir or implantable pump as
discussed earlier under intraventricular/intrathecal route.
This technique, however, does achieve truly continuous
drug delivery. More recently, several implantable pumps
have been developed that possess several advantages over
the Ommaya reservoir. This can be implanted subcutane-
ously and refilled by subcutaneous injection and are capa-
ble of delivering drugs as a constant infusion over an
extended period of time. Furthermore, the rate of drug
delivery can be varied using external handheld computer
control units. Currently each of the three different pumps
available for interstitial CNS drug delivery operates by a
distinct mechanism. The Infusaid pump uses the vapour
pressure of compressed Freon to deliver a drug solution at
a constant rate; the MiniMed PIMS system uses a solenoid
pumping mechanism, and the Medtronic SynchroMed sys-
tem delivers drugs via a peristaltic mechanism. The distri-
bution of small and large drug molecules in the brain can
be enhanced by maintaining a pressure gradient during
interstitial drug infusion to generate bulk fluid convection
through the brain interstitium (115) or by increasing the
diffusion gradient by maximizing the concentration of the
infused agent (116) as a supplement to simple diffusion.
Another recent study shows that the epidural (EPI) deliv-
ery of morphine encapsulated in multivesicular liposomes

(DepoFoam drug delivery system) produced a sustained
clearance of morphine and a prolonged analgesia, and the
results suggest that this delivery system is without signifi-
cant pathological effects at the dose of 10mg/ml mot-
phine after repeated epidural delivery in dogs (117).

Biodegradable polymer Wafers, Microspberes and
Nanoparticles

Though interstitial drug delivery to the CNS has had only
modest clinical impact, its therapeutic potential may soon
be realized using new advances in polymer technologies to
modify the aforementioned techniques. Polymeric or lipid-
based devices that can deliver drug molecules at defined
rates for specific periods of time are now making a tre-
mendous impact in clinical medicine (118, 119). Drug
delivery directly to the brain interstitium using polyanhy-
dride wafers can circumvent the BBB and release unprece-
dented levels of drug directly to an intracranial target in a
sustained fashion for extended periods of time. The fate of
a drug delivered to the brain interstitium from the biode-
gradable polymer wafer was predicted by a mathematical
model based on (a) rates of drug transport via diffusion
and fluid convection; (b) rates of elimination from the
brain via degradation, metabolism and permeation
through capillary networks; and (c) rates of local binding
and internalization (120). Such models are used to predict
the intracranial drug concentrations that result from
BCNU-loaded pCPP:SA (1,3 bis-para-carboxyphenox-
ypropane:sebacic acid) wafers as well as other drug-poly-
mer combinations, paving the way for the rational design
of drugs specifically for intracranial polymeric delivery.

Conjugation of a polymerically delivered chemotherapeu-
tic agent to a water-soluble macromolecule increases drug
penetration into the brain by increasing the period of drug
retention in brain tissue (121). Hanes et al have recently
developed IL-2-loaded biodegradable polymer micro-
spheres for local cytokine delivery to improve the immu-
notherapeutic approach to brain tumor treatment (122). In
theory, polymeric cytokine delivery has several advantages
over delivery from transducted cells, including obviating
the need for transfecting cytokine genes, producing longer
periods of cytokine release z-vivo and yielding more repro-
ducible cytokine release profiles and total cytokine dose.
Microparticles can also be easily implanted by stereotaxy in
discrete, precise and functional areas of the brain without
damaging the surrounding tissue. This type of implanta-
tion avoids the inconvenient insertion of large implants by
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open surgery and can be repeated if necessary (123). The
feasibility of polymer-mediated drug delivery by the stan-
dard chemotherapeutic agent 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU) showed that local treatment of glio-
mas by this method is effective in animal models of intrac-
ranial tumors. This led to clinical trials for glioma patients,
and subsequent approval of Gliadel™ [(3.8% BCNU):
p(CPP:SA)] by the FDA and other worldwide regulatory
agencies. Obviously, such an invasive approach can only be
useful in a very limited number of patients, but this
approach has been shown to prolong survival in patients
with recurrent glioblastoma multiform brain tumors (119).
Nevertheless, because of diffusion problems, even in this
case, the therapeutic agent is likely to reach only nearby
sites (108).

Polymeric nanoparticles have been proposed as interesting
colloidal systems that allow the enhancement of therapeu-
tic efficacy and reduction of toxicity of large variety of
drugs (124). Nanoparticles were found to be helpful for
the treatment of the disseminated and very aggressive
brain tumors. Intravenously injected doxorubicin-loaded
polysorbate 80-coated nanoparticles were able to lead to
40% cure in rats with intracranially transplanted glioblasto-
mas (84). Another Study shows that PEGylated PHDCA
(n-hexadecylcyanoacrylate) nanoparticles made by PEGy-
alated amphiphilic copolymer penetrate into the brain to a
larger extent than all the other tested nanoparticle formu-
lations, without inducing any modification of the BBB per-
meability (125). And the result defines two important
requirements to take into account in the design of ade-
quate brain delivery systems, long-circulating properties of
the carrier and appropriate surface characteristics to per-
mit interactions with endothelial cells. Valproic acid-loaded
nanoparticles showed reduced toxic side effects of valpo-
rate therapy, not by reducing the therapeutically necessary
dosage but by inhibition of formation of toxic metabolites
(126). In conclusion, the capacity of the biodegradable
polymer delivery methodology to deliver drugs directly to
the brain interstitium is vast.

Drug Delivery from Biological Tissues

Another strategy to achieve interstitial drug delivery
involves releasing drugs from biological tissues. The sim-
plest approach to this technique is to implant into the
brain a tissue that naturally secretes a desired therapeutic
agent. This approach has been most extensively applied to
the treatment of Parkinson’s disease (51). Transplanted tis-

sue often did not survive owing to a lack of neovascular
innervation. Recently the enhanced vascularization and
microvascular permeability in cell-suspension embryonic
neural grafts relative to solid grafts has been demonstrated
(127). An alternative extension of this method is to use
gene therapy to develop optimized biological tissue for
interstitial drug delivery. Prior to implantation, cells can be
genetically modified to synthesize and release specific ther-
apeutic agents. The therapeutic potential of this technique
in the treatment of brain tumor was demonstrated (128).
The use of nonneuronal cells for therapeutic protein deliv-
ery to the CNS has recently been reviewed (129). The sur-
vival of foreign tissue grafts may be improved by
advancements in techniques for culturing distinct cell
types. Co-grafted cells engineered to release neurotropic
factors with cells engineered to release therapeutic proteins
may enhance the survival and development of foreign tis-
sue (130).

Ideally it would be possible to perform zun-vivo genetic engi-
neering to cause specific endogenous brain tissue to
express a desired protein, circumventing the ischemic and
immunogenic complications encountered with the implan-
tation of foreign tissue grafts. One such technique that has
been successfully used for the treatment of CNS malignan-
cies involves 7z-vivo tumor transduction with the herpes
simplex thymidine kinase (HS-tk) gene followed by treat-
ment with anti-herpes drug ganciclovir was achieved by
intra-tumoral injection of retroviral vector-producing cells
containing the HS-tk gene, rendering the transfected
tumor cells susceptible to treatment with ganciclovir (131).
Other vector systems used in CNS gene transfer studies
include retroviruses, adenoviruses, adeno-associated
viruses, encapluation of plasmid DNA into cationic lipo-
somes and neutral and oligodendrial stem cells. Although
this approach holds remarkable therapeutic potential in the
treatment of CNS diseases, its efficacy has thus far been
hindered by a number of obstacles: restricted delivery of
vector systems across the BBB, inefficient transfection of
host cells, nonselective expression of the transgene and

deleterious regulation of the transgene by the host (132).

CONCLUSIONS

The treatment of CNS diseases is particularly challenging
because the delivery of drug molecules to the brain is often
precluded by a variety of physiological, metabolic and bio-
chemical obstacles that collectively comprise the BBB,
BCB and BTB. The present outlook for patients suffering
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from many types of CNS diseases remains poor, but recent
developments in drug delivery techniques provide reason-
able hope that the formidable barriers shielding the CNS
may ultimately be overcome. Drug delivery directly to the
brain interstitium has recently been markedly enhanced
through the rational design of polymer-based drug delivery
systems. Substantial progress will only come about, how-
ever, if continued vigorous research efforts to develop
more therapeutic and less toxic drug molecules are paral-
leled by the aggressive pursuit of more effective mecha-
nisms for delivering those drugs to their CNS targets.

PROMISING STRATEGIES/DEVICES

One can aim for either modification of existing drugs to
increase BBB penetration by promising strategies or
develop a new chemical entity that already possess the
desired permeability properties. Table — 3 summarizes the
various technical approaches for drug delivery to CNS
with its advantages and limitations.

Table 3: Drug delivery to CNS: Technical approaches,

advantages and limitations.
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The promising strategies that can be exploited to promote
drug delivery to the CNS are:

* Liposomes targeting to the brain by exploiting teceptor
mediated transcytosis system (55),

* Nanoparticles for drug delivery across BBB (84, 85, 133,
134),

* Implantation within the brain of either genetically engi-
neered cells secreting a drug or a polymeric matrix or reser-
voir containing the drug (118-120),

* Chemical delivery systems based on predictable enzymatic
activation (63-69),

* Chimeric peptide technology, wherein a non-transportable
drug is conjugated to a BBB transport vector (81, 82),

* Neuroproteomics approaches and gene therapy for CNS dis-
otrders (135).

Combinations of drug delivery strategies and techniques
will also no doubt prove to be useful.
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